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Summary

Leaf senescence is the final phase of leaf devedoptimrough which nutrient remobilization from
leaves to sink organs, especially developing seefAsabidopsis, is achieved. Leaf senescence is a
genetically programmed process in which leaf cetidergo orderly changes in gene expression,
metabolism and morphology before they eventuallg. dilthough organelles and cellular
membrane systems are strongly reorganized durimgssence, hardly any transporters and
membrane proteins with senescence-specific funstiare known. InArabidopsis thaliana
approximately 2000 genes are significantly upregaladuring natural senescence, among them
many membrane proteins. In this thesis a novelssamee-associated membrane protein gene was
identified and characterized. It belongs to a catghy unknown plant-specific gene family which
comprises ten members iArabidopsis thaliana and was namedMP1l (DUF679 domain
membrane protein 1). All AtDMP proteins are predicted to have fouatsmembrane domains, with

cytosolic amino- and carboxy-termini.

In chapter one, the investigation A[DMP family is presented. The phylogenetic distributiain
DMP proteins revealed that DMPs are ubiquitousrgeg plants and absent from other kingdoms
suggesting an implication in plant-specific proesssOnly oneDMP copy was found in
Chlamydomonas reinhardtii andPhyscomitrella patens genomes whereas their number ranged from
five to 13 in dicots and 11 to 16 in monocots. ERpression patterns 8iDMPs were found to be
markedly tissue- and development-specific, exclgdfonctional redundancy for most DMP
proteins. DMPs are expressed in tissues undergoing senes¢@iiel, -3, -4), dehiscencedMP1)

and abscissiorOMP1, -2, -4, -7) suggesting an involvement of DMP proteins in efiint types of
programmed cell death. When fused to eGFP, all [pxfeins localize to the tonoplast or the ER.
Some fusion proteins localized in both membrandegys suggesting competitive targeting and

retention signals.

In chapter two, the complex membrane reorganizageants triggered by overexpression of
DMP1-eGFP are described and discussedlitotiana benthamiana DMP1-eGFP induces a range

of membrane fusion, fission and remodeling eveffescéing the architecture of the ER and the
vacuole. Induction of tonoplastic invaginations wmoas “bulbs”, changes in the architecture of the
endoplasmic reticulum (ER) from tubular to cistémaments, expansion of smooth ER, formation
of crystalloid ER, emergence of vacuolar sheets faaghy structures inside the vacuole were
observed. In a fraction of cells, this process auéites in cell death after breakdown of the entire
ER network and the vacuole. In transgefiabidopsis DMP1-eGFP overexpression did not perturb

ER and vacuole morphology, but expression frometh@ogenous promoter highlighted formation
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of “boluses” at the ER and vesiculation of the en&R network preceding fragmentation of the
central vacuole during the latest steps of natgelescence and dark-induced senescence in
siliques, rosette and cauline leaves. This sugghstis DMP1 has direct or indirect membrane
fission properties involved in breakdown of the &Rl the vacuole during programmed cell death
(PCD). In contrast, in roots tigBMP1 is expressed in the cortex undergoing vacuoledniesis,
suggesting an involvement in membrane fusion. Th@serent properties, exacerbated by transient
overexpression, are proposed to be at least partiasponsible for the dramatic membrane

remodeling events which led to cell death in tobacc

A discrepancy between the subcellular localizatbthe tonoplast-localized DMP1-eGFP and the
plasma membrane-localized eGFP-DMP1, initiated ithvestigation described in chapter 3. A
range of mutated fusion proteins were generatedtla@id expression and subcellular localization
was analyzed in tobacco aAdabidopsis. It turned out that, due to leaky ribosome scaginthe
first translation initiation site, two protein iswfns are synthesized, DMP1.1 and DMP1.2 which
lacks the 19 amino terminal residues. DMP1.1-eGFfrgeted to the tonoplast whereas DMP1.2-
eGFP is located in the plasma membrane. By mutamgio acids 2 and 3 of DMP1.1 or
truncating the four N-terminal amino acids, DMP&GFP is redirected to the plasma membrane.
This suggests that the plasma membrane is the [dgfihway. The occurrence of DMP1.1 and
DMP1.2 was verified irArabidopsis WT plants using an antibody raised against DMPRACE-
PCR and sequencing confirmed that the two prossiforms are translated from a single transcript.
Co-expression studies with DMP1.1-eGFP and DMPIRFR revealed interaction of the two
isoforms. Dimerization of DMP1 was confirmed usitige split-ubiquitin system and chemical
cross-linkingin planta. Thus, DMP1.2 is redirected to the tonoplast kgrecting with DMP1.1.
This finding is the first demonstration of dualgating of a plant membrane protein to the tonoplast

and plasma membrane displaying an “eclipsed” tistion.

In chapter four DMP1 function was investigated by using different reeegenetic approaches,
performing genome-wide transcriptome analyses,esang for protein interactors and analyzing
DMP1 promoter.DMP1 senescence-specific transcriptional activation sfaswvn to be governed
by WRKY transcription factors. Mutation of two W-kes, the cognate binding site of WRKY
proteins, in theDMP1 promoter led to loss dDMP1 expression during senescencedbypl T-
DNA insertion mutant dmpl-ko) and DMP1 overexpressor plants both display precocious
senescence without other phenotypical alteratimisforcing a specific function of DMP1 during
senescence. By RNA gel blot analysis, truncateastm@pts were detected ampl-ko plants that
potentially could give rise to truncated and pdgsidysfunctional proteins. These might be

responsible for the phenotype since suppressi@MP1 expression using artificial microRNA did
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not lead to a comparable phenotype. The effectOMP1l overexpression were investigated by
transcriptomics. StrikinglyCYP94B3 which is involved in catabolism of the active jasrate form
JA-lle, showed the strongest downregulation. Thightnresult in JA-lle accumulation and lead to
early senescence. Moreover, the level of OPDA, ecysor of jasmonic acid considered as
intracellular marker for senescence, was quantifye&C-MS and found to be more than twice as
high in the mutant than in the WT. To gain moraghsin DMP1 function, a split-ubiquitin screen
was carried out in yeast. DMP1 was found to interath Bax Inhibitor-1 (Bl-1) and the
Cytochrome b5 isoforms E and D. These proteingastewith each other in the context of cell

death, corroborating an involvement of DMP1 in pemgmed cell death during late senescence.



Zusammenfassung

Seneszenz ist die letzte Stufe der Blattentwickligihrend dieses Vorgangs werden in den
alternden Blattern gebundene Nahrstoffe verfugleamagrht und zu anderen Pflanzenteilen, wie
z.B. jungen Samen, transportiert. Die Alterungeistgenetisch streng gesteuerter Prozess, wahrend
dessen sich die Genexpression, der Metabolismusligniorphologie der Blattzellen verandern,
bis die Zellen schliel3lich absterben. Obwohl sialgadellen und Zellmembransysteme wahrend
der Seneszenz stark verandern, sind kaum senepeeiiszhe Membranproteine bzw. Transporter
bekannt. InArabidopsis thaliana werden wahrend der natirlichen Seneszenz ca. Z&éte
signifikant hochreguliert, darunter viele Membrasteine. Im Rahmen dieser Arbeit wurde ein
neues seneszenzassoziiertes Membranprotein identifiund charakterisiert. Das Gen wurde
DMP1 (DUF679 domain membrane protein) genannt und gehért zu einer bislang unbekannten
pflanzenspezifischen Genfamilie, die Arabidopsis mit 10 Mitgliedern vertreten ist. Fur alle
AtDMP Proteine werden vier Transmembranbereich@emesagt, wobei sich sowohl der Amino-

als auch der Carboxyterminus auf der cytosolis@wte der Membran befinden.

Im ersten Kapitel dieser Arbeit wurde d¢DMP Genfamilie untersucht. Eine phylogenetische
Untersuchung ergab, daB$/Ps ausschlie3lich in Pflanzen vorkommen, was vermidsst, dass
diese Proteine in pflanzenspezifische Prozesse Miewb sind. In den Genomen von
Chlamydomonas reinhardtii und Physcomitrella patens kommt jeweils nur eirDMP Gen vor,
wohingegen Dicotylen zwischen 11 und 16 und Mongeatzwischen 5 und 13 Gene besitzen. Es
zeigte sich, dass die ExpressionsmusterAieMPs deutlich gewebe- und entwicklungsspezifisch
sind, was eine funktionelle Redundanz der Protainezahrscheinlich machtDMPs sind in
verschiedenen Stadien der Blattalterung aktiv, inz&nen wahrend der SeneszeD¥P1, -3, -4),

der DehiszenzgdMP1) und dem Blattwurf DMPL1, -2, -4, -7). Dieses Expressionsverhalten lasst
vermuten, dass DMPs in verschiedenen Typen desrgmugierten Zelltods involviert sind.
Proteinfusionen mit eGFP zeigten, dass alle DMRsvester im Tonoplasten oder in der ER-
Membran lokalisiert sind. Manche Fusionsproteinarken in beiden Membransystemen detektiert

werden, was auf kompetitive Ziel- bzw. Riickhaltesig hindeutet.

Die komplexen Vorgadnge wahrend der Membranumstrigdung, hervorgerufen durch die
Uberexpression voiDMP1-eGFP, sind Thema des zweiten Kapitels. Niicotiana benthamiana
induziert transient exprimierte®MP1-eGFP eine Reihe von Membranfusionen und -teilungen,
sowie Verédnderungen der ER- und Vakuolenarchitektdmstilpungen des Tonoplasten
(sogenannte ,bulbs*), Umwandlung von tubuldaren E&edichen in ER-Zisternen, Vergrof3erung

des glatten ERs, Bildung von kristallartigem ER mowWerdnderungen des Tonoplasten, die zu
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einer schaumartigen Morphologie der Vakuole fuhveurden beobachtet. In einigen Zellen fuhren
diese Veranderungen zu einem Zusammenbruch desgs&R-Netzwerkes und der Vakuole
und damit zum Zelltod. In transgen88S.DMP1-eGFP Arabidopsispflanzen ist der Aufbau von
ER und Vakuole nicht verandert. WiRMP1-eGFP unter dem eigenen Promoter exprimiert, zeigt
sich eine deutliche Aktivitdt voBMP1 wahrend der letzten Phasen sowohl der nattrlieleauch
der dunkelinduzierten Seneszenz. Zunachst ist dimsheGFP die Ausbildung von Aggregaten im
ER sowie die Aufspaltung des gesamten ERs in Vegikéeobachten. Anschliel3end fragmentiert
die Vakuole.DMP1 scheint also eine Rolle im programmierten Zellind spielen, konkret im
Abbau der Membranen von Vakuole und ER. Im Gegendakzu steht die Beobachtung, dass
DMP1 wéhrend der Vakuolenbiogenese im Cortex der Wspttze, aktiv ist. DMP1 scheint
folglich auch bei Membranfusionen relevant zu s&ificd DMP1 transient in Tabak exprimiert,
fuhren diese spezifischen Proteineigenschaften wtioh zu den beobachteten dramatischen

Membranveranderungen sowie zum Zelltod.

Kapitel Drei beschaftigt sich mit der subzellularéokalisation verschiedener DMP1-GFP-
Fusionsproteine. Wahrend DMP1-eGFP im Tonoplast&alisiert ist, befindet sich eGFP-DMP1
in der Plasmamembran. Daher wurden eine Reihe rartiEusionsproteine hergestellt und ihre
Expression und subzellulare Lokalisation sowohITabak als auchArabidopsis untersucht. Es
zeigte sich, dass aufgrund eines alternativen c®@dons zwei Proteinisoformen, DMP1.1 und
DMP1.2 translatiert werden. DMP1.1-eGFP wird zummdpast geleitet, wohingegen DMP1.2-
eGFP, dem 19 N-terminale Aminosauren fehlen, zasiBamembran transportiert wird. Wenn die
Aminosduren zwei und drei mutiert oder die erstéer \W-terminalen Aminosauren entfernt
werden, ist auch DMP1.1-eGFP in der Plasmamemlwokalisiert. Diese Beobachtungen legen
nahe, dass die Plasmamembran als ,default” patfiwalpMP1 angesehen werden kann. Mittels
eines DMP1-Antikdrpers wurden sowohl DMP1.1 als hai@MP1.2 in Wildtyp-Arabidopsis
nachgewiesen. Durch 5*-RACE-PCR und anschlie3emdgiéhzierung wurde nachgewiesen, dass
beide Proteinisoformen von demselben Transkriptstediert werden. Co-Expressionsstudien mit
DMP1.1-eGFP und DMP1.2-mRFP zeigten, dass beid®risen miteinander interagieren. Die
Dimerbildung wurde mit dem Split-Ubiquitin-Systemdidurch chemisches Vernetzenplanta
nachgewiesen. Demzufolge wird DMP1.2 durch die rakion mit DMP1.1. zur Vakuole
umgeleitet. Damit konnte zum ersten Mal duales &@@mg mit einer sogenannten ,verfinsterten

Verteilung” bei einem pflanzlichen Membranprotegegigt werden.

In Kapitel Vier wurde mit Hilfe revers-genetisch&nsétze die Funktion von DMP1 untersucht.

Dazu wurden Transkriptomanalysen durchgefihrt wahrProteininteraktoren gesucht. Sowohl die

dmpl T-DNA Insertionsmutantedfmpl-ko) als auchDMP1 Uberexpressionspflanzen seneszieren
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friher als der Wildtyp. Andere phanotypische Vegimdgen konnten nicht beobachtet werden,
was die Seneszenzspezifitdit VDMP1 weiter untermauert. In einem Gel Blot Test whtpl-ko
RNA wurden verkurzte Transkripte detektiert, die gicherweise Vorlage fur verkirzte und
womoglich dysfunktionale Proteine sind. Da eine egulation derDMP1 Expression durch
kunstliche microRNAs nicht zu einedmpl-ko vergleichbaren Phanotyp fiihrte, ist es denkbas da
verkirzte Porteine Ursache des Knockoutphanotypsl. sDie Auswirkungen derDMP1
Uberexpression wurden mit Hilfe einer Transkriptomgse untersuchtCYP94B3, das an der
Inaktivierung der biologisch aktivsten Form von rdasséure (JA-lle) beteiligt ist, zeigte
interessanterweise die starkste Abregulation. R@mte zu einer Akkumulation von JA-lle und
dadurch zu verfrihter Seneszenz fiilhren. OPDA st &orstufe von Jasmonséure und gilt als
intrazellulares Seneszenzmerkmal. Der OPDA-Gehatdes mittels GC-MS untersucht. Wie sich
zeigte, ist die OPDA-Konzentration in den transgef®dlanzen mehr als zweimal hoher als im
Wildtyp. Um weitere Einblicke in die Funktion vddMP1 zu erhalten, wurde ein Split-Ubiquitin
Screen in Hefe durchgefuihrt. Es zeigte sich, daB#®D mit Bax Inhibitor-1 (BI-1) und den
Cytochrom b5 Isoformen E und D interagiert. Dies®téine wirken wéhrend des Zelltods
zusammen, was eine mogliche Funktion von DMP1 img@mmierten Zelltod in der spaten
Seneszenz bekraftigt. Es wurde ferner demonstdads die seneszenzspezifische Aktivierung von
DMP1 durch WRKY Transkriptionsfaktoren erfolgt. Wurdeim DMP1-Promoter zwei
Bindungsstellen von WRKY Proteinen, sogenannte WeBo mutiert, konnt®MP1 wahrend der

Blattalterung nicht mehr aktiviert werden.



General introduction

General introduction

Senescence and leaf senescence, general charadtesis

Senescence is a nearly universal feature of mliitiae organisms (Hughes and Reynolds, 2005).
The wordsenescence derives from the Latin wordenescere which means “to grow old” and is
considered as a synonym faging (Gan, 2007). Two types of senescence are distihgdisn
plants: mitotic and postmitotic senescence (GuoGad, 2005). Mitotic senescence, also known as
proliferative senescence (Hensel et al., 1994) rscdcugermline-like cells that have lost their &il

to undergo mitotic division and which will differgate to form new organs such as leaves and
flowers (Gan, 2007). The arrest of the shoot apeatistem is an example of mitotic senescence
and is similar to replicative senescence in yeast animal cell cultures. However, unlike
replicative senescence, plant mitotic senescenc®tiscontrolled by telomere shortening (Gan,
2003). In contrast, postmitotic senescence is ineadegenerative process which occurs in somatic
cells of organs such as leaves and petals andnparable to the senescence process which takes
place in somatic tissues of an animal adult bodgn(@003). Post-mitotic senescence can occur at

cellular, tissue, organ or organism level and wtiety leads to death (Nooden, 1988a).

Leaf senescence is a type of postmitotic senescande constitutes the final stage of leaf
development. It is an active process characterilzgdlifferential gene expression, changes in
metabolism, deterioration of cell structures antycéng of nutrients (BuchananWollaston, 1997;
Gan, 2003; Guo and Gan, 2005; Lim et al., 2007) €harliest and most visible sign of leaf
senescence is yellowing which reflects degradadifochlorophyll and breakdown of chloroplasts.
Carbon assimilation is replaced by catabolism otnm@olecules such as proteins, lipids and
nucleic acids. The nutrients released are expadexttive growing parts of the plant such as new
buds, young leaves, developing fruits and seedss,Tleaf senescence can be seen as an altruistic
process contributing to whole plant fithess andiang optimal production of offspring (Lim et al.,
2007). Leaf senescence is governed by developmegl However, it can be accelerated or
delayed by a range of internal and external sigaats can therefore be regarded as evolutionary
strategy contributing to plant survival under urieable environmental conditions (Munne-Bosch
and Alegre, 2004). From an agricultural point aéwj leaf senescence restricts the yield of crop
plants by limiting their growth phase. Thus, deephg the process of leaf senescence may help to

improve agricultural traits of crop plants.

One of the major limitations of the study of deymieental leaf senescence is its inherent
asynchronicity. Within a single senescing leaflscate at many different developmental stages, the
senescence process usually starting from tips aadjins of leaves and proceeding towards the
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General introduction
base. Mesophyll cells undergo final cell deathieathan other cell types (Lim et al., 2007) ane th
veins tend to remain active longer to maximize éx@ort of nutrients. Methods consisting of
inducing artificially leaf senescence by darknesarvation, excision or by using cell suspension
cultures which may lead to a more synchronous pod®ve shown that induced and natural
senescence have distinct gene expression prdilesh@nan-Wollaston et al., 2005; Van der Graaff
et al., 2006). Although they share large sets okgetheir distinct expression profiles highlighe t
complexity of the senescence regulatory network.

The terms senescence and programmed cell death) (&&Dtheir relationship have led to some
confusion (van Doorn and Woltering, 2004). The twons are used in the literature to describe
similar, distinct or overlapping processes. In casitto senescence, the term PCD is typically used
to describe the process leading to cell death ooguduring the hypersensitive response, pollen
incompatibility, aleurone degeneration or formatafrntracheary elements (Beers, 1997) which do
not involve nutrient remobilization. Consequenthis definition considers senescence and PCD as
mutually exclusive processes, completion of theeseence phase (including nutrient recycling)
leading subsequently to PCD. This separation isdas the plasticity of the senescence program.
Indeed, senescing tobacco and flax leaves have diemmn to be able to regreen (Greening et al.,
1982; Zavaleta-Mancera et al., 1999b; Zavaleta-Memcet al., 1999a) implying reversal of
chlorophyll degradation and redifferentiation ofr@&oplasts to chloroplasts. Thus, according to
this definition, senescence and PCD are separatesses, the former being reversible and the
second committed. This definition excludes thataosysuch as roots, petals, stigmas or anthers
undergo senescence since reversal of senescenbedrasbserved only in leaves and shoots (van
Doorn and Woltering, 2004). An alternative defioiti considers senescence as being the
deterioration of organs and organisms while PCDceors the degradative process at cellular level
(Nooden et al.,, 1997; van Doorn and Woltering, 200¥nother definition implies that only
photosynthetic tissues showing visible yellowinglergo senescence while all non-photosynthetic
tissues undergo PCD (Nooden et al., 1997; van DaathWoltering, 2004, 2005). Finally, some
authors use the terms senescence and PCD as sysaimarformer being a type of PCD. In this
work, we will use the term senescence to deschieewthole developmental program including
changes in gene expression, metabolism and caelitste, nutrient remobilization and a terminal
cell death phase. According to this conceptionténe senescence is used to describe the trajectory
before and after the point of no return marked dsslof the reversal capacity, the inherent PCD

occurring after this point being therefore irrevigies



General introduction

Signals that regulate leaf senescence

Various internal and external factors control tinsed and the progression of leaf senescence (Fig.
1). Internal factors include age, reproductive gitgwsugar levels, phytohormones concentrations
and reactive oxygen species. External factors cismjarrange of abiotic and biotic stresses.

internal factors external factors

UV-B, ozone

cytokinins nutrient limitation

ethylene

auxin —— _ heat, cold
jasmonic acid drought
abscissic acid ‘ shading

salicylic acid

pathogen attack
reproductive growth woundin
sugar levels 9
T _
changes
in gene expression
degradation nutrient remobilization detoxification
of macromolecules and defense

chlorophyll loss; degradation of lipids, proteins and nucleic acids; nitrogen
remobilization, increased autophagic activity

l

cell death

DNA laddering, dismantling of chloroplasts and other organelles, rupture
of the tonoplast, loss of plasma membrane integrity

Fig. 1. Leaf senescence is a developmental dagendent process which integrates internal anelrex
signals via a regulatory network. This network s large sets of senescemsseciated gen
responsible for the degeneration process, nutr@nbbilization and final cell death. (Adapted fokim et
al. (2007)

Age and reproductive growth

When plants are grown in non-limiting nutrient caiwhs, away from pathogen attacks and free of
abiotic stresses, leaf senescence will ultimatelyuo in an age-dependent manner (Hensel et al.,
1993; Gan and Amasino, 1997; Quirino et al., 206w age initiates leaf senescence is still

unclear. A decline of the photosynthetic activitifhnage has been suggested (Hensel et al., 1993).



General introduction
However Arabidopsis and tobacco mutants with reduced photosyntheticites display a delayed

and not an early senescence (Miller et al., 20009 \at al., 2002).

Onset and regulation of senescence are correlatid reproductive development especially in
monocarpic plants. The developing reproductive serkobilizes nutrients from vegetative tissues
and initiates the onset of senescence (Nooden,b)9&moval of flowers or fruits delays leaf
senescence in various monocarpic plant speciesaside (Khan and Choudhuri, 1992), pea (Pic
et al.,, 2002), soybean (Craftsbrandner and EglB71%nd sunflower (Sadras et al.,, 2000).
Strikingly, the life span of pea plants is extendsd50 % when flowers are removed (Pic et al.,
2002). Thus, monocarpic plant genomes appear toogignized for reproduction which is
determinant for the onset of leaf senescence. Hexwyaemoving of flowers or fruits does not
always lead to delayed senescence in monocarpaespeRemoving of maize ear leads to either
rapid or delayed leaf senescence depending ondhetype (Craftsbrandner and Egli, 1987). In
Arabidopsis, leaf senescence is largely unaffected by reptodgugrowth (Nooden and Penney,
2001). The defined life span in optimal growth ctiods is due to developmental programs
(Hensel et al., 1993) and the onset of leaf semesces triggered by age-related changes such as
hormonal modulation, ROS accumulation and metabfilizes especially sugar and nitrogen

signaling.
Sugars and metabolic fluxes

Sugars act as signaling molecules during varicagesof plant development (Rolland et al., 2002;
Rolland et al., 2006). Several studies suggestitita¢éased sugar concentrations play a role during
senescence and may be the most important factoating this process (Lim et al., 2007). First,
increased sugar levels are higher in senescingdethat in non-senescing leavesAabidopsis

and tobacco (Masclaux et al., 2000). Second, egmgsyeast invertase in the apoplast of
Arabidopsis, tobacco and tomato plants leads to early senesd®naccumulating sugars (Ding et
al., 1993). Third, tomato plants overexpressingok@éase KHXK) which acts as sugar sensor
(Rolland et al., 2006) become more sensitive toassigand display a precocious senescence
phenotype (Dai et al., 1999). Inversely, knock-doaefinAtHXK1 expression by stable ectopic
overexpression of antisen88HXK1 transcripts leads to delayed senescence (Xiala @080). The
role of sugars during senescence is further suppdsy genome-wide studies using microarrays.
SAGI12 is induced 900-fold by glucose and enzymes inwblivenitrogen assimilation such as the
nitrate transporteAtNRT2 and glutamine synthas&GLN1 are also upregulated (Pourtau et al.,
2006). During natural senescence, key sugar-asedagmzymes and transporters such as the high-

affinity hexose transporteSTP13, the monosaccharide transport®FP1 and HXK are all
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General introduction
upregulated (Guo et al., 2004). It is importantntote that the sugar-dependent regulation of
senescence is highly complex, involves the cootrdinaf various phytohormones (Guo and Gan,
2005) and is tightly associated with carbon andogén availabilities (Leon and Sheen, 2003;
Wingler et al., 2006).

Transition from anabolism to catabolism is a hatknaf leaf senescence (BuchananWollaston,
1997). Genes involved in catabolism are highly egped during senescence and correlate with a
drop in genes implicated in anabolism (Guo et 2004). Carbon and nitrogen availabilities are
determinant for sugar accumulation and the reguiabf metabolic fluxes and can lead to
senescence. More precisely, the balance betweéorcand nitrogen sources is crucial for sugar
accumulation and signaling. High exogenous gluams&entrations (carbon source) induce early
senescence in combination with low but not highogién supply (Wingler et al., 2004). Senescence
can be both accelerated and delayed by high l€ls (Wingler et al., 2006). Nitrogen starvation

also leads to early senescence possibly by inflagrautophagic activity.
Reactive oxygen species (ROS) and nitric oxide (NO)

In contrast to animal PCD and the plant hypersmesiesponse (HR) where the mitochondria is the
main generator of ROS, the chloroplast is mainlgpomsible for ROS production during leaf
senescence (Quirino et al., 2000). The knock-ouhdhi which belongs to the Ndh complex
involved in chlororespiratory electron transportaichresults in delayed senescence in tobacco
(Zapata et al., 2005). ROS are also generatedpichdxidation (Mittler, 2002). The manipulation
of phospholipase D and SAG101 expression by antisense-suppression resulted tamedl leaf
senescence (Fan et al., 1997; He and Gan, 2002heFueports indicate that defects in fatty acid
biosynthesis pathways leads to senescence phesofiyfmi et al., 2000; Wellesen et al., 2001)
confirming that ROS are involved in leaf senescentke cellular damages due to ROS
accumulation during development possibly resulihe onset of leaf development. Indeed, various
delayed senescence mutants suclora$, ore3 and ore9 show enhanced resistance to oxidative
stress (Woo et al., 2004).

Nitric oxide (NO) has been shown to retard seneszedO production is reduced and accompanied
by strong down-regulation of NO synthase activityidg senescence in pea leaves (Corpas et al.,
2004). Exogenous application of NO offsets the seing-inducing effects of abscisic acid and
methyl-jasmonate in rice leaves. This antagonistiect is abolished by the presence of an NO-
specific scavenger (Hung and Kao, 2004). NO hasathility to remove ROS such as,® in
peroxisomes (del Rio et al., 2003). As ROS can éadsenescence, NO counterbalances their
senescence-inducing effects and has thereforeh#iitory effect on senescence.
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Hormonal control

Leaf senescence is influenced by several phytohoesioEthylene and cytokinins have the most
documented roles in inducing and delaying senescespectively. Other hormones such as auxin,
salicylic acid, jasmonic acid, abscisic acid andssmosteroids also influence senescence. The
effect of cytokinin and ethylene is conserved betw@lant species whereas the action of other
hormones varies (Schippers et al., 2007). Investigaf the effect of single hormones is complex
due to the significant overlap between the differsignaling pathways. Three main ways to
investigate hormonal responses in plants existmbdifying hormone biosynthesis, perception or
signaling. Hormones mutants have evidenced theabfhytohormones in leaf senescence. More
recently, transcriptomic studies have highlightédnges in gene expression for the respective
hormone biosynthesis, perception and signalingvpayh as well as responsive genes during leaf
senescence (Guo et al., 2004; Van der Graaff,e2G06).

Exogenous stresses

Environmental stresses can be biotic, resultinghfinteraction with other organisms, or abiotic,
resulting from chemical or physical changes in ¢éi@ironment compared to optimal conditions
including extremes of light and temperature, radgtdrought, pathogen infection, oxidative stress,
nutrient deficiency water stress and the presefht¢exac material in the air, water or soil (Fig..1)
Expression of senescence-associated genes wengerelo response to drought (Weaver et al.,
1998; Pic et al., 2002), pathogen infection (Buthle 1998; Pontier et al., 1999), ozone treatment
(Miller et al., 1999), UV-B treatment (John et &001) and oxidative stress (Parlitz et al., ; kleb
Janke and Krupinska, 1997; Weaver et al., 1998;wAfeand Amasino, 2001; Navabpour et al.,
2003. Darkness is frequently used to induce senesciBuchanan-Wollaston, 2005 #93; Lin and
Wu, 2004; Roberts et al., 2006; Van der Graafl.e2806). Induced senescence, either in darkened
attached or detached leaves, shares a high nunfbeegalated genes with developmental
senescence (Van der Graaff et al., 2006) as wabhgsiological and biochemical characteristics
(Lers, 2007). In contrast, darkening of whole pgamhibits the senescence process (Weaver and
Amasino, 2001). Senescence initiation induced byirenmental stresses might be viewed as a
defense response (Munne-Bosch and Alegre, 200Hoédh senescence leads ultimately to cell
death, it supports plants’ survival during stresabding plants to complete their life cycle and to
produce viable seeds. Thus, induced senescencéecamewed as having adaptive significance
since limited nutrients or water scarcity are frefufactors affecting plant development in various
ecosystems. Strikingly, large sets of defenseeadl@enes (Quirino et al., 2000; Gepstein et al.,
2003; Guo et al., 2004; Lin and Wu, 2004) and pgeinesis-related genes (Quirino et al., 1999) are
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expressed during natural senescence. Thus, ansesdeoverlap between natural senescence and
stress responses exists (Chen et al., 2002). Howiewestill unclear whether defense-related gene
are causes or consequences of senescence. Segeregponse pathways are triggered after the
initiation of senescence, defense-related genesforaion in detoxification and maintenance of

cell viability during the whole senescence prod€aso et al., 2004).
Degradation processes and nutrient recycling
Chlorophyll degradation

As macroscopically illustrated by the vyellowing t#aves, chlorophyll is degraded during
senescence. The chlorophyll degradation pathwaypéas largely elucidated {Takamiya, 2000 #5;
Berghold, 2002 #6}. The first steps take placehim ¢hloroplast whereas the final reactions occur in
the vacuole (Hortensteiner, 2006). Cleavage otelrapyrrole ring leading to generation of the red
chlorophyll catabolite (RCC) by Pheid® oxygenase (PaO) is the key step of this pathway
(Hortensteiner et al., 1998) which is thereforeenfteferred to as the PaO pathway. Chlorophyll
degradation is considered as a detoxification @®d® inactivate the phototoxic degradation
intermediates since mutations or antisense exresdiPaO and RCC reductase (RCCR) result in
lesion mimic mutant phenotypes or cell death (Histeiner, 2006). The final products of
chlorophyll degradation, the non-fluorescent chbbryl catabolites (NCCs) are deposited in the
vacuole and not further degraded to remobilizenitr@gen they contain. However the chlorophyll-
binding proteins which are released during disnagibf the pigment/chlorophyll binding proteins
complexes are believed to be degraded and remediliziring senescence although the proteases

involved in their breakdown remain to be charaztsti(HOrtensteiner, 2006).
Protein degradation

Functional analyses of SAGs have revealed threermpaptein degradation pathways occurring in
senescing leaves: the ubiquitin/proteasome pathweg/, autophagic/vacuolar pathway and the

chloroplast degradation pathway (Liu et al., 2008).

Chloroplast proteins account for more than 70 %otdl leaf proteins and represent a major source
of nitrogen for mobilization (Hortensteiner and IEgl 2002). Three types of chloroplast proteases
(ClpP) have been categorized according to theircelldar compartments: stroma, thylakoid
membrane and lumina (Adam and Clarke, 2002). Thelude the ATP-dependent Clp proteases
(stroma), FtsH and Lon (thylakoid membrane) andAme-independent Deg (thylakoid-membrane
and lumina). Chloroplast proteases are housekeepnoteins required for the turnover of
chloroplast proteins and for the removal of damagednistargeted proteins (Adam and Clarke,
13
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2002). They are thought to be essential for theof®lzation of free amino acids during senescence
(Adam et al., 2006). In tobacco, the aspartic @eteCND41 has been shown to be involved in this
process (Kato et al., 2004). CND41 antisense tabatants showed delayed senescence. In vitro
analysis using denatured Rubisco as substrate shtvee CND41 has a proteolytic activity at
physiological pH suggesting that CND41 is involnedRubisco degradation allowing subsequent
translocation of nitrogen during senescence. Maggahloroplasts isolated from mature pea leaves
were shown to be able to degrade stromal proteitlading Rubisco (Mitsuhashi and Feller, 1992;
Roulin and Feller, 1998a). However, in senesdngpbidopsis leaves, no chloroplast protease has
been clearly associated with degradation of strgamateins such as Rubisco which represent about
50 % of total protein content in leaves fromlants (Liu et al., 2008). It has often been st
that Rubisco degradation may be initiated by RO8s{Done et al., 1996; Ishida et al., 1998;
Roulin and Feller, 1998b). A non-enzymatic cleavafj¢ghe large subunit of Rubisco induced by
reactive oxygen has been reported (Ishida et 887)L A second pathway implying the formation
of Rubisco-containing bodies (RCB), a kind of altagic body, has been proposed for degradation
of stromal proteins during senescence (Ishida ¢t28i08; Izumi et al., 2010). IArabidopsis
senescing leaves, Ishida et al. (2008) showed usigna-targeted GFP and DsRed and GFP-
labeled Rubisco that Rubisco is released from oplasts into RCBs which are then taken up by

the vacuole for degradation.

The ubiquitin-26S proteasome is required for tardedirotein degradation during development and
in response to environmental stresses (Sullivaralet2003). It involves three enzymes: E1,

ubiquitin-activating enzyme; E2, ubiquitin-conjuigt enzyme and E3, ubiquitin protein ligase.

More than 5 % of the proteome are components ofibhguitin-26S proteasome pathway (Smalle
and Vierstra, 2004). Several genes associatedtinglpathway are induced during senescence (Lin
and Wu, 2004; Van der Graaff et al., 2006) indiggtthat this pathway is required for protein
degradation during senescenceAtabidopsis, theore9 mutant exhibits delayed senescence during
developmental and hormone-modulated senescence @tVab, 2001)ORE9 encodes an F-box
protein which interact a component of the SCF cexphat control selective ubiquitination and
subsequent proteolysis of target proteins. Moreoseveral ubiquitin-26S proteasome-associated

genes have been detected in senescing wheat ftagdfSen and Holm, 2007).

In contrast to the ubiquitin-26S proteasome mackinéhich predominantly degrades short-lived
proteins, the autophagic/vacuolar pathway targetg-lived proteins, cytoplasmic components and
entire organelles to the vacuole for degradatioreukaryotes, autophagy is a universal mechanism

for bulk degradation of cytosol and organelles @oycle nutrients and to degrade damaged and
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toxic components (Bassham, 2007). Two major autgiph@athways have been described in plants
so far: microautophagy and macroautophagy (Bassbtaad., 2006). Microautophagy involves
engulfment of material directly by the vacuole tigh invagination of the tonoplast resulting in
direct uptake of cytosolic components. In contrashcroautophagy involves the sequestration of
cytoplasm into double-membrane cup-shaped vesaflemknown origin called autophagosomes.
The outer membrane fuses with the tonoplast relgasn autophagic body consisting of the inner
membrane and cargo into the lumen of the vacuolacrbautophagy has been investigated in
suspension cultures and whole plants during sucanskenitrogen deprivation as well as during
senescence for several plant species (Aubert,et36; Moriyasu and Ohsumi, 1996; Doelling et
al., 2002; Hanaoka et al.,, 2002). Almost all autgph genes ATG) in Arabidopsis are
transcriptionally activated during developmentaheszence and dark-induced senescence in
detached and attached leaves (Van der Graaff,e20fl6). The autophagic pathway appears to be
ubiquitous during development but the massive ugetign of almost evenATG gene during
different types of senescence indicates an impborae of the autophagic/vacuolar pathway in
recycling and remobilization of nutrients duringtural and induced senescence. Consistently,
Arabidopsis knockout or RNAI mutants oATG4a/b, ATG5, ATG7, ATG9 and ATG18a display
accelerated senescence and hypersensitivity teenugtarvation (Doelling et al., 2002; Hanaoka et
al., 2002; Yoshimoto et al., 2004; Thompson et2005; Xiong et al., 2005). After transport into
the vacuole through macroautophagy, substrateipsotee degraded by resident proteases such as
cysteine proteasese.. SAG12), aspartic proteases, serine proteasesepsath B-like Cys

proteases, papain-like proteases, peptidases, epiidgses and aminopeptidases (Liu et al., 2008).

During the senescence of photosynthetic leaf céiten Arabidopsis and soybean, small
senescence-associated vacuoles (SAVs) were obsertlesl cytoplasm (Otegui et al., 2005). SAVs
exhibit intense proteolytic activity and containnde aggregates which may consist of partially
degraded cellular material reminiscent of late ph&gic vacuoles. However, they are not derived
from classical autophagosomes and their relatipnshautophagy remains elusive. Moreover, the
absence of-TIP in the membrane of SAVs suggests that thepataderive from fragmentation of
the central vacuole. As they have been detectedinmhloroplast-containing leaf cells, it has been
proposed that they might be involved in the degradaof molecules released from chloroplasts
(Otegui et al., 2005).

Lipid degradation

Membrane deterioration is an early and seminalfeadf senescence and results from an enhanced

catabolism of lipids (Thompson et al.,, 1998). Trm levels of lipid-degrading enzymes
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including phospholipase D, phosphatidic acid phasmte, lytic acyl hydrolase, lipoxygenase,
and B-galactosidase and galactolipase are increasedgdsenescence (Gepstein et al., 2003; Lin
and Wu, 2004). Twenty-one out of 35 genes involuedatty acid catabolism were shown by
microarray analysis to be upregulated during seamesc (Lin and Wu, 2004). Consistently,
transgenidArabidopsis plants with decreased levels of a senescence-@addigase showed delayed
leaf senescence (Thompson et al., 2000). Morecmtisense suppression &\G101 which
encodes an acyl hydrolase delayed the onset oké&radscence whereas its overexpression induced
premature senescence (He and Gan, 2002). Thusad#ign of lipids has senescence-promoting

effects.
Nutrients recycling

Levels of C, N, P, S, K, Cu, Cr, Fe, Mo and Zn danamatically during leaf senescence in
Arabidopsis indicating that these nutrients are mobilized fraanescing leaves. Nitrogen
remobilization is extremely efficient compared twpphorus and sulfur remobilization. 90 % of the
nitrogen and only 40 % of phosphorus and sulfursgmé in leaves are remobilized during
senescence (Himelblau and Amasino, 2001). This bdmation involves the metabolization of
proteins, nucleotides, lipids and polysaccharidé® majority of nitrogen remobilization is due to
the hydrolysis of proteins to amino acids which fam¢her catabolized, hydrolyzed, interconverted
or exported without any modifications (Quirino &t 2000; Hoértensteiner and Feller, 2002; Liu et
al., 2008). Nucleic acid breakdown represents apomant source of nitrogen, carbon and
phosphorous. The nitrogen released is assimilatgterglly in the form of ammonium via the
GS/GOGAT cycle which involves the concerted acbbglutamine synthetase (GS) and glutamate
synthase (GOGAT). Several cytosolic GSs are trgstsmnally upregulated during senescence
(Gepstein et al., 2003; Andersson et al., 2004; #amGraaff et al., 2006). Glutamine is the major
amino acid implicated in long-distance transporhiéfogen which occurs via the phloem (Tabuchi
et al., 2007; Liu et al., 2008). Consistently, eegmion of GSs are predominantly restricted to the
phloem (Edwards et al., 1990; Carvalho et al., 19¢#machi et al., 1992; Sakurai et al., 1996;
Oliveira et al., 2002). Genes coding for enzymdated to the GS/GOGAT cycle including
enzymes such as glutamate dehydrogenase, aspasygithetase and aspartate aminotransferase
are upregulated during senescencériabidopsis (Van der Graaff et al., 2006). The degradation of
fatty acids of thylakoid membranes which represbhatmost abundant source of carbon in leaves
and their possible may be subsequently convertéd phloem-mobile sucrose through the
gluconeogenesis pathway during senescence (Hogkias, 2007). Fatty acids originating from
thylakoid membranes may be converted to acetyl-@gA-oxidation and respired by the TCA
cycle to provide energy required for the metabad@ctions occurring during senescence (Chen et
16
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al., 2000; Charlton et al., 2005). Consistentlypression of key enzymes involved in these
pathways such as the malate synthase, the iseciyge and the pyruvate orthophosphate dikinase
(PPDK) are enhanced during senescence (Guo ét0&i4). However, another pathway involving
the PPDK but leading to the synthesis of asparaggmwing as nitrogen carrier for nitrogen

remobilization during senescence has been progasednd Wu, 2004; Liu et al., 2008).
Membrane dynamics and changes during senescence

On a weight basis, lipids are more efficient thanbohydrates and proteins as energy supplier
(Thompson et al., 1998). Dismantling of membranes arganelles are metabolically coupled to

energy production and remobilization of carbonragén and minerals to sink tissues (Matile,

1992). For that reason, cellular membranes aredaegtaded simultaneously, certain membranes
retaining their structural integrity into late senence. Ultrastructural analyses of senescingyparle
and maize leaves have revealed that thylakoidstrerefirst membranes which are degraded.
Deterioration of the internal mitochondrial memleanoccurs only late during senescence
(Kolodziejek et al., 2003).

The decline in structural and functional membramedrity during senescence is clearly evident
from permeability studies indicating increasingkieass of membranes. Decrease in lipid fluidity
during senescence is largely attributable to acatdd metabolism of membrane lipids leading to
changes in the organization of the membrane bilagdrhas been demonstrated in senescing petals,
leaves, cotyledons and ripening fruits using flsoence depolarization and electron spin resonance
(Thompson et al., 1998). This decrease is due tersichment in free sterols which restrict the
mobility of phospholipid chains (Shinitzky and Impd976). Moreover, this enrichment in free
sterols is accompanied by an increase in the datlita-unsaturated fatty acid ratio due to
depletion of polyunsaturated fatty acids from tkaescing membranes (Fobel et al., 1987) which
also leads to decreased bulk lipid fluidity. Chagemembrane fluidity have been shown to affect
the function of membrane proteins such as transfiértinze and Deuticke, 1974) or receptor
function (Kirby and Green, 1980) by altering theanformation (Duxbury et al., 1991). Vertical
displacement of membrane proteins towards memlsariaces has been shown to occur following
a decrease in membrane fluidity (Shinitzky et B079; Shinitzky, 1984) rendering them prone to
proteolysis (Hopkins et al., 2007). Indeed, a desean the level of membrane proteins in different
senescing membranes has been reported (Layyee @082; Borochov et al., 1994; Celikel and
Vandoorn, 1995). Membrane proteins require a tagisiociation with phospholipids which support
their tertiary structure. Sterols are largely ereld from the phospholipid annulus surrounding

membrane proteins (Warren et al., 1975). Thus,etimechment in free sterols probably directly
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impacts on the tertiary structure of membrane jmstdndeed, high sterol concentrations have been

reported to induce membrane protein aggregationn@der et al., 1982).

Changes in membrane composition and permeabilitywglisenescence have also been evidenced
by the occurrence of lipid phase separations shbynvide angle X-ray diffraction of isolated
membrane fractions (Thompson et al., 1998). Mendwarf non-senescing tissues are exclusively
liquid-crystalline whereas membranes of senesdsgyé¢s have small domains of gel phase lipid
(Leshem et al., 1984; Borochov et al., 1987). Tdsulting mixture of liquid and gel phases in the
lipid bilayer leads to leakiness of the senescimgnorane due to packing imperfections at the phase
boundaries (Barber and Thompson, 1980, 1983; Yaratak, 1993). The emergence of gel-phase
domains within senescing membranes is attributeblbe accumulation of steryl and wax esters,
free fatty acids, triacylglycerol and lipid cataibe$ (Yao et al., 1991a). However most of the lipid
catabolites are also found in young membranes esultrfrom membrane turnover (Thompson et
al., 1998). These products phase separate witkibitayer forming domains that are released into
the cytosol as lipid-protein particles probablytdgbbing from the membrane surface (Yao et al.,
1991b; Hudak et al., 1995). These particles hawen hgolated from the cytosol of different plant
tissues and are enriched in free acids, steryliggars and lipid and membrane protein catabolites
compared to microsomal fractions (Mckegney etX95). These particles are believed to derive
from all membranes accessible to the cytoplasm asdfe plasma membrane, ER, mitochondria,
tonoplast, Golgi and outer membranes of chloroplasid mitochondria (Thompson et al., 1998).
The formation of these lipid-protein particles isipaired during senescence leading to an
accumulation of free acids, steryl/wax esters @pid katabolites within the senescing membranes

and subsequently to lipid phase separation andolioseembrane integrity (Thompson et al., 1998).
Changes in gene expression during senescence angeseence-associated transcription factors

Leaf senescence involves massive changes in ggmession. Approximately 2000 genes are
upregulated during senescence whereas approximai€l9 genes are downregulated (Van der
Graaff et al.,, 2006). The genes which undergo upatign are commonly referred to as
senescence-associated ger@¢sE). Although the function of man§AGs remains to be elucidated,
SAGs can be classified into the following categoriesdsh on predicted or already assigned
physiological functions: macromolecule degradatiyid degradation, chlorophyll degradation,
nucleic acid degradation, nutrient salvage andstoaation, defense and detoxification genes and
regulatory genes including transcription factord aignaling molecules (Kim et al., 2007).

Expression of 185 out of 1880 transcription factass shown to change #rabidopsis during
senescence (Balazadeh et al., 2008). Forty-one waregulated and 144 downregulated. The
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majority of them belong to NAC, WRKY, C2H2-type zifinger, AP2/EREBP and MYB families.
WRKY transcription factors are involved in plantesffic physiological programs including
pathogen defense, trichome development and sereesd&ulgem et al.,, 2000). The cognate
recognition sites for binding of WRKY transcriptidactors are called W-boxes (Fukuda and
Shinshi, 1994; Rushton et al., 1996). Seventy-imd more than 100 WRKY transcription factors
are found inArabidopsis thaliana and Oryza sativa respectively (Zhang and Wang, 2005). More
than 20 members are significantly upregulated dusenescence srabidopsis thaliana (Van der
Graaff et al., 2006). Among themyRKY53 and-6 have been extensively investigat¥dRKY53 is
expressed at early stages of leaf senescence arehdes at later stages indicating a regulatoey rol
in early events of leaf senescence (HinderhoferZardgraf, 2001). Targets of WRKY53 include a
range of SAGs, pathogenesis-related genes, stkded genes and transcription factors including
other WRKY factors (Miao et al., 2004). Arky53 knockout line exhibits a delayed senescence
whereas ectopic overexpression leads to preco@ensscence showing thaRKY53 acts as a
positive factor during leaf senescence (Miao et28104).WRKY®6 is strongly induced during early
to intermediate stages of leaf senescence an#ay eegulator in plant-pathogen defense pathways
(Robatzek and Somssich, 2001, 2002; Eulgem and Scm2007). Targets of WRKY6 have been
identified and are mostly related to senescencepatitbgen defense. They include the receptor-like
kinaseSRK, the senescence-associatesd proted&N1 and the jasmonic acid regulatory protein
NAC2 (Robatzek and Somssich, 2002). Expression of aE8a6s are altered in arky6 knockout
line which does not display an obvious senesceele¢ed phenotype indicating potential functional

redundancy (Robatzek and Somssich, 2002).

NAC proteins represent one of the largest plantifipdranscription factor family comprising 109
members inArabidopsis thaliana. NAC transcription factors regulate embryo andashoeristem
development, auxin signaling, defense-response sametscence. One fifth of all NAC show
increased transcript levels during senescence. RtMAs the first NAC proteins whose role in the
regulation of senescence was demonstrated (GuoGamg 2006). Overexpression AtNAP
triggers precocious senescence whereaspaT-DNA knockout line shows a strongly delayed
senescence. This phenotype could be complement@&tN&Y and orthologous genes from kidney
bean and rice indicating a high degree of evolatigrconservation oNAP function in regulating
senescence. NTL9, another NAC transcription fabs been shown to mediate osmotic stress
signaling in leaf senescence (Yoon et al., 2008)s Imembrane-bound in it dormant-state and
becomes active following proteolytic cleavab L9 overexpression leads to premature activation
of manySAGs which are in turn slightly down-regulated in tht€9 knockout line.
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Aim of the thesis

Plant senescence has been investigated in much detdne morphological, physiological and
genetic level. However, although intracellular ggorization during senescence is well
documented, very little is known about senescensse@ated membrane proteins. This thesis aims
to unravel the function of a novérabidopsis thaliana membrane protein, AtDMP1 that is
transcriptionally upregulated in leaf senescence member of a strictly plant-specific protein
family. The first chapter focuses on the charazédion of the ten DMP family members of
Arabidopsis thaliana. The phylogenetic distribution of DMP proteinsgithexpression, tissue-
specificity and subcellular distribution were intigated. In chapter two, a possible implication of
DMP1 in membrane remodeling, fusion and fission rea®aled by examining the events triggered
by DMP1-eGFP expression in tobacco @&mdbidopsis. In chapter three, the mechanism that leads
to the biosynthesis of two DMP1 isoforms targetedifferent membrane systems was elucidated.
In chapter four, DMP1 function and implication iengscence and cell death were further
investigated by usindMP1 knock-out and ectopi®MP1 overexpressing lines, bipMP1
promoter analysis and by isolating putative protetaractors.
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Chapter 1
Abstract

In a screen for senescence-associated genésabidopsis thalianaa novel highly upregulated
membrane protein was identified. It is a membeariuncharacterized, strictly plant specific gene
family and was nameAtDMP1 (Arabidopsis thaliandDUF679 domain rembrane potein 1. The
AtDMP proteins are predicted to have four transmemé® spans with cytosolic amino- and
carboxy-termini. In this study, we investigated gig/logenetic distribution of DMP proteins, their
tissue-specific expression and subcellular locabma in Arabidopsis thaliana The
Chlamydomonas reinhardtand Physcomitrella patengenomes contain only a singbMP gene
copy, whereas in dicots 5 to 13 and in monocot$0116 DMP genes are found, many of which
supposedly result from recent gene duplicationge Whiquitous occurrence of DMP proteins in
green plants and their absence in other kingdorggest a role in plant-specific processesAln
thalianaexpression of nine out of t&dMP genes was detected. The expression patterns ouand f
to be markedly tissue- and development-specifiasT fiunctional redundancy of most proteins is
unlikely. The occurrence of several AtDMPs in tsswndergoing senescenéeMPL, -3, -4),
dehiscence AtDMP1) or abscissionAtDMP1, -2 -4, -7) suggests an involvement of DMPs in
different types of programmed cell death. AtDMP-&Gkision proteins were found to localize
either to the endoplasmic reticulum, the tonoptastunder certain conditions, to both membrane

systems. Further investigations are in progresucidate the functions of the AtDMP proteins.
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Chapter 1
I ntroduction

The terminal developmental phase in the life cydl@lant leaves and other tissues is senescence.
In this phase with the exception of the cell walé tvast majority of macromolecular cellular
compounds are degraded and exported from thefoeltecycling as nutrients in sink tissues (Hill,
1980; Himelblau & Amasino, 2001). The transitiowrfr the photosynthetically active phase to
senescence is a slow, genetically regulated denwedotal process that involves reprogramming of
the cellular metabolism and is accompanied by ceamg cell morphology, metaplasia of plastids
and conversion of vacuoles and other membrane-fayuésicles (Noodéet al, 1997; Thomagt

al., 2003). In chloroplasts, chlorophyll is degraded #he final catabolites are sequestrated in the
vacuole, which involves the activity of the senemeeassociated ABC transporter MRP2 (Frelet-
Barrandet al, 2008; Luet al, 1998). Autophagy is a major and conserved meshaifor the bulk
degradation of intracellular proteins and orgarseitethe vacuoles (Bassham, 2007). It was recently
shown that whole chloroplasts can be transportéal tine vacuole by autophagy (Waea al,
2009). Other compartments associated with leaf ssmee are 'senescence-associated vacuoles'
(Otegui et al, 2005). However, the genealogy of senescencedassdécmembrane-engulfed
vesicles is not well known.

In spite of the critical role of membranes and meanb proteins in senescence, only few
senescence-associated membrane proteins and tri@nsgwave been reported. In a genome-wide
expression analysis of natural and induced leaksmance inArabidopsis thalianathe novel
senescence-associated protein DMPUKB79 domain_rambrane ptein 1) was identified (van
der Graaffet al, 2006). DMP1 belongs to a hitherto unknown plgeesfic protein family with ten
members in Arabidopsis. All DMP proteins have fatansmembrane spans and none has any
sequence similarity to a known transporter, chammebther membrane protein in any kingdom.
Furthermore modDMP genes are absent from micro-array chips leadiraptimcomplete picture of
the distribution of theDMPs on whole plant level. The lack of informationsncerning the
transcription profile of th@®MPs and the absence of conserved domains or anyasiyito other
known proteins led us to investigate the whole gmogein family at different levels. We
investigated the expression patterns on organ lbyekemi-quantitative RT-PCR, the tissue-
specificity by promoter-GUS fusion and the subdaHluocalization by DMP-eGFP fusion. We
show thatDMPs exhibit unique expression patterns in differdahporgans. Several DMPs might
be involved in various programmed cell death prograncluding senescence in rosette/cauline
leaves and siliques, dehiscence in siliques andsdisn of floral organs and siliques. However the
occurrence of several DMPs in tissues not undeggobvious programmed cell death such as root
hairs, pollen grains or stomata indicate an imgilbcaof DMPs in other cellular processes. The

phylogenetic analysis reveals that the DMP fanslyspecific for green plants, suggesting a yet
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unknown plant-specific function. The DMP-eGFP fusproteins showed predominant localization
to the tonoplast and the ER excluding implicatiorprocesses which take place in organelles such
as the chloroplast or the mitochondrion.

Material and methods

Plant material, growth conditions and plant transfation

Arabidopsis thalianacotype Columbia O andicotiana benthamianglants were grown on soil in
the greenhouse at 22°C under long day conditio® (light/8-h dark cycle). Five to six weeks old
Arabidopsisplants were used foAgrobacterium tumefacienmsediated transformation by floral
dipping (Clough & Bent, 1998). Transgenic plantgevselected on 0,8 % agar plates containing %2
MS medium supplemented with 50 pg/ml kanamycinifordays. Four weeks old tobacco plants
(Nicotiana benthamianawere used foAgrobacterium tumefaciensediated transient expression
of the differen35S:DMP-eGFP and 35S:eGFP-DM#sions (Bendahmaret al, 2000).

Generation of binary vectors

All PCR reactions described were performed Vit polymerase (MBI Fermentas, St-Leon-Rot,
Germany) and all PCR products were verified by saging (Macrogen, Seoul, Korea and GATC,
Konstanz, Germany). The binary vector pUTkan3, @1MHderivative carrying theidA gene was
used for the generation of &MP,,:uidA constructs. The 1DMP promoter regions were PCR-
amplified from genomidrabidopsisCol-0 DNA using primer pairs listed in supplemewgtdable
S1. The amplificates were then digested withal-Pstl (DMP1,, and DMP3,,,) or Kpnl-Pstl
(DMP2 410, DMP4 16, DMP5 16, DMP6 pro, DMP7 516, DMP8 0, DMP9 ;o and DMP10Q,,) and
ligated to Xbal-Pstl or Kpnl-Pstl digested pUTkan3 to generate the 10 differBMPyo:uidA
constructs.

The binary vector pGTkan3, a pJH212 derivative ammg a promoterlessGFP gene was used to
generateDMP-eGFPfusions (C-terminal fusions). To express the fagiooteins from the CaMV
35S promoter, pPGTkan3 was generated. The 35S peonmvas amplified from pPTkan3 (pJH212
derivative) by PCR using the primers 5'-ggggaccAATTCGGTCCCCAGATTAGCC and 5'-
ggdctagaGTCCCCCGTGTTCTCTCCAAA. The resulting PCR productswhgested witiKpnl-
Xbal and ligated tdpnl-Xbal digested pGTkan3 to generate pPGTkan3. The opeinge&rames
(ORF) of DMP1 and 3 lacking the stop codon were ldieg with the primer pairs listed in Table
S2. The amplificates were digested wiKhal-Pstland ligated toXbal-Pstldigested pPGTkan3 to
generate 35S:DMP1-eGFP and 35S:DMP3-eGFP The other 35S:DMP-eGFP fusions were
originally generated in the vector pA7-GFP (Hoeg al, 1999) for transient expression in
protoplasts. The ORFs &MP2, -4, -5,- 6, -7, -8, -9, -1@ere amplified by RT-PCR on total RNA
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from Arabidopsisrosettes with the primers listed in Table S2. PR products were digested with
Xhol-Speland ligated taXhol-Speldigested pA7-GFP to generate the eight diffe2kitP-eGFP
fusions. For further analyses of the fusions prstan stably transformedrabidopsis thaliana
plants and transiently infiltrated tobacco epiddricells binary vectors were created. The eight
DMP-eGFP(-6His-Nos3’)fusions were released out of pA7-GFP Xlol-EcoRlI digestion, the
overhangs of the fragments were filled in with TMApolymerase (MBI Fermentas, St-Leon-Rot,
Germany) and ligated t§bal-Spellinearized and T4 DNA polymerase filled-in pCB38ZXiang
et al, 1999).
For the construction of N-terminal fusions of DMRB, -7 and 10 with eGFP, the eGFP ORF
lacking the stop codon was amplified from pGTkan3ithwthe primer pair 5'-
gtggtaccATGGTGAGCAAGGGCGAGGAG-3'/5-cgtctagaCTTGTACAGCTCGTCCATGCC-
3. The PCR product was digested wiKpnl-Xbal and ligated tdKpnl-Xbal digested pGTkan3 to
create pPNGTkan3. ThBMP ORFs were amplified with the primers listed in TEaB3. The PCR
products were digested witkbal-Xhol and ligated toXbal-Xhol digested pNGTkan3 to generate
35S:eGFP-DMPfusions. Expression of al5S:eGFP-DMPand 35S:DMP-eGFPconstructs was
analyzed by laser scanning confocal microscopy (UE@ transiently infiltrated tobacco leaves
and in stably transformefirabidopsis thalianglants (only C-terminal fusions).
The tonoplast marker TPK1-mRFP' (Latzal, 2007) was PCR amplified from plasmid pPily with
the primers 5-gigtaccCATGTCGAGTGATGCAGCTCGT-3 and
5'gagatcgagTTAGGCGCCGGTGGAGTGGCG-3. The PCR product was diggswith Kpnl-
Xhol and ligated tapnI-XhoHinearized pPTkan3 to generate 35S: TPK1-mRFPhmary vector.
The ER marker 'mCherry-HDEL' consists of mCherrthvan N-terminally fused signal peptide of
AtWAK?2 and the C-terminally fused ER retention middDEL (Nelsonet al, 2007). The plasma
membrane marker 'mRFP-MUB2' (Downetsal, 2006) was generated by amplifying mRFP from
pPily with the primers 5-acdgtagaATGGCCTCCTCCGAGGACGTC-3 and
5'GGCGCCGGTGGAGTGGCG-3'and MUB2 from genomAcabidopsisDNA with the primers
5’-gccgagggcecgcecactccaccggcgccATGGCAGAGGTGAAGGATCAANd 5'-
gagatcgagTTAACAACGAGCTCCAAAACA-3'. By overlapping PCR usinthe two amplificates
and the external primers 5-adgthgaATGGCCTCCTCCGAGGACGTC-3' and 5'-
gagatcgagTTAACAACGAGCTCCAAAACA-3' 'mRFP-MUB2' was generated.his amplificate
was Xbal-Xhol digested and ligated intgbal-Xhol linearized pPTkan3 to generate '35S:mRFP-
MUB2'.
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Histochemical Localization of GUS Activity

Twenty-four independent transgenic lines for eacthe 10DMPp:uidA constructs were assayed
by GUS staining in the T1 generation. For each woos 3 independent lines exhibiting
representative GUS patterns were chosen for furtivesstigation. Plant tissues were fixed in 90%
acetone for 1 hour at -20 °C, washed twice withn®0l NaPQ buffer pH 7.0 and vacuum-

infiltrated with X-Gluc solution (50 mM NaPQObuffer pH 7.0, 0.1% Triton X-100, 10 mM

potassium ferricyanide, 10 mM potassium ferrocyanahd 0,5 mg/ml 5-bromo-4-chloro-3-
indolyl-B-D-glucuronide) overnight at 37°C. Identical stamiconditions were used for all GUS

expression experiments. Stained tissues were de&dtle an ethanol series.

Confocal microscopy

Fluorescence images were acquired with a Leica $E5-laser scanning confocal microscope.
GFP was visualized by excitation with the 488 nne lof the argon laser. Emission was detected
with a spectral detector set between 505 nm anchf&0WNater immersion objectives 20x and 63x
with numerical apertures values of 0.7 and 1.2@eaetvely were used. Post-acquisition image

processing was performed with the Leica LAS AFwafe.

GUS staining image acquisition

Photographs of all GUS stained tissues excepifairand pollen were taken with a Leica Z16 APO
A macroscope equipped with a Leica DFC420C camisrages of root and pollen were obtained
with a Zeiss Axioskop 2 plus equipped with an Axam& ICc3 camera. The Plan-Apochromat
20x/0.8 objective and the software AxioVision Rél6 were used for image acquisition and

processing.

DNA and protein sequence sources and analyses

AtDMP promoter and ORF sequences were retrieved ffbe Arabidopsisinformation Resource
release 9  (wwwArabidopsisorg). Primers were designed using QuantPrime
(http://lwww.quantprime.de). All PCR products forbsequent cloning steps were verified by
sequencing. Protein sequences from other plants matnology to AtDMP1 (At3g21520) were
retrieved from the Phytozome comparative genomatslzhse version 4.1 (www.phytozome.net).
For display in Figure 3 the sequences were renanibd. original designations used in the
Phytozome database are provided in supplementdig Bb. Protein sequences were aligned with
Clustal X 2.0 (Larkinet al, 2007). Three of the 122 AtDMP1-homologous segesratustered in
Phytozome 4.1 were excluded from the alignment Umathey are presumably incomplete
(Arabidopsis lyratascaffold_702583.1Medicago truncatulaAC146553 19 andOryza sativa
12012.m06167). Phylogenetic trees were construdigd the Neighbor Joining algorithm
34



Chapter 1
implemented in Clustal X 2.0. Due to the high dgesrce between the sequences alignment
positions with gaps could not be excluded durieg touilding. Confidence values for the groupings
in the tree were derived by bootstrap analysis W@00 trials. Trees (cladograms) were drawn with

the FigTree program developed by Andrew Rambatp:(fitee.bio.ed.ac.uk/).

RNA isolation and semi-quantitative RT-PCR

Total RNA was extracted from differeAtrabidopsistissues as described (Downiegal, 1992).
The tissues tested included young (20 DAS), mafB4#eDAS) and senescing rosette leaves (51
DAS), green and senescing cauline leaves, greensandscent siliques, young and old stems,
flowers and roots. Seeds were removed from bothengnen-dehiscent siliques and
senescent/dehiscent siliques before harvest. Thagystems harvested included exclusively the
upper part of main inflorescence stems withoutallmrgans and siliques. The old stems included
only brown parts of the stems underneath thefiiosie. Roots were harvested from plants grown on
soil to avoid light effects.

Total RNA was treated with DNase to remove DNA eomnhation. First strand cDNA was
synthesized on 2 pg total RNA with poly(ddyN primer by SuperScriptlll reverse transcriptase
(Invitrogen, Karlsruhe, Germany). Gene expressibthe tenAtDMPs was determined by semi-
guantitative RT-PCR. PCR reactions were 2 min at®@fnitial denaturation followed by 24, 30 or
36 cycles of 30 sec 95 °C, 30 sec 58 °C, 40 setC/ACT2 (At3g18780) was used as internal
control and SAG12 (At5g45890) as senescence marker. To be able tdrotofor DNA
contaminationACT2andSAG12primer pairs flank an intron on genomic DNA. Th&P1, -2, -3,

-5, -7, -10 primer pairs were designed to amplify the comptgien reading frames. For the highly
similar gene pair®MP4 - DMP6 andDMP8 - DMP9 internal primers were used to prevent cross-
amplification. The sizes of the resulting amplifesare listed in Table S4.

Results

The DMP protein family

In a screen for senescence-associated geneAradhidopsis a novel senescence-upregulated
membrane protein gene, term&tDMP1 (DUF679 domain rembrane mtein ), was discovered.
AtDMP1 belongs to a novel uncharacterized gene familyr weéh members idrabidopsis The
protein alignment (Fig. 1) reveals that the AtDMitpins are divergent in their amino-terminal
parts, but conserved from the first transmembrdimé) (domain to the C-terminus. This conserved
part of the proteins is annotated in the NCBI-CD@atbase as the DUF679 domain of unknown
function  (www.ncbi.nim.nih.gov/Structure/cdd/cddegi?uid=113833). According to the
consensus TM span calculation tool of th&AMEMNON plant membrane protein database
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(http://aramemnon.botanik.uni-koeln.de/; Schwaekeal, 2003) with the exception of DMP7 the
DMP proteins are predicted to contain four TM spainsthe conceptual DMP7 amino acid
sequence the N-terminal two TM spans are lacking uan incorrect gene model. The cDNA
sequence reveals that DMP7 has four TM spans amohi®logous along its whole sequence to the
other family members. In addition to the TM spamnghly conserved sequence motifs are located in

inter-TM loops and the short carboxy-termini extegdnto the cytoplasm (Fig. 1).
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DMP3 SPSSLIQRNPT §SOEQSESVPOLRROESQHAVMS P! DGNV 105
DMP4 ~——-—mmmmmmmmme ] M!IKVDEG'QK KEDITRPLL‘E———DKDPPDIER—— IQKAI P! KDKNGTI 111
Y ng.vns--zncxIKEETVPLLQDQNRNRDLPDIER--%:}IMIG F P! KDLNGSV 112
DMP7 BKOSLIAS—————- LPSAPRKPKSKVERVV] P! IRDPNGKV 98
DMP8 MEKTEESVGIR PSPES-SREPKPVPLSSLPMLPAGAAAGGGKGRKRRMVAKGVOK! SMLVNFLP FKASDGKI 131
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Figure 1. AtDMP protein alignment. The ten AtDMP proteinemn aligned using Clustal X0. The blue frami
indicate the TM spans. The heigiftthe columns underneath each amino acid positidicates a conservation scc
The background coloration highlights the consemé@snical character at the respective amino acidipogClustal x
2 default coloration scheme). Blue/cyan: non-pajaeen: polar; magenta: negative charge; red:ipesiharge.

DMP8 pmP9

An unrooted tree constructed from the alignec
DMP2
DMP protein sequences can be divided in si;

clades, four of which contain a pair of two
similar proteins each (Fig. 2). A FASTA (v3)

pairwise similarity search

DMP1 DMP10

(www.ebi.ac.uk/Tools/fasta33/) calculates 43%
identity between AtDMP1 and AtDMP2 with
80% sequence coverage. AtDMP3 anc
AtDMP5 are 65% identical (91% sequence
coverage), AtDMP4 and AtDMP6 are 73%

DMP7
DMP5

DMP6

DMP4

. . 0
identical (100% coverage) and AtDMP8 anc‘:igure 2: Unrooted NJ tree of AtDMP proteins. DMP
AtDMP9 are 90% identical (100% coverage). 1{At3921520; DMP2: "At3g21550; DMP3: At4g243

DMP4: At4g18425; DMP5: At3g02430; DMF

is likely that the gene pairs result from geneé\t5g46090; DMP7: At4g28485; DMP8: At1g091
T _ _ _ DMP9: At5g39650; DMP10: At5g27370. Bootst
duplications in the Arabidopsis genome. values (1000 trials) are indicated above branches.
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Vitis vinifera (Wvi; 7/7)
A Populus trichocarpa Ptr; 11/11)
Medicago truncatula Mtr; 4/5)
Glycine max Gm; 13/13)
Arabidopsis thaliana (At; 10/10)
Arabidopsis lyrata Aly; 10/11)
Carica papaya Cpa; 6/6)
Sorghum bicolor (Sh; 13/13)
Zea mays . Zm; 15/15)
Brachypodium distachyon  (Bd; 11/11
Oryza sativa _ (Os; 15/16)
Selaginella moellendorffii Smo; 2/2)
Physcomitrella patens Ppa; 1/1)
Chlamydomonas reinhardtii  (Cr; 1/1)
2
™~
B 3 y
N oL S
\ o = E ’§ 5’3; I o’? 9
e
02283383588
A A - =R RS 2 S
S Zon aFEEERISSEN
9 6 L BHRARRTEUECSEETISET oo
9, @ 2,8, 2022\ W\'L = SIESZSFCIRS
Ry Y 5 W'g - & AL N INGS
. L, %, ° W g S /e RGN
G il B 3 W ) sy
f\%%@g%’ AL W@ g B £ & AN
%0 o 2 \ 2 hd 7 TN
Y % 2\ © @Q/ N2
KOXAG N W\ 8 AP AN S
S a2, 2 A\ A RS 22> (O
8ok, N A\l S 5 ’ NI
Osp, J%695,% N \\ ~ S e o
80039055\5992 T V. ag W & /7 & Cﬁ\‘ oA
S, J 75 kS I\ 7 < A
Zm o, o 70 S A ’ ® w2t (A
Zm_ppp 048 ~ s V7 & = e DN\PA
C ~<00144 s ~ 4 @® A 48425°
Pa_66.114 "0 ~o < h.” * M 702582
Wi 18.1 & /7 = 7000 Ry 090 .DMPG
Pt 41 105 » ’ ABgA6
411 B ° R @ L Al 7.3458
Gm16g27410 o5 B 1 Pir_64
Gm02g08330 Ly T @ Cpa
———————————————— 505 pa_83.95
Crigl3767 —————--—-— e
“7m_ 200873 o0 i B G 5?06944280
010790 % 5 & > 005 121
g0 o g & & ) 7 Atdgog4gs
gt & il - Aly 7.5 - DMp7
Ry T 055 7 1275
oMy & ] \ g/ 5] 0 Sbogg,
1‘“/’1%6 gQAc e G i \\ o Zl}]\ 799 28420
050‘\97‘61 ,\rLQ e % ,’ : - \ @ B 80305948 80 %3
5Q’\g1 ’L%Q & & ] K \ DN > 0’2975' 4
© %&‘3\% 0 Y ; S T * Ve 3%94 5%
IR & S o 11 \ Ty %62,
OSQ'\Q '\@;\ o N fe €] g \ D% 080\7'96‘¢ 0
%&b% ‘5\6\ RN & 1 E \ 2 ?, %, e@g) s
R S § i) \? KNG
1087 Q\'\ N S 1] R % 20 2
SIS § g B (D NS
RIS A\ S 2 P & N, 2 >
S VLo I/ 2 A0 2 %, %
SRIRNSNIN 8 I 3 %,.%.%, %
S T LS u S Iz 8 = 08, %0 9D
TS § S =1 g ¥ WD R B D
SO ' 2 &% %,
CSQ@\%Q‘(&@QN I gé'\cp{%\\*}‘%
C e IS SIS Soleal 2225027 %
NESESI5IS8ye 2z s’
VTS TN ELS LRSS %
5D SINN 2B 287 32 °
< ri188S 8 s B
v OO0, 2 A3 ©F O
o' £EEIO ¥ x g
~ SOy e % )
s 5 ¢
IS »

Figure 3: AtDMP1 orthologous and paralogous proteins inegr@lants.A: Phylogeny of theViridiplantae specie
represented in the Phytozome 4.1 database. Inthasms the abbreviatiof@r the species used in the cladograr
shown, followed by the number of AtDMP1 relatedtpms shown in the cladogram and the total numbétobMP1
related proteins in that specieB: Cladogram of an unrooted N-J tree of 119 AtDMRlated proteinsn 14
Viridiplantae species. Bootstrap values (1000 trials) are inditdielow branches. The dashed grey lines mai
division of the proteins at an arbitrarily choogsgistance close to the center of the cladogram (gheye) into nin
subfamilies. Mnocotyledonous clades are highlighted in greee. diiginal gene designations used in the Phyto:
4.1 database are provided in the supplementaryeTahl
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BLAST(-PSI) searches for DMP homologous proteirsrdit reveal any related amino acid motifs
in animals, fungi, prokaryotes or archae. HoweW¥P homologs occur in all higher plants,
mosses and inChlamydomonas reinhardtii The Phytozome database (version 4.1;
www.phytozome.net) lists 122 orthologous and pajals genes of AtDMP1 in 14 green plant
(Viridiplantae) genomes. Figure 3 shows a cladogram of the elgenerated from the alignment
of 119 of these genes (three genes were excluded the tree because their sequences are
supposedly incomplete). The single celled greea @lgreinhardtii has one single DMP homolog
(Cr7g13767) that differs from the bulk of greenmilBMP proteins by an extended cytoplasmic C-
terminus (>100 amino acids) and branches off nlearcenter of the tree. The bryophyte moss
Physcomitrella patenalso has only one DMP homolog. Interestingly, tistein is more similar
to an angiosperm clade including AtDMP1 and AtDMR2n to the algae or lycophyte orthologs.
The lycophyte Selaginella has two, 67% identical®ptoteins that are most similar to a clade that
splits into a small subclade formed by only thréedproteins including AtDMP10 and a large
subclade that includes 22 orthologs from monocdtyhs. The four monocotyledonous plants
Brachypodium distachygrsorghum, maize and rice contain 11 to 16 DMP Hog® whereas in
dicotyledons the number of DMPs varies fronMedicago truncatulato 13 Glycine max
With the exception of AtDMP8, for eachA. thaliana DMP protein the most closely related
orthologous protein is found Wrabidopsis lyrata

Organ- and age-dependent expression of DM P genes

In an earlier microarray-based screen for seneseassociatedhrabidopsismembrane protein
genesDMP1 was found to be ~70fold upregulated in rosettéhea 6 between the fully expanded
stage 6 weeks after sowing and a progressed se&wesstage ~12 days later with approximately
75% of the leaf surface showing chlorophyll degteaaa (van der Graaffet al, 2006). To
investigate the age-dependent expression @MIP genes in otheArabidopsisorgans and tissues,
the public expression data repositories are onlynaited use because only four of the ten family
members are represented on the Agilent 'Arabido@siand Affymetrix 'ATH1' microarrays
(DMP1, -2, -3, -9andDMP1, -2, -4, -9, respectively). We therefore investigated the eggion of

all DMP genes by semi-quantitative RT-PCR in young (20 DASsature (34 DAS) and senescing
rosette leaves (51 DAS), green and senescing ealdaves, green and senescent siliques, young
and old stems and in flowers and roots (FigSBG12was used as senescence marker/Dd2as
internal control.

DMP1 expression increases massively during senescencesette leaves, cauline leaves and
siliques following the same expression patterr6A§12 DMP1 expression was also detected in

roots, thus confirming microarray data (van derarat al, 2006; Winteret al, 2007) where
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DMP1 was found to be expressed in senescing rosettedeand roots. Although expressed at a
much lower level tharDMP1, DMP3 and 4 are also upregulated in senescing rosette leaves,
cauline leaves and siliques which might indicatesimilar or overlapping function during
senescence. However, no transcriptional upregulat@s detected fdDMP1, -3, -4 andSAG12in

old stems, indicating that stems might not undexgegenescence program comparable to those in
leaves and siliques which have several featuresnmmon on the transcriptional level (Wagsktff

al., 2009).DMP3 and 4 transcripts were additionally detected in rootd #owers respectively.
WhereasDMP2, -6 and 7 were detected in all organs test@MPS8, -9 and 410 were detected
xclusively in flowers. DMP5 could not be detectadany organ tested. Table 1 shows an overview
of the expression and localization data presengéalbfor all DMP proteins.

Unexpectedly, double bands of variable intensityenabtained withDMP6 and 7 in all organs
tested. Sequencing of these bands showed that
both DMP6 bands were specific amplificates,

the lower band lacking nucleotides 89 to 169,
which would lead to a protein lacking 27 amino pmP1

(30)
acids, from position 30 to 56 (Fig. S1). No pyp2
(36)
DMP3
(36)
) _ ) DMP4
leading to two different proteins. However, @9

. . . DMP5
perfect consensus intron/exon boundaries exisse

at these positions on the complementary, nongyps

intron-exon borders are present at these position

which would indicate an alternative splicing

coding DNA strand, suggesting that transcripts(’-;’g)"””

might be synthesized in the antisensebmprs
(36

orientation. The neighboring gene downstreampypg

of DMP6, At5g46100, encoding a protein of "

DMP10
unknown function, is located on the opposite(;imz
strand and the stop codons of tb&P6 and  ©0

ACT2

RN 3
o NI
& ¢ & & ¢
Q
§
R R § & &
)

At5g461000RFs are separated by only 184 bp.so

The sequence of At5g46100 full length rigure 4: Semi-quantitaive RRCR expressic

nalysis of DMP1 tol-0 in rosette leaves (20, 34 anc
AS), green and senescing cauline leaves, gree

antisense transcripts @MP6 derive from this Senescing siliques, young and old stems, flowed
roots. SAG12 was used as senescence maker and

gene. Further investigations are required to shows inernal control. Numbers in brackets on the left
_ _ _indicate the number of PCR cycles. The water ct
the presence oDMP6 antisense transcripts in reactions were performed without cDNA or genc

. . . DNA (gDNA). The gDNA reaction served as posi
the cell which might have a regulatory function Contro(|gand gs size rgeference_ P

on DMP6.

transcripts is not know, but it is conceivable tha
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Table 1. Expression data, promoter activities and subeealligicalization of DMP fusion proteins.

Semi-quantitative Tissue specificity Subcellular
RT-PCR (DMPyo:uidA fusions) localization
senescing rosette and  irregular patches on senescing rosette and cdelaves;
DMP1 cauline leaves; senescingsilique dehiscence and abscission zones; senescing tonoplast; ER
siliques; roots; stems silique wall; roots

stomata and vascular tissue of leaves, siliquemysand

DMP2 all organs tested sepals; roots; floral organ abscission zone

tonoplast; ER
senescing rosette and

DMP3 cauline leaves; senescing
siliques; roots

regular patches on senescing rosette and caubinede ER
root hairs

senescing rosette and  local patches on senescing rosette and caulineseav
DMP4 cauline leaves; senescingvascular tissue of the whole plant; anthers; florgian tonoplast

siliques; flowers abscission zone
DMP5 not detected not detected ER
DMP6 all organs tested root hairs tonoplast

vasculature of leaves, sepals, petals and rotitpiesiand

DMP7 all organs tested floral organ abscission zones, silique tips ER

DMP8 flowers not detected tonoplast; ER
DMP9 flowers pollen tonoplast; ER
DMP10  flowers not detected not detected

In the case oDMP7, the upper band was shown to be an unspecificiacape. Optimized PCR
conditions failed to improve specificitilMP7 is the onlyDMP gene predicted to contain two short
introns. However, sequencing of the lower band stbwhat only the second intron is spliced,
which leads to a protein of 200 amino acids in tengith 4 predicted transmembrane spans (Fig.
1). Translation of the predicted processed trapsevbuld lead to a shorter protein of 165 amino
acids with a very divergent N-terminal part lackihg two first transmembrane spans (Fig. S1). No
shorter transcripts deriving from the removal obtmtrons which would lead to such a protein
were detected by PCR. These data suggest that ME®MP7 are present in the cells as unique
proteins without isoforms.

The RT-PCR experiments indicate striking differenaethe transcription patterns DMP genes:
DMP1 and to a certain exteBtMP3 and 4 show senescence-specific expressioMP2, -6 and 7

are ubiquitously expressed in the organs testedDdE8, -9 and 410 are expressed only in floral
organs. To obtain a more detailed picture of tlssuie-specificity of thdPMs, transcriptional
fusions of the te®PM promoters with the GUS coding sequence were aaetstl. The size of the
promoter regions amplified to generate the DdP,o:uidA constructs are listed in supplementary
Table S1. Rosette and cauline leaves, siliques)sstowers and roots of homozygous transgenic
DMP1-1Q,.:uidA plants were systematically subjected to GUS stginAs GUS staining turned
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out to be inefficient in yellow, late senescentks leaves at the onset of senescence were used fo

these experiments.

Figure 5: Histochemical analysis of GUS expression in trengg Arabidopsis thaliana plants carrying DM
promoter:GUS fusiondMP1,,:uidA expression in mature/early senescing rosette(fegfroot B), root tip C) anc
during siliqgue developmenD(F). DMP2,,:uidA expression in vascular tissues and stomata oty K), sepal
and stemsH,l), siliques H), and expression in rood)( DMP3pm'uidA expression in root haird ], root tip M) anc
mature/early senescing rosette leavB8. (DMP4,,:uidA expression in mature/early senescing rosette €9
inflorescenceM), root Q) and root tip R). Expression oDMP6,.,:uidA in root hairs §). DMP7,:uidA expression i
vasculature of leaved], inflorescencel, V), silique tip (), silique abscission zon& W) and root vasculatureXj.
DMPS,:uidA expression in floral organ¥] is restricted to poller). Note the promoter activity @MP2, 4 and7 in
the floral organ abscission zorH, P, U andV).
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DMP1,,, was shown to be active in mature/early senescisgtt® leaves (Fig. 5A), in the phloem
bundles of roots (Fig. 5B), in root tips (Fig. 5@hd in siliques (Fig. 5D-F) confirming the
expression data. Interestingly, the expressioeaves is restricted to tissue patches varyingza si
and staining intensity, but tends to be associatithl vascular tissue. This expression pattern is
somewhat reminiscent of patterns observed in lesiimic mutants (Morita-Yamamuret al,
2005). It was observed in all transgenic plantsete&nd was reproduced over 3 generations. A
comparable pattern was observed in senescing ealdaves (data not shown). In siliques, the
promoter exhibits a senescence-associated actikitis weakly active in little patches at the
abscission zone of young fully expanded siliquesy.(FbD), becomes more active upon
development at the abscission and dehiscence £Bige$E) and is strongly active in all tissues of
senescing and dehiscent siliques with the excepfidine seeds (Fig. 5F).
Expression oDMP2,,:uidA was detected in all organs tested, reflectingitita obtained by semi-
guantitative RT-PCR. The vascular tissues and d#orofleaves (Fig. 5G), siliques (Fig. 5H),
sepals (Fig. 51-K) and stems (Fig. 5H-1), the flavegan abscission zone (Fig 5H) and the phloem
bundles of roots (Fig. 5J) exhibitéaMP2 promoter activity. The promoter ®@MP3 is weakly
active in mature/early senescing rosette leaveseahibits a quite regular patchy pattern over the
whole leaf area, but is never associated with Vas¢issue or stomata (Fig. 5N). The same pattern
was observed in cauline leaves (data not sholdk)P3,, was also found to be expressed in root
hairs (Fig. 5L) and in root tips (Fig. 5M). Promotactivity of DMP4 was hardly detectable in
mature/early senescing rosette and cauline ledvesas observed at some local spots and in
vascular tissue (Fig. 50). Weak promoter activitypdP4 was observed in some local spots of
mature/early senescing rosette and cauline leawésnavascular tissue throughout the whole plant
(Fig. 50, P). StrongeDMP4 expression was observed in anthers, the floradroapscission zone
(Fig. 5P), in stele tissues of roots (Fig. 5Q) amdoot tips (Fig. 5R)DMPG6,, expression was
detected exclusively in root hairs (Fig. 5S), wiasrddy RT-PCR lowDMP6 expression was
detected also in other organs (Fig. 4). DMP7,:uidA transgenic plants, GUS staining was
observed in vascular tissues of leaves, sepalalsp@tig. 5T-V) and roots (Fig. 5X), in the floral
organ abscission zone (Fig. 5U-V) and in the tig abscission zone of siliques (Fig. 5U, W).
DMP9,, activity was exclusively detected in pollen (F¥-Z). The GUS staining observed at the
base of floral organs on Fig. 5Y are pollen graind not staining of floral organ abscission zones.
No activity could be detected wilhMP5;,,, DMP8&,,, andDMP10Q,, in any of the tested organs,
although low levels oDMP8 and 10 transcripts were detected by RT-PCR in flowerdogéther,
these data indicate a wide spectrum of expressatterps and levels of tHBMP genes, which

excludes functional redundancy of DMP proteins wshtissues.
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Subcelular localization of DMP proteins

To test if the DMP proteins target to the sameanghular membrane in the different tissues, the
subcellular localization was investigated. DMP pnotiocalization was first estimated by using the
plant membrane protein databas@AaMEMNON (release 6.1) which uses up to 17 individual
prediction programs to generate consensus preadgt{bttp://aramemnon.botanik.uni-koeln.de).
The consensus localization prediction method indica weak to moderate chloroplast targeting
signal for six DMP proteins (DMP1, -3, -5, -7, -8da-9). The four other proteins (DMP2, -4, -6, -
10) are predicted to enter the secretory pathwaély weak to moderate probability. The absence of
clear target signals led us to investigate the allidar localization of all DMP proteins by using
eGFP as reporter. C-terminal (DMP-eGFP) fusiongesged from the CaMV 35S promoter were
generated and investigated both in transientlyltiafed tobacco epidermal cells and stably
transformedArabidopsisplants. For the proteins which did not lead t@fescence signals (DMP6,
-7 and -10), N-terminal fusion proteins (eGFP-DM®Yye generated and investigated in transiently
infiltrated tobacco epidermal cells. Different fhescence markers localizing to the tonoplast
(TPK1-mRFP), the ER (mCherry-HDEL) and the plasmambrane (MRFP-MUB2) were used in
colocalization experiments to confirm subcellulacdlization of the different DMP-eGFP and
eGFP-DMP fusion proteins (Fig. 6). DMP10 was théyqgorotein which did not lead to any
fluorescence signal when fused either N-terminatl{C-terminally to eGFP. DMP3-eGFP, DMP5-
eGFP and DMP7-eGFP clearly labeled the ER as showaolocalization experiments with the ER
marker mCherry-HDEL (Fig. 6. C, E, G). DMP1-eGEMP2-eGFP, DMP4-eGFP, eGFP-DMP86,
DMP8-eGFP and DMP9-eGFP labeled the tonoplast awrslwith the tonoplast marker TPK1-
MRFP in colocalization experiments (Fig. 6A, B, B,H and | respectively). To unambiguously
distinguish between tonoplast and plasma membraoalization, all proteins were also
coexpressed with a plasma membrane marker (MRFP2Y1iBtobacco epidermal cells. As an
example, coexpression of DMP1-eGFP and mRFP-MUBh@vn in Fig. 6J. Moreover, specific
features of the tonoplast, namely the labelingarfigvacuolar strands (Reisenal, 2005; Ruthardt

et al, 2005), tonoplastic invaginations (termed "bulbg"Saitoet al, 2002) and the engulfment of
the nucleus and plastids on the side facing thealacconfirm tonoplast localization (see legend of
Fig. 6). However, we observed that subcellular lizeion of DMP2-eGFP, DMP8-eGFP and
DMP9-eGFP was variable. Two to three days aftaltriafion we observed localization of these
three proteins in the ER and in some vesicles pfagpmately 1 pum diameter which could be Golgi
bodies, transvacuolar Golgi network (TGN) or prexdar compartment (PVC) (Fig. 6L). After
five days, the fluorescent proteins clearly labeleel tonoplast (Fig. 6B, H, I). These changes in
subcellular localization may reflect slow movemehthese fusion proteins through the secretory

pathway but may also reflect mistargeting due terexpression or the use of fusion proteins.
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Figure 6. Colocalisation experiments betwearabidopsisDMP proteins fused either N- or C-terminally toFef=anc
different membrane markers fused to mRFP or mChé¥)y Colocalisation of DMPEGFP on the left panel (Ip) w
the tonoplast marker TPKhRFP on the middle panel (mp) and the overlay dfi Bloiorescence signals on the ri
panel (rp). B): DMP2-eGFP (Ip), TPK1-mRFP (mp) and overlay (rf}): DMP3-eGFP (Ip), mCherri#DEL
(endoplasmic reticulum marker) (mp) and overlay.((@): DMP4-eGFP (Ip), TPK1-mRFP (mp) and overlay ((&):
DMP5-eGFP (Ip), mCherry-HDEL (mp) and overlay (r(5): eGFP-DMP6 (Ip), TPKInRFP (mp) and overlay (r|
(G): eGFP-DMP7 (Ip), mCherry-HDEL (mp) and overlap)(r(H): DMP8-eGFP (Ip), TPKImRFP (mp) and overl:
(rp). (1): DMP9-eGFP (Ip), TPK1-mRFP (mp) and overlay (r@): Coexpression of DMP1-eGFP and the plasma
membrane marker mRFP-MUB2KY: DMP8-eGFP fluorescence pattern in stably tramséml Arabidopsis. L()
DMP8-eGFP fluorescence pattern shown three days afiltration. All fusion proteins are expressed frohe CaM\
35S promoter. All images were taken in transiemtfijtrated tobacco epidermal cells with the exdéeptof (K). Filled
arrowheadsA, B, D, F, H, |) show transvacuolar strands, open arrowheadB(F, J) show tonoplastic invaginatio
called “bulbs”, arrowsA, B, D, F, H) indicate the nucleus and the open cirtl@iqdicates a small vesicle. Scale |
are 30 um.
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Figure 6. Continued.

However overexpression of DMP2-eGFP, DMP8-eGFP MP9-eGFP in stably transformed
Arabidopsisplants led to signals labeling the ER membrane rastdthe tonoplast as shown for
DMP8-eGFP in Fig. 6K. Moreover, overexpression oMEL-eGFP in stably transformed
Arabidopsisplants showed that, besides strongest fluorescggnoals in the tonoplast, a fraction of
the fusion proteins was also observed in the ERa(dat shown), whereas in tobacco infiltrated

leaves only the tonoplast was labeled at any tifber anfiltration (Fig. 6A). Investigation of
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DMP1-eGFP expressed from the native promoter iolystaansformedArabidopsisshed more light
on this dual localization: depending on the cepetyand the developmental stage DMP1-eGFP
targets either to the ER or the tonoplast. A tissuel developmental stage-dependent targeting may
also explain the different or dual localizationssetwved upon overexpression of DMP2-eGFP,
DMP8-eGFP and DMP9-eGFP in tobacco andbidopsis
In summary, these observations suggest that notleeddDMP proteins are targeted to chloroplasts
as is predicted for some of them, but predominafdbate at two different membranes: the

tonoplast and the ER.

Discussion

AtDMP1 was discovered in a screen for senescence-assbganes irArabidopsisthaliana It
encodes a novel, unknown membrane protein with fddrspans that has no similarity to any
functionally assigned protein domain in any organi¥he DMP proteins have only short N- and
C-terminal cytoplasmic ends and loops protrudirmgmithe membrane and they have no similarity
with transporters or channels. A search for relateguences revealed thiDMP1 belongs to a
strictly plant-specific gene family which is repeesed in all green algae and green plants for that
ESTs or genome sequences are available at NCBI.BRAFTN search with AtDMP1 and
AtDMP9 proteins against the NCBI EST database iflestin addition to the 119 DMP sequences
of the 14 species represented in the cladogram @00 orthologs in 42 other plants (data not
shown).

In Arabidopsis thalianaand Arabidopsis lyratasome DMP proteins occur as closely related pairs
(Fig. 3; AtDMP1/2 - Aly _302570/302573; AtDMP4/6 - yA702582/7.3458; AtDMP3/5 -
Aly 7.1852/300181; AtDMP8/9). The corresponding @epairs supposedly result from gene
duplications that must have happened before tharagpn ofA. thalianaandA. lyrata which took
place approximately 5 million years ago (reviewaddlauss & Koch, 2006)A. lyrata has an
ortholog of AtDMP9, but not of AtDMP8. AtDMP9 and\A 7.1 have the same length (244 aa) and
are 98% identical, whereas AtDMP8 and AtDMP9 aréy @9% identical and AtDMP8 is one
amino acid shorter. This suggests that either ttigM#®8 ortholog inA. lyrata was lost after the
speciation ofA. thalianaandA. lyrata or AtDMP8 resulted from an AtDMP9 duplicationefthe
separation fromA. lyrataand its sequence evolved very quickly due to k tdcselective pressure.

It argues for the latter scenario that a DMP8 dahas dispensable foA. lyrata no DMPS8
expression expression was detected .irthalianaby semi-quantitative RT-PCR and no AtDMPS8
promoter activity was detected in any plant tissie.the other handy. lyratahas two orthologs of
AtDMP5 (Aly_300181 and Aly_5.1; Fig. 3). With tharme length of 219 amino acids and only 5

substitutions, four of which are conservative, A90181 is 98% identical to AtDMP5. The second

46



Chapter 1
ortholog Aly_5.1 is lacking 10 amino acids withlretN-terminus and 18 amino acids from the 2nd
TM span and has a 19 amino acid insertion upsti@atime penultimate TM span, but is otherwise
95% identical to Aly_300181. This suggests thahezitAly 5.1 derived from Aly_300181 by
duplication after the separation &f thalianaandA. lyrataand subsequently mutated rapidly in the
absence of selective pressure, or the Aly 5.1 thio A. thalianawas deleted.
The RT-PCR experiments showed tiRd¥IP1 and, at much lower levelMP3 and DMP4 are
transcriptionally activated in senescing rosetteé eauline leaves and senescing siliques (see Table
1 for overview). Interestingly, only these threengge exhibit a patchy expression pattern in
mature/early senescing leav&MPL1 is highly active in patches variable in size ahdpe and
often associated with vascular tissue whei2sH°3 is weakly expressed in more regular patches
not associated with vascular tissue &dP4 is only faintly expressed in some local spots snd
vasculature. These patchy expression patterns ppssidicate partially overlapping tissue-
specificity and related functions BMP1, -3 and 4 during leaf senescence.
Furthermore, five out of seveDMP promoters led to detectable GUS expression irudss
undergoing different types of programmed cell deBtMP1 is expressed in silique dehiscence and
abscission zone§MP7 in the silique abscission zone ab¥P2, DMP4 andDMP7 in the floral
organ abscission zoneMP8 andDMP10transcription was detected by RT-PCR in flowerg,
promoter activity was observed in transgef®P8,,:uidA and DMP10,:uidA Arabidopsis
plants. One possible explanation for this discrepas that the 920 bpMP8 and 2021 bipMP10
fragments upstream of the ATG start codons do eptesent the complete promoter, as it is
possible that downstream regions also contributgascription regulation. Indeed, downstream
regulatory sequences were reported for sevaabidopsisgenes (Curieet al, 1993; Larkinet al,
1993; Moreno-Fonseca & Covarrubias, 2001). A diganey between the RT-PCR experiment and
the promoter activity was also observed with DMR$§ discussed above, it cannot be excluded that
the 1954 bp promoter fragment lacks regulatory seges. However, in case of tb®P6 gene it
is tempting to speculate that its activity is maded by the formation of double stranded RNA with
the 3' end of thé&t5g46100mRNA. DMP5 expression could neither be detected by RT-PCéhin
Arabidopsistissue nor by promoter-GUS fusions. It remains eacif DMP5 is expressed at levels
below the detection limit, becomes only conditidyaktivated or if it is non-functional.
The investigation of the subcellular localizatidrtlee different DMP-eGFP and eGFP-DMP fusion
proteins expressed from the CaMV 35S promoter sHoweedominant localization at two
membranes in the cell: the tonoplast and the ERPBMGFP, DMP5-eGFP and eGFP-DMP7 were
always retained in the ER and never decorated dheptast in tobacco epidermal cells and
Arabidopsis These three proteins share a di-arginine motéethresidues behind the last TM

domain and DMP3 and DMP5 contain an additionalrdirane motif at their very C-termini (Fig.
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1). Di-arginine motifs have been reported to fumttas ER retention/retrieval signals at cytosolic
N- and C-termini and in cytosolic loops of plant miwane proteins (Boulafloust al, 2009;
Michelsenet al, 2005; Schutzet al, 1994; Teasdale & Jackson, 1996). However, tafgléne
contribution of the di-arginine and other di-basiotifs in targeting DMP3, -5 and -7 to the ER
requires mutant analyses, as similar motifs alsmom other DMP proteins that do not localize in
the ER.
When expressed by the CaMV 35S promoter in toba&midermal cells, DMP1-eGFP, DMP2-
eGFP, DMP4-eGFP, DMP6-eGFP, DMP8-eGFP and DMP9-egiét the secretory pathway and
decorate the vacuolar membrane. DMP1-eGFP, DMP4e@rd DMP6-eGFP exclusively
accumulate in the tonoplast whereas DMP2-eGFP, DMBPBP and DMP9-eGFP apparently move
slowly along the secretory pathway, labeling fitee ER and later the tonoplast. In stably
transformedArabidopsis these proteins accumulate exclusively in the @Rereas DMP1-eGFP
show dual ER/tonoplast localization. ExpressionDdfIP1-eGFP from the native promoter in
transgenic Arabidopsis revealed that subcellularalination is cell type- and development-
dependent. Thus, it is conceivable that dual laetibn of DMP1-eGFP, DMP2-eGFP, DMP8-
eGFP and DMP9-eGFP in the same cell, temporal @samg localization and discrepancies
between localization in tobacco aAdabidopsismay reflect intrinsic properties of the proteibe
use of the DMP gene native promoters for fusiortginoexpression and immunogold labeling of
the native DMP proteins may be necessary to uneqally determine the intracellular localization.
The function of the DMP proteins at the ER membrané the tonoplast is still elusive, but their
exclusive and ubiquitous occurrence in green plamdgates a role in plant-specific processes.
Several DMP proteins are expressed in senescirgnsrMP1, -3, -4) or tissues that will stall
later in developmenDMP1, -2, -4, -7). These expression patterns strongly suggestvaivement
of severaDMPs in various programmed cell death processes imgdugEnescence, dehiscence and
abscission. However, the activities of sevef@MP promoters in various tissues lacking
programmed cell death indicate that DMP proteires aso involved in other cellular processes.
Further investigations using mutants and transg@tants with alteredDMP expression are

required to elucidate the function of tb&1Ps.
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Supporting Information

Table S1: Primers used for the amplification of the DMP promoter regions. For each primer pair, the size of
the promoter region amplified is indicated. ThetrieBon sites are shown in boldface and the segegn
corresponding to the promoter regions are put eugase.

Size of amplified

Primer name Sequence

promoter fragment
DMP1,.-F 5’-cggctagaGAGAACAAAATCCTCCGTATC-3’ 2364 bp
DMP1, R 5-aatgcagGAGCTTGAACCTTAGAGTTAG-3’
DMP2,-F 5'-gtggtaccCAACCGAAGATTTTGAACTTG-3’ 1945 bp
DMP2,-R 5'-gtctgcagTTTTTTGTTCTTCTTTTGTAA-3’
DMP3,-F 5-cggctagaAGT TGGACTCTTGCCAGTTTA-3 685 bp
DMP3;-R 5-aactgcagATTCTTTCGTTTTTCTTATTT-3
DMP4,-F 5'-gtggtaccGCTTTGGTTTTGTTGTATTGG-3' 1792 bp
DMP4,-R 5'-gtctgcagATCTTTGAAGTTGTTTCCTTTG-3'
DMP5,-F 5'-gtggtaccCGCAATTTTCTTCAACCGCTG-3' 632 bp
DMP5;,-R 5'-gtctgcagCTTTTTAGTTTTGATTCTTTTC-3'
DMP6-F 5'-gtggtaccTGATCTAAACTAGTGTTCAAC-3' 1954 bp
DMPG,-R 5'-gtctgcagAATACTCGAGATTCAAATCTC-3
DMP7,F 5'-gtggtaccCTTTGGATTTGTGAATAAAAC-3’ 1844 bp
DMP7,-R 5’-gtctgcagCTTCAATTGTTTTTTCGTTAA-3
DMP8,-F 5’-gtggtaccTTCCATCATTTCCTCAGCATC-3’ 920 bp
DMP8,-R 5-gtctgcagTCTCTCTGTGTTTTGTGACTC-3'
DMP,-F 5'-gtggtaccCCTCAAAATTCGGATTAACAA-3’ 1995 bp
DMP9,-R 5'-gtctgcagTTTCGTGTGTTTCTCTCTGTT-3'
DMP1Q,-F  5-gtggtaccCCTATTTTCATTTCATTCCAT-3’ 2021 bp

DMP1Q,R  5-gtctgcagTTCGTAATTTGATCGGAAGTG-3'

Table S2: Primers used for the amplification of the DMP open reading frames (ORF) to generate the C-tetmina
DMP-eGFP fusions. AIDMPs were amplified on gDNA. Thus, DMP7 contains amoin. For each primer pair,
the size of the ORF amplified is indicated. Thetrieion sites are shown in boldface and the sece®n
corresponding to the open reading frames are pypjrercase.

. Size of ORF
Primer name Sequence o

amplified

DMP1ogr -F 5’-cggctagaATGTCCGAAACTTCTTTGCTC-3’ 621 bp

DMP1ogr R 5’-aactgcagcGGCAGAGACCGAGGCTTTC-3

DMP20gr -F 5'- gictcgagATGTCGAAAACATTCAAAGCC-3’ 552 bp

DMP20re R 5’-gactagtcCTTTCATCTCGGAAGCATCATC-3

DMP3orr F 5’-cgdgctagaATGTCTTCACCATCTTCCCTA-3’ 639 bp

DMP3orr R 5’-aactgcagcACGACGACCCCCGTCTCCGG-3

DMP4ogr F 5'-gtctcgagATGGAGATCAAAGTTGACGAA-3’ 639 bp

DMP4ore R 5’-gactagtcCTTTACTAGAAAGTGGAAAACC-3

DMP50gr F 5'-gtctcgagATGTCTGCCCTTCGGCTAAGA-3 657 bp

DMP50gr -R 5’-gactagtccTCGGCGATCTACGCTACCGGT-3

DMP6ogr -F 5’-gtctcgagATGGAGATTAATGTTGATGAA-3’ 642 bp

DMP6ogr -R 5’-gactagtccTTTAGCAGAGAGGGGAAAACC-3’

DMP7orr -F 5’-gtctcgagATGGAGGAGACGAAGCAGTCA-3’ 600 bp

DMP70rr R 5’-gactagtccTTCTTTGGTAAGGGGAGATCC-3’

DMP8ogrr -F 5’-gtctcgagATGGAGAAAACAGAGGAAAGC-3’ 729 bp

DMP8qre R 5’-gactagtccTGTAGACATGCATCCGACACC-3’

DMP9ogr F 5’-gtctcgagATGGAGAAAACAGAGGAAAGC-3 732 bp

DMP9%gre R 5’-gactagtccACCAGTCATGCAACCAAC-3’

DMP1Qorre F 5'-gtctcgagATGGAGGCGTCGTTCATTAGA-3 573 bp

DMP1Gsre R 5’-gactagtcCACGAATGTCTGAAATTCCGAT-3
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Table S3: Primers used for the amplification of tbMP6, -7 and-10 open reading frames (ORF) to generate the
N-terminal eGFP-DMP fusions. ADMPs were amplified on gDNA. Thus, DMP7 contains atmon. For each
primer pair, the size of the ORF amplified is irated. The restriction sites are shown in boldfacd the
sequences corresponding to the open reading fraregsut in uppercase.

Primer name Sequence Size of ORF amplified

DMP6ogre n-F 5’-acgdctagaATGGAGATTAATGTTGATGAA-3

DMP6ore »-R  5-gagatcgagT CATTTAGCAGAGAGGGGAAA-3' 645 bp
DMP7ome »-F  5-acqdctagaATGGAGGAGACGAAGCAGTCA-3' 600 bp
DMP7opr vR  5-gagatcgagTTATTCTTTGGTAAGGGGAGA-3'

DMP1oe vF  5-acqdctagaTGGAGGCGTCGTTCATTAGA-3' 576 bp

DMP10ogr p-R 5’-gagatcgagT CAACGAATGTCTGAAATTCC-3’

Table $4: Primers used for semi-quantitative RT-PCR analyses

Size of amplificate (bp)

Primer name Sequence cDNA/GDNA
DMPlgrporF 5-ATGTCCGAAACTTCTTTGCTC-3’ 624/624
DMP1grper-R 5-TTAGGCAGAGACCGAGGCTTTC-3’

DMP2x7 per-F 5-ATGTCGAAAACATTCAAAGCC-3’ ——
DMP2:7pcr-R 5-TCATTTCATCTCGGAAGCATC-3’

DMP3sr.per-F 5-ATGTCTTCACCATCTTCCCTA-3’ 642/642
DMP3sr.pce-R 5-CTAACGACGACCCCCGTCTCC-3’

DMP4gr.per-F 5-CAAAGTTGACGAAGGTCATCA-3’ 627/627
DMP4grpcr-R 5-CTAGAAAGTGGAAAACCAATC-3’

DMP5gr.per-F 5-ATGTCTGCCCTTCGGCTAAGA-3’ 660/660
DMP5gr.per-R 5-TCATCGGCGATCTACGCTACC-3’

DMP6gr.pcr-F 5-TAATGTTGATGAAGAAGCTGG-3’ 630/630
DMP6gsr.pcr-R 5-GCAGAGAGGGGAAAACCAATA-3’

DMP7gr.per-F 5-ATGGAGGAGACGAAGCAGTCA-3’ 603/691
DMP7sr.pce-R 5-TTATTCTTTGGTAAGGGGAGA-3’

DMP8sr.per-F 5-GAGTTTACACGACGACAACGA-3’ 698/698
DMP8sr.pcr-R 5-TGTAGACATGCATCCGACACC-3’

DMP 9y per-F 5-GAGTTTACACGGCGACTCCGC-3’ 201/701
DMP%rpcr-R 5-ACCAGTCATGCAACCAACACCG-3’

DMP10sr.pcr-F 5-ATGGAGGCGTCGTTCATTAGA-3’ £76/576
DMP10srpce-R 5-TCAACGAATGTCTGAAATTCC-3’

SAG12x1pcF 5-GGCTATTGAAGGAGCAACACA-3’ 397/544
SAG12rpcrR 5-CGCAGTTACTGCATGATCAAG-3’

ACT2xr.perF 5-CTTCCCTCAGCACATTCCAG-3* 407/496

ACT2r1.pcr-R

5-AACATTGCAAAGAGTTTCAAGGT-3
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Table S5. Gene designations used in Figure 3 and in the Rbygte database

Phytozome 4.1 designation designation Fig. 3 | Species Notes
scaffold 300181.1.aly.16047632 Aly 300181 Arabidepgata
scaffold 302570.1.aly.16041876 Aly 302570 Arabidepgata
scaffold _302573.1.aly.16056165 Aly 302573 Arabidepgata
fgenesh2 kg.5 288 AT3G02430.1.aly.16056908  Aly 5. Arabidopsis lyrata
scaffold 602905.1.aly.16048741 Aly 6.1 Arabidopgiata
fgenesh2 kg.7 3458 AT5G39650.1.aly.16050p06 Aly 7 Arabidopsis lyrata
Al scaffold 0007 1275.aly.16062784 Aly 7.1275 Achdpsis lyrata
fgenesh2 kg.7 1852 AT4G24310.1.aly.16044399 Al8S2 Arabidopsis lyrata
scaffold 800229.1.aly.16058422 Aly 7.3458 Arabidepgata
scaffold 702582.1.aly.16046999 Aly 702582 Arabidepgata
scaffold 702583.1.aly.16043620 Arabidopsis lyrata 77 aa*incomplete
AT1G09157.1.ath.15599734 At1g09157 Arabidopsisidhal
AT3G02430.1.ath.15612548 At3g02430 Arabidopsisidinal
AT3G21520.1.ath.15615052 At3g21520 Arabidopsisidinal
AT3G21550.1.ath.15615055 At3g21550 Arabidopsisidinal
AT4G18425.1.ath.15620827 At4g18425 Arabidopsisidinal
AT4G24310.1.ath.15621604 At4g24310 Arabidopsisidinal
AT4G28485.1.ath.15622164 At4g28485 Arabidopsisidinal
AT5G27370.1.ath.15626837 At5g27370 Arabidopsisidinal
AT5G39650.1.ath.15627581 At5g39650 Arabidopsisidinal
AT5G46090.1.ath.15628411 At5g46090 Arabidopsisidinal
Bradilg57240.1.bdi.16478175 Bdilg57240 Brachypodium
distachyon
Bradilg61470.1.bdi.16478677 Bdilg61470 Brachypodium
distachyon
Bradilg67550.1.bdi.16479479 Bdilg67550 Brachypodium
distachyon
Bradi2g13280.1.bdi.16482455 Bdi2g13280 Brachypodium
distachyon
Bradi2g13290.1.bdi.16482456 Bdi2g13290 Brachypodium
distachyon
Bradi2g16640.1.bdi.16482830 Bdi2g16640 Brachypodium
distachyon
Bradi2g46210.1.bdi.16486042 Bdi2g46210 Brachypodium
distachyon
Bradi2g56950.1.bdi.16487458 Bdi2g56950 Brachypodium
distachyon
Bradi3g10870.1.bdi.16489609 Bdi3g10870 Brachypodium
distachyon
Bradi3g37160.1.bdi.16492384 Bdi3g37160 Brachypodium
distachyon
Bradi3g43480.1.bdi.16493189 Bdi3g43480 Brachypodium
distachyon
evm.model.supercontig 113.49.cpa.16406060 Cpa 113 aricdpapaya
evm.model.supercontig 140.48.cpa.16408894 Cpa 840.4 | Carica papaya
evm.model.supercontig 16.78.cpa.16410115 Cpa_16.78 | Carica papaya
evm.TU.contig 32101.2.cpa.16430061 Cpa_32101 CpHpaya
evm.model.supercontig 66.114.cpa.16424558 Cpa 66.11 | Carica papaya
evm.model.supercontig 83.95.cpa.16427239 Cpa_83 icd0aapaya
chromosome7_g13767.t1 Cr7g13767 Chlamydomonas
reinhardtii
Glyma02g08330.1.gma.16247392 Gm02g08330 Glycine max
Glyma06g44280.1.gma.16265136 Gm06g44280 Glycine max
Glyma079g32210.1.gma.16268470 Gm07g32210 Glycine max
Glyma07g38360.1.gma.16269144 Gm07g38360 Glycine max
Glyma079g38370.1.gma.16269145 Gm07g38370 Glycine max
Glyma09g37210.1.gma.16277497 Gm09g37210 Glycine max
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Glymal3g24350.1.gma.16291409 Gm13g24350 Glycine max
Glymal3g28350.1.gma.16291863 Gm13g28350 Glycine max
Glymal3g30840.1.gma.16292158 Gm13g30840 Glycine max
Glymal6g27410.1.gma.16303080 Gm16g27410 Glycine max
Glymal7g02400.1.gma.16304143 Gm17g02400 Glycine max
Glymal8g11220.1.gma.16308557 Gm18g11220 Glycine max
Glymal8g11430.1.gma.16308578 Glycine max remowed i
phytozome 4.1

Glymal8g11450.1.gma.16308580 Gm18g11450 Glycine max
AC158497_10.mtr.16440477 Mtr_2.1 Medicago

truncatulata
AC158497_ 16.mtr.16466061 Mtr_2.2 Medicago

truncatulata
CT027665_1.mtr.16433839 Mtr_5.1 Medicago

truncatulata
AC140025 43.mtr.16444166 Mtr_7.1 Medicago

truncatulata
AC146553 19 Medicago 116 aa*incomplete

truncatulata
12001.m09137.0sa.1162425 0s01g26896 Oryza sativa
12001.m09139.0sa.1162424 0s01g26904 Oryza sativa
12001.m09163.0sa.1162394 0s01g27120 Oryza sativa
12001.m09254.0sa.1162301 Oryza sativa removed in

phytozome 4.1

12001.m09361.0sa.1162175 0s01g29240 Oryza sativa
12001.m09365.0sa.1162171 0s01g29280 Oryza sativa
12001.m09370.0sa.1162166 0s01g29330 Oryza sativa
12001.m43407.0sa.1158133 0s01g65992 Oryza sativa
12002.m07924.0sa.1168957 0s02g27800 Oryza sativa
1 2003.m07892.0sa.1173156 0s039g25440 Oryza sativa
12005.m08955.0sa.1190421 0s05g48840 Oryza sativa
12006.m07100.0sa.1193430 0s06g24490 Oryza sativa
12007.m06536.05a.1198489 0s07g22510 Oryza sativa
12007.m08728.0sa.1201014 0Os07g45080 Oryza sativa
12008.m04301.0sa.1201663 0s08g01530 Oryza sativa
12012.m06071.0sa.1221438 0s12g22270 Oryza sativa
12012.m06167.0sa.1221541 Oryza sativa 108 aa*iptEien
e _gw1.5.155.1.ppa.1911453 Ppa_5 Physcomitrella

patens
eugene3.01240091.ptr.1096907 Ptr_124 Populus técha
gw1.150.213.1.ptr.1091951 Ptr 150 Populus trichmacar
fgenesh4 pg.C scaffold_41000052.ptr.1105591 Pit 41. Populus trichocarpg
gwl1.64.526.1.ptr.1114406 Ptr_64 Populus trichocafpa
gw1.86.53.1.ptr.1098298 Ptr_86 Populus trichocarpa
fgenesh4 pg.C LG 1vV000479.ptr.1106057 Ptr_IV.1 Raptrichocarpa
fgenesh4 pg.C LG VIII000758.ptr.1103102 Ptr_VIIl.1 Populus trichocarpa
eugene3.00081073.ptr.1089016 Ptr_VIIl.2 Populahtrtarpa
fgenesh4 pg.C LG X001516.ptr.1087267 Ptr_X.1 Paptrichocarpa
eugene3.00100249.ptr.1067698 Ptr X.2 Populus eipa
estExt fgenesh4 pm.C_LG_XI110118.ptr.1116033 Ptil. XI Populus trichocarpa
Sb01g034360.1.sbi.1953235 Sbh01g034360 Sorghunobicol
Sb02g041170.1.sbi. 1959625 Sbh02g041170 Sorghunobicol
Sb03g011250.1.sbi.1961378 Sbh03g011250 Sorghunobicol
Sb03g027410.1.sbi. 1962404 Sbh03g027410 Sorghunobicol
Sb03g027420.1.sbi. 1962405 Sbh03g027420 Sorghunobicol
Sb03g041810.1.sbi.1964141 Sbh03g041810 Sorghunobicol
Sb04g019010.1.sbi.1966451 Sbh04g019010 Sorghunobicol
Sb07g000680.1.sbi. 1974618 Sbh07g000680 Sorghunobicol
Sb09g028420.1.sbi.1981842 Sbh09g028420 Sorghunobicol
Sb10g008180.1.sbi. 1983158 Sbh10g008180 Sorghunobicol
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Sh10g008530.1.sbi.1983205 Sbh10g008530 Sorghunobicol
Sbh10g010790.1.sbi.1983480 Sbh10g010790 Sorghunobicol
Sh10g021060.1.sbi.1983937 Sbh10g021060 Sorghurnobicol
gwl1.7.1319.1.smo.1857759 Smo_7.1319 Selaginella
moellendorfii
gwl.7.1321.1.smo.1857774 Smo_7.1321 Selaginella
moellendorfii
GSVIVT00003045001.wvi.1705101 Vvi_10.1 Vitis vinige
GSVIVT00018646001.wvi.1719597 Vvi_12.1 Vitis vinige
GSVIVT00035393001.wvi.1736344 Vvi_12.2 Vitis vinige
GSVIVT00020980001.wvi.1721931 Wvi_14.1 Vitis vinige
GSVIVT00001767001.wvi.1703823 Vvi_18.1 Vitis vinige
GSVIVT00019862001.wvi.1720813 Vvi_5.1 Vitis vinifer
GSVIVT00001645001.vvi.1703701 Vvi_Un Vitis vinifera
GRMZM2G052463 T01.zma.16558175 Zm_187076 Zea mays
AC188714.3 FGT044.zma.16505876 Zm_188714 Zea mays
AC196465.3 FGT023.zma.16510251 Zm_196465 Zea mays
AC200144.4 FGT052.zma.16512625 Zm_200144 Zea mays
GRMZM2G036585 T01.zma.16547755 Zm_200873 Zea mays
GRMZM2G116041 T01.zma.16600006 Zm_204886 Zea mays
GRMZM2G098182_ T01.zma.16588150 Zm_205243 Zea mays
GRMZM2G111920 T01.zma.16597329 Zm_206162 Zea mays
GRMZM2G140842_T01.zma.16616302 Zm_210048 Zea mays
GRMZM2G002568 T01.zma.16525510 Zm_210869 Zea mays
AC211372.4 FGT037.zma.16519750 Zm_ 211372 Zea mays
GRMZM2G061939 T01.zma.16564415 Zm_215227 Zea mays
GRMZM2G078050 T01.zma.16575032 Zm_225342 Zea mays
GRMZM2G070013 T01.zma.16569728 Zm_199043 Zea mays
GRMZM2G040175 T01.zma.16550073 Zm_208715 Zea mays
A
DMP6 = 5' - TTA CCT ----------- TTA CCT - 3"
3' - MT Gga ----------- aat gGA - 5'—= At5g46100
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Figure S1. A: The top strand shows part of the AtDMP6 seqeeméth the encoded amino acids above in greyrkette
The complementary strand is the presumed 3’ UTR®At5g46100gene with the putative intron that is lacking e t
sequence of the smallBMP6 RT-PCR product in Fig. 4. B: The top line shows tAMP7 amino acid sequence
according to the TAIR gene model. The bottom limoves the DMP7 amino acid sequence translated fioen t
sequence of the smallBMP7 cDNA product in Fig. 4.
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Abstract

Background: Arabidopsis DMP1 was discovered in a genome wide screen foesence-
associated membrane proteins. DMP1 is a member radval plant-specific membrane protein
family of unknown function. In rosette leavd3MPl expression increases from very low

background level several 100fold during senescpnogression.

Results Overexpression of AtDMP1-eGFP Micotiana benthamiana triggers a complex process
of succeeding membrane fusion and fission evenggihg the structure of the endoplasmic
reticulum (ER) and the vacuole. Induction of sptaristructures (“bulbs”), changes in the
architecture of the ER from tubular to cisternaneénts, expansion of smooth ER, formation of
crystalloid ER, and emergence of vacuolar membsheets and foamy membrane structures inside
the vacuole are proceeding in this order. In atiwacof cells it can be observed that the process
culminates in cell death after breakdown of thererER network and the vacuole. The integrity of
the plasma membrane, nucleus and Golgi vesiclesredened until this stage. The possible
biological relevance and partially artificial nagurof these events are discussed. Stable
overexpression of AtDMP1-eGFP iArabidopsis thaliana does not perturb ER and vacuole
morphology. In contrast, expression by the natd®IP1 promoter visualizes formation of
aggregates ("boluses") and vesiculation of thererR network preceding disintegration of the
central vacuole during the latest stage of natsealescence (NS) in siliques, rosette and cauline
leaves and in darkened rosette leaves. In roots IMPL is strongly expressed in the cortex

undergoing vacuole biogenesis.

Conclusions Our data suggest that DMP1 is directly or indisetvolved in membrane fission

during breakdown of the ER and the tonoplast duteaf senescence and in membrane fusion
during vacuole biogenesis in roots. We propose tihese properties of DMP1, exacerbated by
transient overexpression, may cause or contributéné dramatic membrane remodeling events

which lead to cell death in infiltrated tobaccoves.
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Background

DMP1 (DUF679 Membrane Protein 1) is a short membnamotein of 207 amino acids with four
transmembrane spans and belongs to a small, wtpiletht-specific protein family comprising ten
members irArabidopsis thaliana [1]. DMPL1 is transcriptionally up-regulated during developitaé
senescence (NS) in siliques, rosette and caulaete during dark induced senescence in attached
(DIS) and detached leaves (DET) and it is expresséide phloem bundles of roots and the cortex
of root tips [2]. In all three senescence progradP1 expression increases from the onset until
the very late stages of senescence. This suggesserved functions during developmental and
induced senescence as well as an involvement dtivengntire senescence progrdMP1 is also
expressed in the dehiscence and abscission zonesliqpfes [1], which indicates a role in

programmed cell death (PCD).

In metazoans, based on cell morphology apoptosisphagy and necrosis are distinguished as the
three main PCD forms. In plants “autolytic” and fRautolytic” PCD are differentiated [3]. Non-
autolytic PCD is marked by the absence of rapicmgsm clearance [3], as is observed e.g. in
hypersensitive response and endosperm degeneratitrlytic PCD is characterized by rupture of
the tonoplast and subsequent rapid cytoplasm clearand occurs e.g. in tracheary element
differentiation and senescence, although the o#laliip between senescence and PCD is still
controversial [4-6]. In the present study, we ulse term PCD for the terminal stage of leaf
senescence. The earliest detectable alterationggdueaf senescence are changes in the
ultrastructure of chloroplasts. In the course ofeseence eventually all organelles are degraded. In
Iris and carnation petal senescence, ER and attadbesbmes, Golgi bodies and mitochondria
have been reported to be degraded during senesbefare vacuolar collapse [7]. Ultrastructural,
biochemical and gene expression data indicate ltdrge-scale autophagy is involved in these
degradation processes [8]. However, the fate cdroelies has been almost exclusively investigated
by electron microscopy using fixed cells. Invediigas of ultrastructural changes of organelles
undergoing senescence using fluorescence tagsng kells are scarce.

Here we present an extensive characterization efctmplex cellular processes induced by the
senescence-associated DMP1 protein fused to eGRPcatiana benthamiana and Arabidopsis
thaliana by confocal fluorescence and electron microscopy. tbbacco, DMP1l-eGFP
overexpression triggers membrane remodeling, expaniision and fission events at the tonoplast
and the ER. We classified the successive remodeleqgts into five stages and showed that they
ultimately can lead to cell death by extensive rinagtation of the ER and the vacuole. We note the

formation of a “second” ER-network that we propdsebe proliferating smooth ER. To our
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knowledge, this is the first observation of a clegparation of rough and smooth ER of the cortical
ER in tobacco using fluorescent tags. Thus, ovessgion of DMP1-eGFP might induce a
differentiation of the cortical ER. IrArabidopsis we investigated DMP1-eGFP fluorescence
patterns in tissues undergoing NS or DIS as welthasresponse to whole plant darkening, a
treatment that does not induce senescence [9].dMedfthat in all tissues and senescence types
DMP1-eGFP illuminates vesiculation events of the &Rl the tonoplast and the formation of
aggregates ("boluses") within the ER. The formabbboluses, which suggest altered protein flow
and the vesiculation of the entire ER network, has been reported during senescence yet. We
suggest that rupture of the tonoplast, a hallmé&kutolytic PCD in the terminal senescence stage,
may be accompanied or preceded by fragmentatiotmeofvacuole. The effects of DMP1-eGFP
expression in tobacco andrabidopsis suggest that DMP1 regulates membrane folding and i

involved in tonoplast and ER membrane fusion assidn reactions.
Results

Overexpression of DMP1-eGFP irNicotiana benthamiana epidermis cells induces membrane

remodeling

To investigate intracellular targeting of DMP1 wgranfiltrated a35S.DMP1-eGFP construct into
tobacco leaves. Unexpectedly, the fusion protespldyed a highly dynamic and temporally
changing fluorescence pattern (Fig. 1). Two to e@hkays post infiltration (dpi), the first
fluorescence signals became visible and labelethdbedaries of the cells and spherical structures
inside the lumen of the central vacuole (Fig. 1Btil five dpi the fluorescence pattern changed
and the cells underwent membrane remodeling towsardegrees (Fig. 1B). Two days later the
majority of cells exhibited severely remodeled endmbranes, giving the cells a “foamy”
appearance (Fig. 1C). These membrane remodelinggrpstand time courses were highly

Figure 1. Temporal dynamics of DMP1-eGFP fluoreseee patterns in tobacco epidermis celldRepresentati
overviews of tobacco epidermis cells expressing DMBFP at 2 dpi (A), 5 dpi (B) and 7 dpi (C). Sdade, 40 pm
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reproducible with only little fluctuation in severi Expression of DMP1-eGFP by tHeMP1

promoter induced a comparable but somewhat wea&arbrane remodeling phenotype.

G| 2dpi { 3dpi | 4dpi | 5dpi i 6dpi i 7dpi

stage 4

fraction of cells

/

stage 3 \

stage 5

Figure 2. DMP1-eGFP induces membrane remodeling ifNicotiana benthamiana. Transient overexpression
DMP1-eGFP in tobacco epidermis cells results in distflucirescence patterns classified into five stagézge 1 (A
stage 2 (B), stage 3 (C)age 3 to stage 4 transition (D), stage 4 (E) aadesb (F). (G) Schematic of the dyna
alteration in DMP1-eGFP fluorescence patterns fstege 1 to stage 5. Scale bar, 20 um.

We classified the course of endomembrane remodegitogfive stagesStage 1 is characterized by
well-defined fluorescence signals along the celllsvgEig. 2A, arrow) and at spherical structures

located inside the lumen of the vacuole (Fig. 2Apwhead). Three to four days dpi the cells
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typically enter stage 2 where they begin to disgaiended membrane sheets within the cytoplasm
reminiscent of ER cisternae (Fig. 2B, arrow) andbbu(Fig. 2B, arrowhead). Stage 3 is
distinguished by large tubular and reticulated trites forming a network reminiscent of cortical
ER (Fig. 2C, arrow). Also spherical bodies arehlesi(Fig. 2C, insets), but unlike the spherical
structures in stages 1 and 2 they appear to béekbda the cytoplasm, and large membrane sheets
crossing and thereby compartmentalizing the cemtraliole emerge (Fig. 2C, arrowheads). Fig. 2D
shows a cell in transition from stage 3 with itstotictive tubular structures (Fig. 2D, arrow) to
stage 4 with its typical "foamy" membrane meshw(@iig. 2D, arrowheads). In stage 4 a great deal
of the central vacuole is filled with this "foamyliembrane mesh (Fig. 2E, arrow). Some residual
tubular structures are still present, and occadiipeaigmatic, sponge-like structures appear (Fig.
2E, inset). In the terminal stage 5 the vacuolaksealown by vesiculation (Fig. 2F). This stage was
rarely observed because the cells appear to didlyagiter vacuole disintegration and only a minor
fraction of stage 4 cells enters stage 5. Interghtj in spite of strong membrane remodeling the
cells seem to stay viable for a prolonged periodiroé without entering vesiculation. Figure 2G
shows the approximate fractions of cells in stdgts5 at different times after infiltration.

To characterize the membrane structures labeledMy1-eGFP we subsequently performed

colocalization experiments with various membranekes.
Stage 1: The tonoplast located DMP1-eGFP inducesdHormation of bulbs

The first DMP1-eGFP fluorescence signals were ofeskat the cell periphery and in spherical
structures two days after infiltration (Fig. 3A)pbh co-infiltration DMP1-eGFP clearly colocalized
with the tonoplast marker TPK1-mRFP (Fig. 3BC, aieads), but not with the plasma membrane
marker mRFP-MUB2 (supplementary Fig. S1). TPK1-mRK&s largely excluded from the
spherical structures (Fig. 3BC, arrows) which swggolly are identical to the "bulbs" reported by
[10] as they are comparable in size, motility ahsbrfiescence intensity. Overlap between DMP1-
eGFP and TPK1-mRFP fluorescence at the bulbs wasnealy rare and only partial. Some regions
of the bulbs were labeled with either DMP1-eGFPTBK1-mRFP (Fig. 3D, arrows), suggesting
different membrane properties and rapid exclusibrT®K1-mRFP from the bulbs. Ag-TIP-
mCherry did not lead to proper fluorescence sigimalsobacco [1] it could not be used as an
alternative tonoplast/bulb marker. We thereforedigidl DMP1-eGFP infiltrated tobacco leaf
epidermis cells by transmission electron microscap¥pMP1-eGFP expressing epidermis cells we
observed a significantly higher number of bulbsg(FBL) than in mock-transformed cells,
supporting the notion that overexpression of DMIEER induces formation of bulbs. DMP1-eGFP

was never observed in Golgi vesicles (Fig. 3E, Gahkd was largely excluded from the ER (Fig.
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3E, F, H) which had a normal tubular morphologye Tdame result was obtained by using the
integral fusion protein RFP-p24 instead of the lahiYFP-HDEL as ER marker (supplementary
Fig. S2).

°
o

DMP1-eGFP = I TPK1-mRFP

3

DMP1-eGFP - | YFP-HDEL - | Man49-mCherry=——— | overlay

DMP1-eGFP RFP-p24

Figure 3. Stage 1 and 2Co-expression dDMP1-eGFP (A) and the tonoplast marker TPKRFP (B) shows in sta
1 colocalization at the vacuolar membrane (C) aschsional partial overlap at bulbs (D). €gpression in stage 1
DMP1-eGFP (E), YFP-HDEL labeling the ER lumen (RfilaMan49-mCherry ecorating Golgi vesicles (G) shows
localization of DMP1-eGFP in Golgi vesicles andaroonly weak signals in the ER (H). @apression during stage
of DMP1-eGFP (I) and the ER membrane marker RFP{g24hows colocalization in the ER that exhibitterna
morphology (K). Bulbs in tobacco epidermis cellsualized by electron microscopy (L). Scale barpuadexcept D,
pm

Stage 2: Reorganization of the ER - transition fromtubular elements to cisternae

Stage 2 is characterized by the appearance of beciltgrnae in the cytoplasm that strongly
resemble cortical ER observed under certain canrditi(see Discussion), while the bulbs and
tonoplast labeling from stage 1 are still retaiffeig. 1B). The ER localization of DMP1-eGFP was
verified by co-expression with RFP-p24 (Fig. 31K}, We also occasionally observed RFP-p24
signals in bulbs (Fig 3J, K, arrows). This migther indicate mislocalization of the ER marker due

to overexpression or some dysfunction of the ERndustage 2.
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Stage 3:De novo formation of a cortical ER-derived network inside the cytoplasm and

vacuolar sheets inside the vacuole

Stage 3 is marked by different membrane remodeadivents. Most conspicuously the labeling of
novel tubular structures which did not colocalizghwthe different markers used. In stage 2 DMP1-
eGFP and RFP-p24 both decorate the whole ER netemriposed principally of cisternae (Fig.
4A, B, C). DMP1-eGFP additionally decorates anothéyular mesh from which RFP-p24 is
excluded (Fig. 4A, B, C, insets). However, bothwarks share the same overall pattern, indicating
either physical connection or differential labeliofythe same entity. Strikingly, over time DMP1-
eGFP and RFP-p24 progressively segregate. While DBEFP initially colocalizes with RFP-p24
in the ER cisternae (Fig. 4D, E, F, arrowhead),tthilar structures mostly dissociate from the ER
network (Fig. 4D, E, F, insets). In late stage Bew first vacuolar sheets and "foamy" structures
emerge (Fig. 2C and 4G, arrows), DMP1-eGFP is dmodetectable in the ER network labeled by
YFP-HDEL (Fig. 4G, H). This time course suggest tihhe tubular structures derive directly from
the ER and coincide with a progressive exclusioDMiP1-eGFP from the ER. The tubules labeled
only by DMP1-eGFP form an interconnected networktulghout the cytoplasm (Fig. 4A, G, K and
L), are homogeneous in diameter and show a smaomthedaxed appearance (Fig. 4A, D, G, K, L
and 2C), and are - in contrast to the repetitidggumnal structure of the cortical ER network - ofte
tightly packed and peculiarly folded (Fig. 2C, itssand 4L, inset). Large swollen spherical
formations reminiscent of ER cisternae are ofteseoled at the intersection of DMP1-eGFP-
labeled tubules (Fig. 4G and K, arrows and indat)ate stage 3, isolated tubules are also found
(Fig. 4G, arrowheads and K, arrowhead) whose oenag coincides with the presence of cytosol-
located vesicles (Fig. 4G, empty arrowhead, K,tiasel L). These vesicles and the isolated tubules
likely derive from the DMP1-eGFP-labeled networkflsgion events.

As mentioned above, vacuolar sheets crossing theerduof the vacuole and first "foamy"
membranes appear in stage 3 and accumulate gnadiajl 2C). The density of vacuolar sheets
correlates with a progressive loss of the DMP1-eGbBeled network. Moreover, the tubules were
occasionally found tightly associated with theseuddar sheets (supplementary Fig. S3). These
observations suggest a connection between thesesttwotures. Golgi vesicles appeared to be
unaffected during stage 3 (Fig. 4l) suggesting er&fR-Golgi transport despite high remodeling of
the ER.

64



Chapter 2

DMP1-eGFP

&
DM’I51-eGFP YFP-HDEL = | Man49-mCherry

Figure 4. Stage 3Co-expression of DMP1-eGFRihd ER markers during stage 3 shows cells withgdalocalizatiol
(A-C and D-F) and cells lacking colocalization (5-Accordingly, in cells expressing DMRIGFP alone, ER wi
cisternal morphology can be distinguished in thekgeound in some of them (K) but not in others (Ch-expressio
of DMP1-eGFP (A) and RFB24 (B) shows colocalization with the ER networR éXcept for tubular structures wh
RFP-p24 is excluded (insets A-C). Tubular netwoiésdciating from the ER (D-F). Weak residual DM&&FF
signals in the cisternal ER network fB-arrows). Vacuolar sheet formation inside theuede occurs preferentially
the periphery of cells (G, arrows) that still exhid DMP1iabeled tubular network and cytosolic vesicles \Wwhéce
either conected to this network (K, inset) or suspended m dlitosol (K, inset, and G, arrow). Tubules aren
closely spaced but unconnected (K, inset). DMP1R@F) and YFP-HDEL (H, falseelored) do not colocalize
and Golgi vesicles labeled by Man49-mCherry aradn(l false-colored, arrow). Man4@€herry accumulates to so
extent in the apoplast (I, arrowhead). Scale baym®

Stage 4: Formation of "foamy"” membrane structures nside the vacuole

Transition from stage 3 to 4 is indicated by theegrance of "foamy" membrane formations that
coincide with a decrease in tubular structures.(#iR). The "foamy" membranes likely derive from
accumulation of vacuolar sheets. At this time no EIMeGFP signals are detected in the ER
anymore (Fig. 5A, C, D and E, GgHwvhich appears to be compressed into interstiegs 5C, G,
arrows) and junctions of the "foamy" membranes.(bi@ G, arrowheads). The junctions contain
different organelles such as peroxysomes or mitodha (Fig. 51, arrowhead and K) as found in
transvacuolar strands [11]. Confocal fluoresceneaascopy (Fig. 5k) and electron microscopy
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(Fig. 51, J, K) consistently revealed that the \@au sheets and "foamy" membranes are double
membranes. DMP1-eGFP (Fig. 5E) and TPK1-mRFP @rydo not perfectly colocalize as shown
by separation of the two fluorescence signals (blk and H). The distance between the two
fluorescence peaks is about 200 nm to 300 nm @Hg.and 5H membrane segments 1, 2 and 3)
which would allow small organelles to pass throudghe double-membrane topology is
corroborated by the observation of ER squeezeddmtwthe two membranes of a membrane sheet
(supplementary Fig. S4). Occasionally however, gtrtolocalization is observed which might
indicate localization of both fusion proteins atttbbanembranes (Fig. 5Hand 5H membrane
segment 4). Under electron microscopy the doublelbnanes appear more closely stacked (Fig. 51
and K). However, this may be a fixation artefactl amot reflect the situatiom vivo. Membrane
sheets consisting of a single membrane were néysareed by EM. In 70 nm thin cross-sections
the double membranes completely crossed the lunfethe vacuole, confirming that they
correspond to the vacuolar sheets and not to temogar strands (TVS) as the latter are unlikely
straight and oriented in parallel to the sectiohaross the whole vacuole. TPK1-mRFP is often
excluded from regions within foamy membrane stegu(supplementary Fig S5). Interestingly,

these areas are located at contact zones betwpeeiaidsheets within foamy membrane structures.

During stage 4 intriguing sponge-like flat struewsirarise (Fig. 2E, inset, supplementary Fig. S6).
TPK1-mRFP is excluded from these areas (Fig. S@jniecent of the observations in individual
bulbs (Fig. 3D) and within foamy structures (Fig).S®/e hypothesize that these sponge-like
structures represent residual TPK1-mRFP-free mamstdamains derived from bulbs and vacuolar
sheets. Additionally we observed the formationrgktalloid ER (Fig. 5:1b).

Stage 5: Vesiculation of the vacuole and the ER ldeng to cell death

Six days post infiltration some cells with seveesiculation of endomembranes also display overall
intracellular disintegration, indicating the onsétcell death (Fig. 2F). As in stage 4, DMP1-eGFP
only labels the tonoplast and foamy membrane fdonatbut not the ER (Fig. 5L, M, N). The ER
is not reticulated but highly vesiculated (Fig 5M, O, arrow). The vacuolar and foamy membranes
also appear to vesiculate more heavily than inestagnd form smaller vesicles (Fig. 50, arrow and
P). Despite the obvious breakdown of the ER, thegmity of the nuclear membrane (Fig. 5M,
arrowhead and O) and Golgi vesicles (Fig. 5Q) il rettained. The Golgi marker which also is
partially secreted to the apoplast (Fig. 4l) indileindicates in Fig. 5P that the plasma membrane,
not labeled by DMP1-eGFP, is still intact (Fig. 8, R, arrows). The massive vesiculation of

endomembranes was confirmed by electron micros@eigy 5S).
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DMP1-eGFP YFP-HDEL

R —
DMP1-eGFP RFP-p24
P{ ™\

— — —

DMP1-eGFP Man49-mRFP overlay

Figure 5. Stage 4 and 5Co-expression of DMP1-eGFP (A), TPK1-mRFP (B) andPYHDEL (C, falsezolored
shows colocalization of DMP1-eGFP and TPK1-mRFP disdociation from th ER (D). The ER is compressed
interstices and junctions formed by foamy membrstnectures (C and G, arrows and arrowheads respgoti Or
single plane images (E{Hbut not maximum projection (A-D), the colocalipet between DMP1-eGFP (E) and TPK1-
MRFP (F) appears incomplete;JHIn the majority of membrane segments analyseditiorescence signal peaks
shifted between 200 nm and 300 nm,(banels 13), suggesting a double membrane structure, onebnaera bein
labeled by DMP1-eGFP and the other with TRKRFP. In some membrane segments the fluorescerds peatc
perfectly, indicating colocalization grkind H, segment and panel 4 respectively). Vacuolar steat foamy
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Figure 5 (continued)

membrane formations have double membranes (I andnkdrstices and membrane junctions contain cgpl an
trapped organelles (I, arrow and arrowhead). ChgdlaER in a late stage 4 cell,(dnd J). Cells displaying foarr
vacuolar membrane structures (L) and labeling efwinole tonoplast (P) enter cell death by vesiautadf the entir
ER network (M, arrows) except for the nuclear eopel (M, arrowhead). DMP1-eGFP (L) and RFR+ (M) were fully
dissociated (N, magnified in O) as in stage 4. GQudgi vesicles remain unaffected in these cellsaf@ R). Thi
process was visualized by EM (S). Scale bar, /Rt S, 10 um; I,And K, 0,5 pm; L-N and P-R, 20 pum; 0,1 pm

Overexpression of DMP1-eGFP in transgeni@rabidopsis thaliana shows dual ER/tonoplast

localization

To determine if dual tonoplast/ER localization anduction of membrane remodeling by DMP1
overexpression is conserved in transgenic plants, transformedArabidopsis thaliana with
35S DMP1-eGFP and investigated the subcellular localization o fusion protein. Seven days
after sowing (DAS), bulbs and tonoplast localizatis observed in young cotyledons (Fig. 6A).
Five days later (12 DAS) the number of bulbs desgea(Fig. 6B) and at 18 DAS the bulbs
disappear (Fig. 6C). This time course of bulb depelent is consistent with previous observations
usingy-TIP as marker [10]. In addition to accumulationbmlbs strong DMP1-eGFP signals are
observed in the ER as well as in ER bodies inhai$¢ stages (Fig. 6A, B, C, arrows and inset). The
ER bodies vanish as the cotyledons age, corrobgraarlier observations [12]. Accordingly, in
cotyledons ofArabidopsis DMP1-eGFP is dually targeted to the ER and theoptast, but
overexpression of DMP1-eGFP does not affect thephwogy and development of the ER and the
tonoplast in this organ. ER bodies are also labbledMP1-eGFP in hypocotyl cells somewhat
later in development (Fig. 6G). In rosette leawss, observe an intense, leaf-age independent
accumulation of DMP1-eGFP in the ER (Fig. 6D). tdiéion, protoplasts prepared from rosette
leaves also show some tonoplast localization, omnfig the dual localization seen in cotyledons
(data not shown). During developmental leaf semesc@nd even more pronounced during dark

induced leaf senescence (Fig. 6H), individual celisleaf areas show massive vesiculation

Figure 6. Dual ER/tonoplast localization of DMP1
eGFP in stably transformed A. thaliana plants.
Overexpression of DMP&GFP in in young emergi
Arabidopsis cotyledons (7 DAS) leads to labeling of
tonoplast and bulbs (A), the ER network (A, arromd
inset) and ER bodies (A, inset). In 12 DAS cotylesltht
number of bulbs decreases (B) and atD8S bulbs ar
no longer visible (C). In rosette leaves intensel&ling
is observed (D). In hypocotyls the ER is associatitt
single ER bodies (E), with ER body clusters (F)with
large ER body aggregates extending across the ved
(G). Massve vesiculation of endomembranes oc
during dark induced senescence (H). Scale barpiO p
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reminiscent of the cellular breakdown process dustage 5 in tobacco. Thus, DMP1-eGFP in
Arabidopsis leaves is supposedly associated in a similar wagisintegration of the ER and the

vacuole by vesiculation as in tobacco (Fig. 6Howan).

Expression of DMP1-eGFP from theDMP1 promoter in Arabidopsis highlights formation of

boluses within the ER and fragmentation of the ER ad the tonoplast during senescence

To scrutinize whether dual localization Amabidopsis is an artifact by overexpression of DMP1-
eGFP by theCaMV 35S promoter, we expressed the same fusion protem tiee nativeDMP1
promoter in transgenic plants. In accordance with denescence-associated activity of DiMP1
promoter [1], DMP1-eGFP fluorescence is only detelet in mature, early and late senescing
rosette leaves, senescing cauline leaves, senesitige walls and roots (Fig. 7). In mature-to-
early senescing rosette leaves, DMP1-eGFP strauglymulates in the ER and to a lesser extent in
the tonoplast. However, the tonoplast signals aréli distinguishable from the ER signals (Fig.
7A). ER bodies are occasionally observed (Fig. 7Byrmation of boluses resembling the
eponymous protein aggregates reported by Griffd@j{) and vesiculation events are observed in
rosette leaves (Fig. 7C, E, F), cauline leaves. (Fg) and silique walls (Fig. 7H) undergoing
natural senescence. Darkening of single rosette$e@ig. 71) or whole plants (Fig. 7D and J) lead
to similar events. In individual cells disintegmatiof the ER is occasionally recognizable (Fig..7C)
In these cells the junctions of the ER tubules seeswell (arrow) and to vesiculate (arrowhead).
We suggest that bolus formation precedes vesioulati the ER, though it cannot be excluded that
the two processes represent two different fates dells undergoing senescence. Indeed,
supplementary Fig. S7 shows that neighboring ceflsthe same type undergoing induced
senescence can display different degrees of bauwmation and vesiculation. In other cells,
fragmentation of the tonoplast is obvious (Fig. @ E, arrows) with occasional persistence of
residual ER network (Fig. 7E, arrowhead), sugggséirclose succession of the two vesiculation
processes. Figures #Fs show ER which already underwent vesiculation (aheads) and
fragmentation/vesiculation of the tonoplast (arrow)dicating that ER breakdown precedes
tonoplast breakdown. Tonoplast vesiculation is nrarely observed than ER vesiculation during
developmental or dark induced senescence. Tondmeakdown is presumably only a short-lived
phase as it rapidly and irreversibly leads to delhth. The persistence of the nuclear membrane
(Fig. 7K, open arrowhead) in spite of progressed ER bremkde reminiscent of the events in
tobacco during stage 5. Finally, in roots vacudteralization of DMP1-eGFP is obvious in the
cortex of root tips (Fig. 7K-O). In accordance witke current view of vacuole biogenesis, the
emerging cells near the root tip contain severalwkes differing in size (Fig. 7D) whereas the
older cells in the elongation zone have fewer visior a single central vacuole (Fig. 70). In these
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cells the plasma membrane is also labeled (FigF @

7N, arrows), which is due to a truncated
isoform of DMP1 (to be published elsewhere)}
In the phloem bundles, the subcellularg:)
localization could not be determined because ¢
the small size of cells (Fig. 7P). The ER
network was also visible in roots, highlighting i)
once more the ability of DMP1-eGFP to target

multiple subcellular membrane systems (Fig

7Q).

Figure 7. DMP1-eGFP fluorescence patterns durin
development inA. thaliana. In mature/early senesci
rosette leaves DMP&GFP expressed from the na
DMP1 promoter localizes in the ER (A) and occasior
in ER bodies (B). Vesiculation of the ER in rosd#ave:
during late NS (C). Vesiculation of the vacuolaasett
leaves during late NS (D, E). Vesiculation of the &nc
the vacuole in rosette leaves during late NSRJ. Fi-Fs
are individual pictures of a &tack through vesiculat
ER (R and k) and the central vacuole undergc
fragmentation (kFs, arrows). The integrity of ti
nuclear envelope is retained at this stagg €@mpt
arrowhead). Blus formation in cauline leaves during
NS (G). Bolus formation in silique walls duringdal<
(H). Bolus formation in rosette leaves of darkemguble
plants (1). Vesiculation of the ER in rosette leadeiring
DIS (J). The polygonal architecture tie ER is sti
visible despite strong bolus formation and pun
distribution of fluorescence signals (§5er vesiculatiol
(J). DMP1eGFP is strongly expressed in the corte
root tips (KO), in phloem bundles (P), and wee
expressed in other celayers of the root (Q). In tl
cortex DMP1l-eGFP localizes to thetonoplast
highlighting vacuole biogenesis (K, single pictuid
maximal projection and L, light transmissic
Magnification of the region near the root tip (Njosvs
multiple vacuoles of ifferent size and shape which t¢
to form a central vacuole in the root elongatione¢O)
Subcellular localization in the phloem bundle conll
been determined but strong fluorescence signa
structures which might be ER boluses were obsefid
ER localization in roots is shown in (Q, arrow).af&
bar, 10 um
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Discussion
DMP1-eGFP shows dual intracellular targeting and imluces membrane remodeling

Transient overexpression of DMP1-eGFP in tobacedeemis cells revealed dynamic targeting of
the protein to the tonoplast and the ER. This nradicate that DMP1 possesses competitive
tonoplast targeting and ER retention signals, asean found in proteins that are dually targeted t
different compartments such as mitochondria androblasts [13]. The most striking effect of
DMP1-eGFP overexpression is the complex remodeding the formation of novel membrane
structures at the tonoplast and the ER. Shortgr afnsfection DMP1-eGFP induces the formation
of bulbs (stage 1) resembling those first descrinegbung cotyledons. Formation of these bulbs is
believed to be independent of the cytoskeleton fklihey disappear as cell expansion progresses.
It was initially suggested that they might serve nasmbrane reservoirs during rapid cell and
vacuole expansion [10]. More recently Saito e{2011) reported that bulbs emerge in germinating
seeds by fusion of small vacuoles. Bulbs were fanntumerous tissues, at various developmental
stages, under stress conditions and in differeamtpdpecies, suggesting additional functions [14-
21]. Specific functions of the bulbs differing frofme remaining tonoplast are also indicated in our
study by the segregation of DMP1-eGFP and TPK1-mRHbulIb membranes. A similar case was
made by Saito et al. (2002) who showed that thopdhP-GFP and GFP-AtRab7c were both
located at the tonoplast, onlyTIP-GFP was present at the bulbs.

In stage 2 DMP1-eGFP mostly localizes in the ERictvlundergoes severe reorganization during
that stage. As the cortical ER has in stage 1 alanbnorphology and contains almost no DMP1-
eGFP, it is likely that the protein induces reoligation of the ER to large cisternae during stage 2
Similarly, induction of ER cisternae formation Haeen observed by overexpression of GFP fused
to the transmembrane domain of calnexin [22, 28nSition from tubular to cisternal architecture
of the ER has been reported in response to vaabigic and biotic stresses and presumingly
reflects modification in ER functions. The tubutedisternae transition may be correlated to the
integrity of the actin cytoskeleton, which preciselerlies the ER network [24], as its disassembly
as well as myosin inhibition both lead to loss loé¢ tubular structure and the formation of large

cisternae [25].

The DMP1-eGFP-labeled tubules, which appear ab#wgnning of stage 3, form a network that

matches the cortical ER (Fig. 4 A-C). Towards thd ef stage 3 the DMP1-eGFP-labeled network

dissociates from the cortical ER network (Fig. 4PD4R contrast to a differentiation of the ER into

distinct subregions with different protein contemi. reticulons which accumulate at edges of ER

sheets [26, 27], we observe a segregation of thd® DBIGFP-labeled structures from the ER,
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resulting in two physically disconnected membraseworks (Fig. 4D-F and G-J). As the DMP1-
eGFP-labeled network appears more relaxed andré¢issilated than the ER network associated
with the GFP-HDEL and RFP-p24 markers, we propbsé it consists of smooth ER whereas the
latter rather is rough ER. This scenario raisesdinestion whether the smooth ER network was
originally present in the cell but not labeled byiP1-eGFP, GFP-HDEL and RFP-24 or if
accumulation of DMP1-eGFP in the rough ER duriraget2 led to expansion of smooth ER. We
observed the presence of crystalloid ER in thetiated cells consisting exclusively of smooth ER
(Fig. 53 and J) as has also been described in other studies4R8A3 crystalloid ER has not been
found in WT tobacco epidermis cells before, an espmn of the smooth ER triggered by DMP1-

eGFP seems plausible.

The transition from stage 3 to 4 is accompaniedth®y disappearance of the smooth ER and
accumulation of vacuolar membrane sheets. We cadisthguish whether the two events are

independent processes or if the tubules and vediicl appear in early stage 3 fuse later with the
tonoplast to form the vacuolar sheets. The formmatid crystalloid ER rather suggests that they

occur independently of each other.

Vacuolar membrane sheets have been proposed talbg Wwhich lost their spherical shape and
adopted a sheet-like configuration [11, 19]. Thiedel is supported by our observation that the
local separation of DMP1-eGFP and TPK1-mRFP sigmattage 1-bulbs (Fig. 3A-D) re-emerges
somewhat later in the foamy stage 3-vacuolar sh@eats 4E-H). The sponge-like structures

observed during late stage 3 and stage 4 may egressidual membrane islands originating from

bulbs and vacuolar sheets.

Despite severe membrane remodeling, stage 4-cppeaa to remain viable for several days,
suggesting that the essential physiological fumstiof the cells are still intact. Stage 5 presumabl
represents the fate of cells which have passed/@ajemental point of no return and undergo cell
death.

In Arabidopsis DMP1 highlights dynamic restructuring of the ER ard vacuole late in

developmental and induced senescence.

The fate of the ER during senescence is largelgneaiic yet. It has been reported to disappear like
other organelles during petal senescence [7] amsh éess is known about its destiny during
developmental (NS) or induced leaf senescence (DM&) discovered that the first morphological
alteration during NS and DIS affecting the whole ERthe formation of aggregates termed

'boluses’. DMP1-eGFP expression by its native, smmee-associated promoter illuminates the
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formation of boluses in all studied organs undergadiS or DIS (rosette leaves, cauline leaves and
siliques). Comparable aggregations within the ERRHaeen shown by overexpressing reticulons, a
class of ER proteins with membrane curvature-inay@roperties, in tobacco epidermis cells. The
luminal protein GFP-HDEL displays a punctate reapart within the ER network when
coexpressed with RTNLB13 and RNTLB1-4 [27]. It wasggested that overexpression of
reticulons induces constrictions of the ER tubutesating luminal pockets in which soluble
proteins accumulate. A formation of boluses resemgbthose in our study was also observed
within the lumen and at membranes of the ER subdothat associates with the chloroplast upon
expression of a luminal, GFP-HDEL, and a trans-nmam protein, YFP-RHD3 (Griffing, 2011).
Our study vyields for the first time evidence thatus formation at the ER network occurs during
plant development and concerns the whole ER netwatkin a cell. We assume that bolus
formation reflects a restrained protein mobilitydamotion within the ER as a consequence of
fading ER integrity and function during late seras®e. The timing of membrane reorganization
suggests that the subsequent stage in ER netwagpadkgion is a brief vesiculation phase (Fig.
7C). The fate of these vesicles is unclear. Possli@y are taken up by the vacuole for further

degradation.

Bolus formation and ER fragmentation are most pnemi in darkened plants, as this treatment
probably synchronizes cells and subsequent cethd®acuole disorganization is even more rarely
observed than ER vesiculation. van Doorn et all{2@escribes that autolytic cell death is marked
by an increase of vacuole size by fusion of smali@tuoles, accompanied by a decrease in
cytoplasm. Either the situation is different in agaimis cells in which the central vacuole already
occupies more than 90 % of the cell volume or thiscess is very brief or may even be

concomitant with rupture of the tonoplast leadiogell death.
A function of DMP1 in membrane fusion and fission gents during development?

The molecular function of DMP1 is still unknown. Wever, as from stage 2 all phases of
membrane remodeling in tobacco cells overexpredl3M&1-eGFP are associated with membrane
fusion or fission, it is tempting to speculate tHa¥IP1 might be actively involved in these
processes. In stage 1, the formation of bulbs te$tdm invagination of the tonoplast forming a
double-membrane inside the vacuole [10, 19] and timay not require membrane fusion or fission.
During stage 2, ER reorganization from tubular igtecnal elements requires membrane fusion.
Apparent segregation of smooth ER from the cortER network can only be explained by
membrane fission and membrane expansion. The enwrgd free tubules and small vesicles in

the cytosol that obviously originate from the snmod@R-network requires membrane fission.
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Formation of vacuolar sheets and foamy membranetstes in stage 4 likely needs membrane
fission and fusion, and eventually vesiculatioriraf vacuole during stage 5 necessitates membrane
fission. Also inArabidopsis the location of DMP1-eGFP suggests a close commettt membrane
fission/fusion events. In root tips undergoing cahvacuole biogenesis, known to take place by
fusion of smaller vacuoles and vesicles, DMP1-e@FHRo longer expressed in the cortex layer as
soon as the central vacuole is established. Thiglly argues for a participation of DMPL1 in
vacuole biogenesis in this cell layer. During seease, the protein is associated rather with the
reverse reaction, i.e. the fragmentation of the &id the tonoplast by membrane fission. It is
conspicuous that DMP1 shares a similar overalligecture with the reticulons, which have been
shown to shape ER tubules by membrane bending3[@d5,The members of both protein families
possess four transmembrane domains. In reticuloesetare arranged in two long hydrophobic
“hairpins” leading to a wedge-like topology withryeshort loops 1 and 3 and a longer loop 2 facing
the cytosol [27]. The DMP proteins have also shkaops 1 and 3 and a longer loop 2 [1]. Whether
DMPL1 is directly, e.g. by enforcing membrane distor, or indirectly, e.g. by interaction and
cooperation with other proteins, responsible f@& thembrane remodeling phenomena reported in

this study remains to be elucidated.
Conclusions

Our data suggest that DMP1 possesses intrinsic magmbfusion, fission and remodeling
properties. (1) Overexpression of DMP1-eGFP in ¢obaled to temporally ordered remodeling
events of the ER (tubules-to-sheets transitionlifpration of smooth ER, formation of crystalloid
ER) and the tonoplast (formation of bulbs, vacudheets, "foamy" structures). (2) Stable
expression irArabidopsis by the native promoter demonstrated for the firme the occurrence of
boluses and vesiculation of the ER during develogaieand induced senescence. (3) In root tips of

Arabidopsis plants DMPL1 is associated with vacuole biogenesis.
Methods
Generation of constructs

35S DMP1-eGFP and mRFP-MUB2 [37] expression vectors were generated as desciibe
TPK1-mRFP [38] was modified as described in Kasaras and Kyg8010).RFP-p24 [39] andYFP-
HDEL were provided by David Robinson (University of tieberg, Germany) and Chris Hawes
(Oxford Brookes University, UK) respectivelpMP1p:DMP1-eGFP was generated by amplifying
a 2364 bOMP1promoter:624 bp DMP1 ORF fragment on genomArabidopsis Col-0 DNA with
the primers 5-CGGTCTAGAGAGAACAAAATCCTCCGTATC-3’ ah 5'-
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AACTGCAGCGGCAGAGACCGAGGCTTTC-3, digestion of theCIR product withXbal/Pstl
and ligation intaxbal/Pstl digested binary vector pGTkan3 [1].

Plant material, growth conditions and plant transfamation

Arabidopsis thaliana Col-0 andNicotiana benthamiana plants were grown and transformed as
described [1]. AllAgrobacterium cultures were resuspended to §y>= 0,05 prior to tobacco
infiltration. To reduce silencing of the transgenedi constructs were co-infiltrated with the

silencing suppressor p19 [40].
Confocal microscopy

Confocal microscopy was performed on a Leica TCS-8PBS (acousto-optical beam splitter)
confocal laser scanning microscope (Leica Micramys) equipped with water immersion
objectives (20x with numerical aperture of 0.7 &3a with numerical aperture of 1,20). Excitation
/ emission wavelengths were: eGFP: 488 nm (argsar)d 495 nm - 510 nm; YFP: 514 nm (argon
laser) / 525 nm - 555 nm; mRFP and mCherry: 561(diode-pumped solid-state (DPSS) laser) /
585 nm - 655 nm. Multi-color imaging of cells cope@ssing eGFP, YFP and mRFP (or mCherry)
was performed by sequential scanning to prevergstatk. Post-acquisition image processing was
performed with the Leica LAS AF software (Leica Misystems). Depending on the structure
either single pictures or maximum projections resgl from z-stacks are shown. Following
pictures result from maximum projections: Fig. M8laC; Fig. 2B-E; Fig. 3I-K; Fig. 4A-C, G-J, K
and L; Fig. 5A-D, L-O and M; Fig. 7M; supplementafyg. S7.

Transmission Electron Microscopy

For fixation, substitution and embedding of one Teaf sections (see Table T1 for protocol) a
laboratory microwave (PELO BioWave® 34700-230, Ralla, Inc., Redding CA, USA) was used.
For analysis in a Tecnai G2 Sphera transmissioctrele microscope (FEI Company, Eindhoven,
Netherlands) at 120 kV, ~70 nm ultra thin sectiarege cut with a diamond knife and contrasted

with uranyl acetate and lead citrate prior to exstion.
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Additional files

Table T1. Fixation, substitution and embedding solutionstfansmission electron microscopy

Process Chemical Power Time Vacuum
[W] [mm Hg]
150 1 min 15
2.0% (v/v) glutaraldehyde and 2.0p6 0 1 min 15
. L . 150 1 min 15
Primary fixation (w/v) formaldehyde in 50 mM 0 1 min 15
cacodylate buffer 150 1 min 15
0 1 min 15
Wash 1x with 50mM cacodylate buffer (p 150 45 sec 0
7.3) and 2x aqua dest. 0 45 sec 0
0 1 min 15
Secondary fixation 1% (v/v) osmiumtetroxide in aqua 80 2 min 15
y dest. 0 1 min 15
80 2 min 15
2 X aqua dest. 150 45 sec 0
Wash 1 x aqua dest. 0 15 min 0

Ethanol series: 30%, 40%, 50%
Dehydration 60%, 75%, 90%, 2x 100% and 150 45 sec 0
1 x Propylenoxide

Spurr resin in propylenoxide: 250 3 min 0
Resin infiltration 25%, 50%, 75%, 2x 100%
1 x 100% Spurr resin - 1h --
Polymerisation 70°C in a heating cabinet -- 24 1 --

DMP1:eGFP = | MRFP-MUB2

overlay

Figure S1. DMP1-eGFP does not localize to the plasmmembrane. Coexpression of DMP&GFP (A) and tr
plasma membrane associated fusion protein mRBB2 (B) shows clear separation of the fluorescesigmals (C
detail in D). Scale bar, 20 pm
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overlay

DMP1-eGFP YFP-HDEL

Figure S2. DMP1-eGFP does not localize to the ER dng stage 1.Coexpression of DMP1-eGFP (A) and YFP-
HDEL (B) labeling the lumen of the ER shows separabf the fluorescence signals (C). In some chisdly
discernible DMP1-eGFP signals show up which presilynare non-specific background (A). Scale barpi®
Figure S3. Tight association between DMP1-eGFP-
labeled tubules and vacuolar sheetsDMP1l-eGFF
labeled tubules appear occasionally in tight assioc

with vacuolar sheets, suggesting vacuolar uptakie
tubules. Scale bar, 5 um

DMP1-eGFP overlay

Figure S4. The vacuolar sheets are double membrangSoexpression of DMP1-eGFP (A) and RF®4 (B) show
ER squeezed between the two membranes (C) formiaguolar sheet (arrows). Scale bar, 20 um

DMP1-eGFP TPK1-mRFP overlay

Figure S5. Exclusion of TPK1-mRFP at contact zonesithin foamy membrane structures.In areas where DMP1-
eGFP strongly accumulates (A) TPKIRFP is frequently excluded, indicating inhomogerseomembrar
composition. The signals appear to exclude eacthandC, arrows). These areas are often round shape found :
contact zones of adjacent sheets (A-C, arrows)e®ea, 10 um
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DMP1-eGFP TPK1-mRFP overlay

DMP1-eGFP TPK1-mRFP overlay

Figure S6. The sponge-like structures are tonoplastomains. Coexpressiornf DMP1-eGFP (A) and TPK1-mRFP
(B) demonstrates separation of the fluorescencealigduring stages 3 and 4 (C). The signals apge#ine same
confocal plane, indicating tonoplast areas witHfedédnt membrane properties. Occasionally, sporgediructures
extend throughout the whole cell (D). In theses;dlhie ER labeled with RFP-p24 (E) as well as thilar network
labeled with DMP1-eGFP (A) appear to be compactespiaces lacking sponge-like structures (F) suggespatial
proximity between the tonoplast and the plasma man# Scale bar, A-C, 5 pm; D-F, 20 um

Figure S7. Bolus formation and vesiculation of th&R occur asynchronously within a tissueEpidermis cells along
a leaf vein of a rosette leaf after darkening & thole plant for 7 days (A). Magnification of indlual cells from
panel A (B-E). ER network showing low backgroundlusoformation (B). ER network with apparent loss of
reticulation and boluses concentrated at tubuletjons (C). Intense bolus formation with the flusrence signals
exhibiting a punctate distribution (D). Vesiculatiof the entire ER network (E). Scale bar, 30 um
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Abstract

DMP1 is a senescence-associated gene of unknown faneticoding a small membrane protein
containing four transmembrane spans. Previous eguldave highlighted a complex subcellular
distribution of DMP1-eGFP iNicotiana benthamiana and Arabidopsis thaliana. Dual-localization

at the tonoplast and the endoplasmic reticulum (B®)well as an additional, developmental-
dependent localization at the plasma membrane (#&1@ monitored. In this study, we focused on
the elucidation of the mechanisms governing th&eiht subcellular localizations, especially the
tonoplast and PM targeting, by analyzing noveldogiroteins (eGFP-DMP1 and DMR}-eGFP)

as well as various DMP1-eGFP fusion proteins cagyifferent mutations or truncations. eGFP-
DMP1 and DMP1-eGFP fusions showed divergent digtion of the two proteins to the PM and
the tonoplast, respectively. Translation of DMP1-€Gleads to the formation of two protein
isoforms, DMP1.1-eGFP and DMP1.2-eGFP, due to ledlgsome scanning. The occurrence of
DMP1.1 and DMP1.2 was also detectedAirabidopsis WT plants. Second translation initiation
leading to expression of DMP1.2 was abolished latco by mutating position +4 within the
kozak sequence of DMP1.1. Additionally, mutationtié first AUG " codon or the second in-
frame AUG™RT codon resulted in translation loss of DMP1.1 or VR respectively. 5-RACE-
PCR and sequencing confirmed that the two prosgiforms are translated from a single transcript.
By expressing both isoforms separately, we showatdlDMP1.1-eGFP is targeted to the tonoplast
whereas DMP1.2-eGFP, like eGFP-DMP1, is found & BM. By investigating mutated DMP1-
eGFP fusions, we showed that targeting of DMP1.1ht tonoplast is determined by several
factors. The properties of the amino acids in pmsi2 and to a lesser extent 3, overall lengthef t
N-terminus, integrity of the first transmembranam@in and accessibility of the N-terminus are
critical for proper targeting. Localization of DMR1to the PM results from lack of the first 19 N-
terminal amino acids and suggests that the PM septs the default pathway. However, the N-
terminus of DMPL1.1 is insufficient to direct solabproteins to the lumen of the vacuoles or to
redirect integral PM-located proteins to the toaspDMP1.2-eGFP subcellular localization in the
PM is largely undetectable when coexpressed withPDNI-eGFP. Using the heterologous split-
ubiquitin system and chemical crosslinking, we sadwhat DMP1 is able to dimerize in yeast and
to form homodimers and -tetramersplanta respectively. By competition experiments in tolmacc
using different fluorophores, we observed a fractdd DMP1.2 at the tonoplast in the presence of
DMP1.1. We propose that DMP1.2 is at least paytiddlivered to the vacuole upon protein-protein
interaction with DMP1.1. This is the first reporft tonoplast/PM dual targeted membrane protein
isoforms displaying an “eclipsed” distribution whethe isoform lacking the positive targeting
signal (DMP1.2) is redirected by the second isof¢DkiP1.1) upon protein-protein interaction.
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Introduction

DMP1 is a membrane protein of 207 amino acids ¢am}aining four predicted transmembrane
domains (TMD). It belongs to a plant-specific géamily comprising ten members Arabidopsis
thaliana (Kasaras and Kunze, 2010). DMP1 appears to belvedoin senescence-associated
membrane remodeling in tobacco aAdabidopsis (Kasaras and Kunze, submitted), but the
biological function of DMP1 and the other DMP piogeis still unkown. We investigated the
subcellular localization of all DMP proteins in igently transfected\Nicotiana benthamiana
epidermis cells and in stably transformfbidopsis thaliana using eGFP as fluorescence tag. All
DMP proteins are distributed between two membrathestonoplast and the ER, with the exception
of DMP10 which was not detected (Kasaras and Ku2@&0). DMP1, -2, -8 and -9 were found in
both the tonoplast and the ER suggesting that thay contain competitive tonoplast targeting
signals and ER retention/retrieval signals. Howgegeerexpression may lead to mislocalization and
not reflect subcellular localization at physiolagicexpression level and in the native tissues.
DMP1-eGFP expression by the CaMV 35S promoter bad¢oo leaves results in complex and
dynamically changing localization due to strong rbesme remodeling at the tonoplast and the ER.
A somewhat different distribution of the fusion @@ is observed in stably transformed
Arabidopsis expressing it from the native promoter. DMP1-eGf®ws dual localization at the
tonoplast and the ER in root tips, senescing resattd cauline leaves and senescing siliques.
Interestingly a third localization at the plasmanmbeane (PM) was observed in root tip cells
undergoing vacuole biogenesis. These apparentbnsistent results prompted us to investigate the

targeting signals of DMP1.

The number of dual-targeted proteins increasetiendst years suggesting that dual-targeting is a
common mechanism used by the cell to place iddnacévities in different compartments

(Karniely and Pines, 2005). In plants, dual targgtio chloroplasts and mitochondria is common.
At least 50 proteins are targeted to both compartsméCarrie et al., 2009a). These activities are
mainly related to DNA and RNA maintenance, tramstatcomponents and cellular defense

responses (Mackenzie, 2005). Systematic investigaif organellar aminoacyl-tRNA synthetases
in Arabidopsis have shown that dual-targeting is the rule fos ttlass of proteins as 17 members
are shared between mitochondria and plastids ared detween the cytosol and mitochondria
(Duchene et al., 2005). Dual-targeted proteins lants are shared between mitochondria and
plastids, mitochondria and peroxysomes, mitoch@n@md nucleus, cytosol and mitochondria,
tonoplast and ER. The molecular mechanisms leadirdpal-targeting in eukaryotes are diverse.
They include transcripts from two genes with onekilag the targeting sequence, alternative
transcription initiations from a single gene, ocence of spliced and non-spliced MRNA,
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alternative translation initiations, competitivegrsals on the same polypeptides, presence of
ambiguous signals, partial inaccessibility to slgndue to folding, protein binding or protein
modifications and partial or reverse translocafimm organelles. (Duchene et al., 2005; Karniely
and Pines, 2005; Mackenzie, 2005; Regev-RudzkiRinds, 2007; Carrie et al., 2009a; Carrie et
al., 2009b). Regev-Rudzki and Pines (2007) havpgsed the term “eclipsed” proteins to describe
uneven distribution of dual-targeted proteins befmveompartments, the detection of one isoform
by standard biochemical and visualization methadsdimpaired or masked by the presence of the
overrepresented one. They suggest that eclipsadbditon is probably more common than

currently recognized.

In the present study, we aimed to identify the naecdms leading to the complex subcellular
distribution of DMP1 and to the occurrence of twtMBL protein isoforms. The generation and
investigation of novel fusion proteins, eGFP-DMPid aDMP1,,,-eGFP, showed that eGFP-

DMPL1 is localized to the PM whereas DMB-eGFP was targeted to the tonoplast like DMP1-
eGFP. This discrepancy was paralleled by diffeprotein bands on protein gel blots. To unravel
this conundrum we analyzed intracellular targetind electrophoretic mobility of mutated DMP1-

eGFP fusion proteins. We found that DMP1 transsrigote translated into two protein isoforms,
DMP1.1 and the shorter DMP1.2 which lacks 19 amaca@s of the amino terminus. DMP1.1

localizes to the tonoplast whereas DMP1.2 is foanthe PM, indicating that the 19 N-terminal

residues include the tonoplast targeting sequddowiever, DMP1.2 is partially redirected to the

tonoplast by interaction with DMP1.1.

Results

As we showed in our previous study (chapter 2), l&¢alization of DMP1-eGFP in tobacco is
mainly observed during “stage” 2 and 3. As we maifdcused on the dual tonoplast/PM
localization in this study, we investigated thedliation of the mutated proteins predominantly at
2-3dpi (stage 1) where only the tonoplast locaiirais observed with DMP1-eGFP.

Position effects of eGFP on DMP1 subcellular locaation

To clarify the complex subcellular localization DMP1-eGFP, we generated and analyzed two
novel fusion proteins expressed from the 35S prem@&GFP-DMP1 (N terminal fusion) and
DMP10p-€GFP, which contains the fluorescent tag withi ¢skecond loop. The second loop was
chosen because it represents the longest cytqgsniiof the protein (38 aa) even longer than the N-
and C-termini, consisting of 30 and 29 aa respebtiyFig. 1A). The first and third loops were

considered
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Figure 1. Fusion proteins used in this study(A) Primary structure of DMP1 N- and @&mini. Beginning of the fir
TMD and ending of the last TMD are represented. $Bhematic representations of all fusion proteiesegated fc
this study. Amino acids substitutions and deletians highlightedn red. All proteins are expressed from the
promoter with the exception of DMP1-eGFP whichxpressed either from the 35S or the native prom@#e&tP1p).
Fusion proteins are classified according to thétjpmsof their modifications.

as inappropriate for eGFP insertion due to thebrtslength (10 and 16 aa respectively). To reduce
the risk to impair protein function, eGFP was itséhbetween amino acid 108 (glutamic acid) and
109 (proline) (Fig. 1B), a highly divergent regianthin the second loop throughout the whole
DMP protein family (Kasaras and Kunze, 2010). Botimstructs were investigated in transiently
transformed tobacco (Fig. 2A, B, D and E) and stéfainsformedArabidopsis (Fig. 2C and ) and
compared with DMP1-eGFP (Fig. 2G-H). Both in tolmemndArabidopsis, DMP1,,-eGFP and
DMP1-eGFP exhibited comparable fluorescence pattefmvo days post infiltration (dpi), the
tonoplast and tonoplast invaginations called bifsito et al., 2002) were labeled by DMBL-
eGFP and DMP1-eGFP (Fig. 2D and G). At later stageth fusion proteins triggered drastic

remodeling of the tonoplast (Fig. 2E and H) leadmg¢he formation of foamy membrane structures
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as described in our previous study (chapter 2)Arabidopsis, both fusion proteins labeled the
tonoplast and bulbs in young cotyledons (Fig. 2& BnThus, DMP1-eGFP and DMBg-eGFP
localized to the same membrane. Surprisingly eGKMRD exhibited a complete different
fluorescence pattern. Sharp continuous fluorescsigols along the cell walls were observed (Fig.
2A). This fluorescence pattern did not change upme (Fig. 2C) and was conserved in stably
transformedArabidopsis. Additionally eGFP-DMP1 labeled small vesicles ides the cytosol
comparable to Golgi vesicles in terms of size wigte observed in both tobacco (Fig. 2A, inset)
and Arabidopsis (Fig. 2C, arrows and inset). The divergent fluoesme patterns clearly indicate
that eGFP -DMP1 and DMP1-eGFP/DMBJ-eGFP localized to distinct membranes. Since
DMP1-eGFP and DMRg,-eGFP displayed a comparable fluorescence patt&fP-DMP1 is
likely to be mistargeted iNicotiana benthamina and Arabidopsis thaliana due to the N-terminal
fusion of eGFP.

N. benthamiana A. thaliana
7 dpi

2-3 dpi young cotyledons

A

-

eGFP-DMP1

eGFP-DMP1 eGFP-DMP1

DMP1-eGFP DMP1-eGFP

Figure 2. Position effect of eGFP on subcellular talization of the different fusion proteins.Fluorescence patte
of eGFP-DMP1 inNicotiana benthamiana at 2-3 dpi (A), 7dpi (B) and in young cotyledorfsAvabidopsis thaliana
(C). Additional punctate structures labeled withFEDMPL are highlighted in the insets (A and C) and shavith
arrows (C). Respective fluorescence patterns of DYjFeGFP and DMPEGFP in tobacco are shown in (D) and
at 2-3 dpi, in (E) and (H) at 7 dpi andAnabidopsisthaliana in (F) and (1). Scale bar, 20 um
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eGFP-DMP1 localizes to the plasma membrane and tm@osomes

To define the subcellular localization of eGFP-DMRe performed colocalization experiments
with different markers. To distinguish between B and the tonoplast, we used mRFP-MUB2 as
PM marker (Downes et al., 2006; Kasaras and Kuk@&Q) and TPK1-mRFP as tonoplast marker
(Latz et al., 2007; Kasaras and Kunze, 2010). eGWM®1 (Fig. 3A and D) clearly colocalized with
mRFP-MUB2 (Fig. 3B and overlay 3C) but not with TRKORFP (Fig. 3E and overlay 3F). Thus,
eGFP-DMP1 localized to the PM. To identify the matof the small vesicles, we tested several
markers in colocalization experiments: Man49-mChéocalizing in Golgi vesicles (Saint-Jore-
Dupas et al.,, 2006; Nelson et al., 2007) and mRRAA localizing to the prevacuolar
compartment (PVC) (Lee et al., 2004). Both Man49h@iy (Fig. 3H) and mRFP-ARA7 (Fig. 3K)
did not colocalize with eGFP-DMP1 (Fig. 3G and dd @&he overlays 3l and L respectively).
However, the vesicles labeled by eGFP-DMP1 and Man&herry were often observed in close
association (Fig. 3l, insets) and appeared to nsmveetimes as single units, suggesting physical
connection (data not shown). Such associations wever observed between the vesicles labeled
by eGFP-DMP1 and mRFP-ARA7Y (Fig. 3L and data notst). To further test if the trans-Golgi
network (TGN) is the compartment containing eGFPHIM Therefore we constructed several
fusion proteins known to locate to the TGN: SYP4RKR, SYP43-mRFP and VTI11-mRFP
(Uemura et al., 2004) but unfortunately in our hgriley did not function in transiently transfected
tobacco epidermis cells. However due to the ocoasibght associations between Golgi vesicles
and the vesicles labeled by eGFP-DMP1 and the sxeiwf eGFP-DMPL1 signals from PVC, the

trans-Golgi network is likely the compartment eGPMP1 localized in.
Position effects of different tags on protein occuence

Detection of eGFP-DMP1 and DMP-eGFP on Western $hotwved unexpected different banding
patterns. Whereas eGFP-DMP1 showed a single bandyands were detected with DMP1-eGFP
(Fig. 4C). The upper band of the double band detevias of the same size as the single band
detected with eGFP-DMP1 which indicates that thistgin is probably the full length fusion
protein and the lower one a truncated form. Thus discrepancy observed between the subcellular
localizations of eGFP-DMP1 and DMP1-eGFP is refldah the occurrence of one or two proteins.
The same pattern was observed in stably transfoAraudopsis (Fig. 4A) once more pointing to a
conserved mechanism between these two speciesulfledband was also detected with DM}
eGFP in tobacco anéirabidopsis (data not shown) reinforcing the hypothesis tif@ER-DMP1 is

the mistargeted fusion protein. To further testithpact of a tag on the occurrence of one or two

proteins, we fused two other tags, 3xHA and 4xMye,and C-terminally to DMP1 (Fig. 1B).
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These tags are much smaller than eGFP (40 and Bspectively to 240 aa for eGFP) and might
potentially less interfere with different mechansssuch as proper targeting or post-translational
maturation which might explain the occurrence oé @m two proteins. Comparable pattern were
obtained with these tags (Fig. 4D and E). Whereath IN-terminal fusions 3xHA-DMP1 and
4xMyc-DMP1 led to the detection of one protein, twteins were detected with the two C-
terminal fusions DMP1-3xHA and DMP1-4xMyc. Thussifon of a tag, independently of its size,
to the amino terminus of DMP1 prevents the occueesf the smaller fusion protein.

eGFP-DMP1 | [ & | TPK1-mRFP

eGFP-DMP1 Man49-mCherry —

eGFP-DMP1 mRFP-ARA7 overlay

Figure 3. Determination of eGFP-DMP1 subcellular lgalization in co-localization experimentseGFPBMP1 (A
and D) co-expressed with mRFP-MUB2 (B) and TPK1-rARE) shows perfect colocalizatiar the fluorescenc
signals at the PM (C) but not at the tonoplast THe small punctate structures labeled with eGRFRP1 (G and .
does not colocalize with the Golgi-associated fagootein Man49-mCherry (H and overlay 1) and witRFPARA7
(K and overlay L) illuminating the PVC. Scale barF; 10 um, G-L; 3 um
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Figure 4. Differential protein patterns due to posiion of the tags.Fusion proteins were detected using &P (A
C and F), anti-HA (D) and anti-Myc (E). DMP1 weretected in WT senesciryabidopsis plants and in transgel
line DMP1-OE1 using antibMP1 (B). Membrane fractions were enriched by nmsore purification prior to detectic
Arabidopsis leaves expressing eGFP-DMP1, DMP1-eGFP (A) and D) and juvenileNT leaves were harvest
at 18 DAS. The senescing WT leaves were harvestd® ®AS. All Nterminal fusions lead to detection of sir
proteins whereas all C-terminal as well as the seduDMP1 shows two proteins.

Occurrence of the two DMP1-eGFP fusion proteins d@enot result from overexpression

We further tested if the occurrence of the two DMfEFP forms might be an artifact due to
overexpression. To do so, we expressed DMP1-eGé® the native promoter. We directly
amplified DMP1p:DMP1 from genomic DNA in a single PCR reaction to kéle@ native 5UTR
avoiding the presence of artificial nucleotides ttgem of the translation start. Expression of
DMP1p:DMP1-eGFP in tobacco clearly led to detection of two distipcoteins (Fig. 4F). Despite
the fact that the promoter @MPL1 is senescence-specific Arabidopsis leaves, it promoted
transcription to a level sufficient to detect thesulting two fusion proteins in transiently
transformed tobacco leaves. Thus, the occurrencetwof fusion proteins is not due to

overexpression and to the promoter used.
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Two distinct DMP1 proteins are found inArabidopsis

To fully exclude any effects of eGFP on the ocawcee of the two distinct fusion proteins, we

investigated the protein patterns of unfused DMRdressed from either the 35S promoter or the
native one with the help of an antibody raised mgfadDMP1. In both cases, the double band pattern
was detected (Fig. 4B). DMP1 was detected onlysenescing rosette leaves paralleling the
senescence-specificity shown on transcription |¢delsaras and Kunze, 2010). Thus, two DMP1

isoforms of approximately 2-3 kDa difference in:& fatio occur inPArabidopsis WT plants.
Protein occurrence and subcellular localization arendependent events

Given the fact that the discrepancy between theaslutbar localization of eGFP-DMP1 and DMP1-
eGFP was accompanied by the occurrence of onewmpitwteins respectively, we tried to elucidate
if these events were linked by generating an N-t@ahtruncation series of DMP1-eGFP (Fig. 1B).
The truncation of the four, nine, 14 and 19 firstrasulted in either single fusion proteins as eGFP
DMP1 (Fig. 5C) or double fusion proteins all lozalig to the PM (Fig. 5M and N and Table 1).
Thus, the occurrence of two proteins does not Edgewith tonoplast subcellular localization.
Moreover, the first four aa appears to be cruamalgdroper tonoplast targeting since DMP%
eGFP localized in the PM (Fig. 5M). The truncatadradditional aa (DMP4o5eGFP, DMP1;.2¢
eGFP, DMP1;.3,7eGFP) resulted in ER retention (Fig. 50 and TdbleOnly DMPL;..5eGFP
could be clearly detected on WB and showed a ond-pattern similar (Fig. 5C).

The N-terminal truncation series suggested a druoia for the first four aa in targeting the

proteins either to the tonoplast or the PM. To ielai® which amino acid(s) is/are essential for
proper targeting and protein occurrence, we sultstltamino acids S2, E3, T4, S5 to alanines
respectively and deleted individually S2, E3, Tig.(iB). All individual substitutions or deletions

did not affect subcellular localization (Fig. 5Fda and Table 1). All showed tonoplast/bulbs
localization at 3 dpi and were all able to induttersy membrane remodeling with time (data not
shown) as the non-modified DMP1-eGFP (Fig. 2G anah#épter 2). The substitution of E3, T4,

S5 or deletion of E3 and T4 did not affect proteamding pattern, two proteins were detected (Fig.
5A). In contrast, the deletion and the substitutidrmaa S2 both led to a single protein, the smaller
one being lacking. This identifies S2 as cruciaipon for the occurrence of one or two proteins
but not for targeting to the vacuole. Thus, thespree of one or two proteins does not reflect

subcellular localization.
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Figure 5. Effect of the different mutations generagéd on DMP1-eGFP subcellulaitocalization correlated with the
respective protein patterns on WB(A) Detection of DMP1eGFP carrying mutations within the first five amiacid
(A), between position M20 and T39 (B), lacking diént N-terminal segments (C) or being C-terminaibydified (D).
(E) Protein pattern of DMP1 N-terminus fused to @aPMP1 compared to eGFP-DMP1. All protein detecti¢h-E)
were performed using anBFP. Single bands are highlighted with asteriskibs8tutions S2A (F), E3A (G), S2A/E:
(H), M20A (K1.5), andA194-207truncation (R) do not affect targeting of DMRGFP to the tonoplast and labeling
bulbs. MutationsAS2E3 (1), S2P/E3P (J) antil-4 (M) are sufficient to abolish tonoplast targetitige respectiv
proteins locating to the PM. Expression of #imerter isoform DMP1.2 alone were achieved by nngathe first sta
codon (L) and by truncating the 19 first amino adil). Both fusion proteins show clear locatioritte PM. Larger N-
terminal truncation A1-25) leads to retention in the ER (O). Stotion P38A/T39A within the first TMD leads
strong protein aggregates within the ER (Q). Suligtin 134A/K35A within the first TMD induces rapidell deat!
(Ps), the fusion protein being located both to theofdast (R) and the ER (B. Substituibn of the seven charged
within the Cterminus of DMP1 leads to abnormal subcellular lization at 3 dpi (S) which tend to disappear av
display a strong ER labeling at 5 dpi (U). Co-eggien of DMP%s,,st€GFP (), the soluble ER marker YFP-HIRE
red false-colored (3) and the tonoplast fusion protein TPK1-mRFP bhilsd-colored (3) show DMP1eGFP labelin
perinuclear ER exhibiting aberrant architecturg).(Bubcellular localization of all mutant DMRIGFP fusion proteil
are given in Table 1. Scale bar, 20 um
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DMP1-eGFP targeting to the tonoplast depends on theequence and length of the DMP1

amino terminus

Deletion of S2 alone resulted in a single proteinated to the tonoplast/bulbs but deletion of
S2E3T4 at once (DMR14eGFP) resulted in a single protein localizinghe PM. To investigate
the mechanism underlying proper targeting of DMiR& ,deleted S2E3 at once or substituted them
to alanines (Fig. 1B). Interestingly, both the eais on WB and the subcellular localization
differed between DMPk2ezeGFP and DMP&baesa€GFP. DMP&,ae34-€GFP localized to the
tonoplast and bulbs (Fig. 5H) and displayed onedlanWB (Fig. 5A) whereas DMRd,e3zeGFP
localized to the PM (Fig. 51) and displayed two t&uiFig. 5A) confirming that protein occurrence
and subcellular localization are not linked eveiitse fact that DMPdpe3x€GFP and DMP .4
eGFP both led to loss of tonoplast targeting and IBéAlization suggest that length of the N-
terminal part of DMP1 is crucial for proper targeti However the properties of the first amino
acids also appeared to be determining. Indeed,tiontaf S2E3 to prolines (DMR3p/e3ar€GFP)
was sufficient to prevent targeting to the vacu@een the single substitution of S2 to a proline
(DMP1s,p-eGFP) appeared to largely redirect the fusiongmmoto the PM (data not shown).
However DMP%,-eGFP mainly exhibited an eGFP-DMP1-like fluoressepattern but a non-
negligible fluorescence fraction was found at theoplast and bulbs suggesting that tonoplast
targeting was not fully impaired by the S2P mutatidbhus, nature of the amino acids at position 2

and to a lesser extent at position 3 appears toumal for proper targeting to the tonoplast.
The shorter DMP1 protein isoform is translated at asecond translation initiation site

Deletion and substitution of aa S2 both resultelddk of the smaller fusion protein. The difference
between both proteins was estimated around 2-3dtD@&/B. We hypothesized that this difference
may be due to a post-translational cleavage betwaet0 to 30, E31 being predicted to be the first
aa within the first TMD (Kasaras and Kunze, 201D%0, aa S2 would be essential for recognition
and/or downstream cleavage. We further hypothedizatithe smaller protein may be translated
from a second in-frame AUG™R" codon which leads to a methionine in position &atie full
length protein. To test these two hypotheses wergésd a mutation series between aa 20 and 31
(Fig. 1B). DMP120a-eGFP was the only mutated fusion protein whichiletdd a single band on
WB, the smaller one being lacking (Fig. 5B). Thilne smaller DMP1 protein results from a second
translation initiated in position M20 and not frarpost-translational maturation. We will refer to
them hereafter as DMP1.1 and DMP1.2, DMP1.2 beleg shorter isoform. DMRikoa-eGFP
exhibited the same fluorescence pattern as DMP1Pe(Glg. 5K) leading to strong remodeling of
the tonoplast with time (Fig. 5K indicating that the truncated DMP1.2 is not regdi for
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membrane remodeling. The fusion protein DMP}-eGFP generated in the N-terminal truncation
series (Fig. 1B) corresponds to DMP1.2-eGFP andfaasd in the PM (Fig. 5N). Thus, DMP1.1
is targeted to the tonoplast upon recognition effirst amino acids. DMP1.2 which lack the first
19 aa escapes tonoplast targeting. Thus, the PMaappgo be a default pathway. However, as
already mentioned, truncation of 6 additional aMHl,;..5eGFP) impairs localization to the PM,
the fusion proteins being retained in the ER (Bi@). Thus, a certain length of the amino terminus
is required for transit through the secretory pathwo the PM. We further confirmed that the lower
band observed on WB is due to a second translaitation by mutating the first AU&RT to
GAC (35S DMP1atc_.cac-€GFP) (Fig. 1B and Table 1). Only the lower band wasesleed on WB
(Fig. 5C) corresponding to DMP1.2-eGFP.

The PM is the default pathway for DMP1.2 and DMP1.1

By coexpressing DMP1.2 fused to mRFP (DMPLFmMRGFP, Fig. 6B) and eGFP-DMP1 (Fig.
6A), we confirmed that they both colocalized in th# (Fig. 6C). Thus, DMP1.1 is indeed
mistargeted to the PM when fused N-terminally td&=BGThis indicates that the first amino acids
especially S2 are not recognized by the tonoptageting machinery if they are not located at the
very end of the N-terminus. Thus both truncatiorD®P1 N-terminus (DMP1.2) and N-terminal
addition of a tag resulted in localization in tHd.PThis strongly indicates that the PM is the défau
pathway for DMP1.2 but also DMP1.1.

eGFP-DMP1 DMP1,,.,-mRFP overlay

Figure 6. DMP1.1 is mistargeted to the PM and colatizes with DMP1.2 when fused N-terminally to eGFPCo-
expression of eGFP-DMP1 (A) and DMR1smRFP (B) show perfect colocalization of the fluaersce signals at t
PM (C). Scale bar, 20 um

Suboptimal Kozak sequence in position +4 is respoiie for leaky ribosome scanning leading
to translation of DMP1.2

By mutating M20 to alanine, we identified this pisi as AUG ™R codon for translation of
DMP1.2. We also showed that the mutation and aeledf S2 prevented translation of DMP1.2
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suggesting a link between these two events. We estigd that a leaky ribosome scanning
mechanism (Kozak, 2002) might be this link. Indedloser look at the context surrounding the
start codon revealed that in all the constructscividid not lead to the translation of the smaller
fusion protein (Table 1) the thymine in position k@d been exchanged to guanine. Guanine and to
a lesser extend alanine are conserved nucleotidg@®sition +4 inArabidopsis (Rangan et al.,
2008) responsible for efficient translation iniibt Thus, the native thymine in position +4
represents a suboptimal context for translatiotiatmon allowing ribosome to stop and initiate at
the first start codon but also to bypass it allgyviscanning until the second start codon.
35S DMP1sp-eGFP carries a cytosine in position +4 which is everelsafound in this position
than thymine (Rangan et al., 2008). The leaky obwes scanning was not affected, DMR1eGFP
led to the presence of two proteins (Fig. 5A). WetHer exchange position +4 to adenine
(35S DMP1sr-eGFP, Fig. 1B) which did not modify leaky ribosome soarg at the first start
codon (fig. 5A). Thus, mutation of thymine in pawsit +4 to guanine but not to cytosine or adenine
improved the translation context at the first AT@grevented translation of DMP1.2. The only
exception was35S DMP1,,.4-eGFP which carries a thymine in position +4 like DMPGfP but
led to a single fusion protein (Table 1 and Fig) SGggesting improved context at the first start
codon.35S DMP1,1.4-eGFP has a thymine in position +6 instead of a cytosieen35S DMP1-
eGFP (Table 1). We tested if positions +5 and +6 mighio be determinant for translation
efficiency. We therefore generat&$S.DMP1lgr-eGFP and 35S DMPlgs-eGFP (Fig. 1B and
Table 1) which carry mutations in position +5 arfil respectively. Both led to translation of two
proteins suggesting that these positions are npoitant for translation efficiency in this context.
Thus other positions upstream of position +6 migigrove translation efficiency at the first ATG
in 35S DMP1,;.4-eGFP. We did not further modified positions downstreamposition +1 within
the 5-UTR especially position -3, known to inflen translation initiation efficiency (Kozak,
2002). Indeed, these positions are completely des@rin the 35S promoter amMP1p (Fig. 7D)
but both led to the translation of two proteins gegjing that these positions are not influencing
translation efficiency in this context.

All proteins are translated from single transcripts

To confirm that the occurrence of the two DMP1 @sofs is related to leaky ribosome scanning and

to invalidate the possibility of the occurrencewb distinct mMRNA due to alternative transcription

start, we amplified the 5 end of the cDNA by 5-RE-PCR (Fig. 7C). We tested several

constructs leading either to on858 DMP1,1.4-eGFP, 35S DMP1y20a-€GFP, 35S DMP1loaesa-

eGFP) or two proteins 35S DMP1-eGFP, DMP1p:DMP1-eGFP, 35S DMPlga-eGFP,

35S DMP1g3a-eGFP, 35S DMP1,9e3-eGFP) in tobacco (Fig. 7A). Additionally, we tested
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transgenicArabidopsis plants expressing5S.DMP1-eGFP and 35S DMP1 as well as WT plants
(Fig. 7B). In all cases, single transcripts werephined (Fig. 7A and B). Sequencing was used to
confirm their identity and to exclude the presentéwo transcripts which might not have been

separated by electrophoresis (data not shown).
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Figure 7. DMP1.1 and DMP1.2 are translated from thesame transcript. 5-RACE-PCR were performed
schematically represented (C). Total RNA frblicotiana benthamiana infiltrated leaves expressingMP1-eGFP fron
the native or 35S promoter and DMP1-eGFP carnfiegnodificationsA1-4, M20A, S2A, E3A, S2A/E3A andS2E:
(A) was used. Similarly total RNA frorrabidopsis plants stably transformed wi85S:DMP1-eGFP and35S DMP1
as well as different tissues expressiyiP1 were used. In all cases, single transcripggenamplified. Slight shi
between products amplified from transcripts degvirom the35S promoter (arrows) anBMP1p (arrowheads) we
observed (A and B). Sequencing showed that trgstscderiving fromDMP1p have a longer 5’UTR than thc
deriving from35S (D).

DMP1 N-terminus is not sufficient to target solubleproteins to the vacuole and to redirect
integral PM-localized proteins to the tonoplast

Since the N-terminal part of DMP1 was shown to égponsible for targeting of DMP1.1 to the
tonoplast, we asked the question if it might bdisieht to target soluble proteins to the vacuole.
We therefore fused the whole soluble N-terminu®BfP1 consisting of 30 aa to eGFP (Fig. 1A).

The fluorescence signals observed (Fig. 8B) wearglai to those observed with free eGFP (Fig.

97



Chapter 3
8A), labeling the nucleus and the entire cytosdlrmt the lumen of the central vacuole. Thus, the
N-terminal part of DMP1 cannot target soluble pircgeo the vacuole. Several constructs has been
generated at the end of the redaction of this pledis in order to test if DMP1 N-terminus could
serve as tonoplast targeting motif for integralspla membrane proteins. Indeed, the PM is likely
the default pathway for most membrane proteins §Ba: et al., 2008). Thus, the addition of
DMP1 N-terminus might target them to the tonopladst.do so, we screened the publicly available
database SUBA II_(http://suba.plantenergy.uwa.adufar membrane proteins which has already

been shown to localize only to the PM both by G&$ldn and MS/MS assays. We chose proteins
which possess an N-terminus of approximately thieesaize that that of DMP1. We cloned the
ammonium transporter AMT2 (Sohlenkamp et al., 20@8) inositol transporter INT2 (Schneider
et al., 2007) and the equilibrative nucleosidegpamter ENT6 (Wormit et al., 2004). Since we did
know if the N-terminus of DMP1 alone would be scifnt, we amplified both the N-terminus
alone and the N-terminus containing the first TMDni DMP1. We exchanged them for the N-
termini alone or containing the first TMD of AMT2NT2 and ENT6 respectively. All these
chimeric constructs were already tested in tobadedortunately, targeting to the tonoplast could
not be achieved. PM localization was largely altebait the chimeric proteins appeared to be
largely retained within the ER or led to fluorescemattern which could not be assigned precisely
to one membrane. Thus, the N-terminus of DMP1 witlithout the first TMD is not sufficient to
target integral PM proteins to the tonoplast. Thdicates that other factors play a role in tonspla
targeting of DMP1.1.

The N-terminus of DMP1.1 fused to the mistargeted@FP-DMP1 does not restore targeting

to the tonoplast

We showed that eGFP-DMP1 was mistargeted due tprésenece of eGFP at the amino terminus.
position effects of eGFP fused to the N-terminusDdfiP1.1. We then investigated if the N-
terminus of DMP1 would be sufficient to restore g@otargeting of eGFP-DMP1 to the tonoplast.
We therefore fused the N-terminus of DMP1 to eGRWPR (Fig. 1B). 30aapmp€GFP-DMP1
decorated the PM like eGFP-DMP1 (Fig. 8C). Thisgasgs that the position of the first TMD and
thus, the overall size of the N-terminus are resplito target DMP1.1 to the tonoplast. The fact that
DMP1o0p-eGFP is properly targeted to the tonoplast (FiB-F} is in agreement with this

assumption.
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Figure 8. DMP1 N+terminus does not target eGFP to the vacuole and de not restore tonoplast targeting t
eGFP-DMP1. eGFP (A), 30aapmp€GFP (B) andzpaaompeGFPDMP1 (C) were expressed individually in toba
epidermis cells. Pictures were taken at 3 dpi.&Sbal, 20 um

The integrity of the first TMD is required for prop er targeting of DMP1-eGFP to the vacuole

As we generated the mutation series between aa®8%(see above and Fig. 1B), we showed that
M20 is responsible for translation of DMP1.2. Ththey mutations within the N-terminus
(N22A/T23A, N24A/K25A, S26A/L27A and T28A/G29A) asell as three mutation pairs within
the first TMD (L30A/E31A, S32A/L33A and L36A/L37AJid not affect subcellular localization
(Table 1) and protein occurrence (Fig. 5D). In casttthe mutation pair I34A/K35A led rapidly to
necrotic-like lesions after 3-4 dpi (Fig. Rand death of the infiltrated area. Fluorescengeats
were extremely weak (Fig. 5Rand B) and proteins could not be detected on WB (Fig). 5B
Mutation pair P38A/T39A led to large protein aggres (Fig. 5Q). Thus mutations within the first
TMD even using the hydrophobic aa alanine as dulbstappears to dramatically affect protein

localization.
DMPL1.2 partially localizes to the tonoplast upon iteraction with DMP1.1 in tobacco

In chapter 2, we showed rabidopsis root tips that DMP1-eGFP is also found at the PM i
addition to the tonoplast location. The PM-locdiiaa is likely imputable to DMP1.2. However, we
also showed that expression of DMP1-eGFP (i.e. DMHeGFP + DMP1.2-eGFP) in tobacco and
Arabidopsis led to labeling of the tonoplast but not of the Riflapter 2, Fig. 2 and Fig. 9 E, H and
K). Due to the strong fluorescence intensities olexk with the two isoforms expressed
individually (DMP1y20a-€eGFP, Fig. 5K, and DMP}1.,0€GFP, Fig. 5N) and taking into account
DMP1 predicted topology, eGFP is likely to be cglaswhen fused C-terminally to DMP1.1 and
DMP1.2. Since DMP1.1 and DMP1.2 are found at apprate equimolar levels when DMP1-
eGFP is expressed (Fig. 4A and 5C), significantgmnoturnovers are excluded. Thus, PM and
tonoplast fluorescence signals should be approeiyaf the same intensity. We next hypothesized
if DMP1.2 might interact with DMP1.1 and be diraett® the tonoplast as a consequence. We
tested DMP1 dimerization by different methods. VBediuthe heterologous split-ubiquitin system in
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DMP1-eGFP

DMP41,,,,,-eGFP  ,—- I mRFP-MUB2 — Joverlay

Figure 9. DMP1 dimerizes in yeast andn planta. (A) The splitubiquitin system in yeast was used to test D
dimerization. Interaction between Cub-DMP1 usedai$ and the prey NubGMP1 were detected. Orientation
DMP1 was verified by coexpressing COiMP1 and the positive control Nubl. Growth was aleed showing that Ct
and therefore the N-terminus of DMP1 were cytosdlibe soluble negative control NubG aslivas the unrelate
integral protein NubG-KAT1, NubG-SUT1 and NubG-ROLCHid not interact with Cub-DMP1. 10 mM/ABF was
added to lower background growth to an acceptadblell For vector selection, leucine and tryptophamge nc
present in the media. For detection of promiotein interactions, adenine and histidine wemitamhally lacking in th
media. Crosslinking experiments using DMS wereiedrout to detect DMP1 proteprotein interaction in planta (E
Tobacco lower epidermis cells were transformed w#bs DMP1-eGFP, 35SeGFP-DMP1 and 35S eGFP.
Microsomes were purified five days after infilt@iti Crosslinking experiments were performed on rtlierosome
fractions for eGFP-DMP1 and DMRIGFP and on the soluble fraction for eGFP. Twotaudil bands were detec
in the presence of DMS for eGFP-DMPL1. The sizéhebé bands fits with the size of eGFP-DMP1 homodiraad-
tetramers. The band highlighted with an arrowheadirispecific and was detected in all samples imetuchon
infiltrated WT tobacco plants (B). Co-expressiorDdIP1-eGFP (C) and DMR1;4mRFP (D) show clear dissociat
of the fluorescence signals at the PM (E, insed) \@aak location of DMP_;omRFP to the tonoplast (D, arrow). Co
expression of DMPoa-€eGFP (F) and DMPl.;,omRFP (G) or mRFP-DMP1 (J) show clear dissociatof the
fluorescence signals at the PM (H and K, inset) moderate to substantial location of DMRirmRFP and mRFP
DMP1 to the tonoplast (J and G, arrow and overldyand K). Exclusion of the PM from the fognmembrane
structures was shown by co-expressing DMiBteGFP (L) and mRFRAUB2 (M). Clear segregation of t
fluorescence signals were observed |
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yeast (Fig. 9A), the crosslinker DMS to show intéien in planta (Fig. 9B) and performed
competition experimentsn planta (Fig. 9C-N). DMP1 clearly dimerized in yeast (FigA).
Crosslinker experiments using DMS on microsomesainmg either eGFP-DMP1 or DMP1-eGFP
showed protein-protein interaction only in the caseeGFP-DMP1 (Fig. 9B). Additionally to
eGFP-DMP1 (46 kDa on gel, 49 kDa calculed), we aeteproteins at approximately 85 and 170
kDa which would correspond to homodimers and -te&ia (Fig. 9B). Thus, DMP1 appears to be
able to interactn planta. The fact that we could not detect protein inteoss with DMP1-eGFP
might be due to a technical problem. It could atsdicate that DMP1 has not exactly the same
topology regarding the membrane it is locatedrideked DMS requires a distance of 11 A between
primary amines of lysine residues of interactingtpins due to its 8-atoms spacer arm. Thus this
prerequisite might be present with eGFP-DMP1 butDidP1-eGFP. We next investigated protein-
protein interaction by competition experiments (F¢-N). We coexpressed DMP1-eGFP (Fig.
9C) or DMP20a-€eGFP (Fig. 9F) with DMPg.1omRFP (Fig. 9D and G) in tobacco. By careful
observation of a large number of cells and follagyvindependent infiltrations, we observed in
average a larger fraction of DMRLgsmRFP localizing in the tonoplast when co-expresset
DMP 1y20a-€GFP than with DMP1-eGFP (Fig. 9C-H). It suggeélstd DMP1.2 can indeed interact
with DMP1.1 and localize at least partially in tio@oplast. By coexpressing DMi:ba-eGFP (Fig.
91) and mRFP-DMP1 (Fig. 9J), we could show that OOMHs also able to interact with itself since
a considerable fraction of mRFP-DMP1 was found @ased with the tonoplast (Fig. 9K). To
exclude the fact that the PM could be involvedhiese foamy membrane structures and therefore be
responsible for colocalization of DMRli;gmRFP with DMPH20a-eGFP, we coexpressed
DMP1y20a-eGFP (Fig. 9L) with mRFP-MUB2 (Fig. 9N) and showel@ar dissociation of the
fluorescence signals (Fig. 9N). Thus, DMP1.2 igeéted to the tonoplast, at least to a certain
extent, through protein-protein interaction with PI1 itself recognized by the tonoplast targeting

machinery.

Mutations of the charged di-KK, di-EE and tri-EEE motifs within the C-terminus impair
DMP1-eGFP ER export

We hypothesized in our previous study (chapteha) tompetitive signals within DMP1 might be
responsible for the dual ER/tonoplast targetingeole=d in stably transformedrabidopsis and
during membrane remodeling in tobacco. In the mtestidy, we showed that the very end of the
N-terminus and its length are required for promegeting to the tonoplast. We next investigated
which residues may be responsible for ER retentioretrieval. DMP1 has the longest C-terminus
among all DMP members (Kasaras and Kunze, 201@ndbompasses 29 aa compared to DMP3

and -5 (18 aa), DMP10 (15 aa), DMP4,-6 and -7 @4 2MP8 and -9 (12 aa), and DMP2 (22 aa).
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DMPL1 is the only protein to have a di-lysine matifits C-terminus known to promote ER retrieval
of membrane proteins from the Golgi upon interactiath the coatomer (COPI) (Jackson et al.,
1990; Cosson and Letourneur, 1994; Gaynor et 884;1Letourneur et al., 1994; Gomord et al.,
1997; Gomord et al., 1999; Pagny et al., 1999). éi@w this motif is located in position -6/-7 and
would be unusual. The classical retrieval signalK{x)Kxx at the very end of the carboxy-
terminus. A di-acidic and a tri-acidic motif (EEdEEE) are also present in DMP1 C-terminus
which are absent in all other DMPs. Di-acidic mmtéomposed of two acidic residues separated by
one amino acids (D/ExD/E), have been shown to acER export motifs in various species
including yeast, human and plants (Ma et al., 208dlkus et al., 2002; Wang et al., 2004; Hanton
et al., 2005; Mikosch et al., 2006; Sieben et20(Q8; Mikosch et al., 2009). The diacidic dipeptide
EE has also been identified as lysosome targetgmak(Piguet et al., 1999). Despite the fact that
EE and EEE motifs in plants has not been reporselRaretention signals in contrast to di-lysines
motifs, the fact that D/EXD/E signals play a rafeeixport from the ER prompted us to investigate
the effect of their respective mutations on DMPIEGsubcellular localization. We performed
following mutations: E192A/E193A, E197A/E198A/E199K201A/K202A (Fig. 1B). We
generated additionally DMP4,,st€GFP which carries all substitutions (Fig .1). fany to the N-
terminal truncation series, we generated a C-teahiruncation series lacking various carboxy
segmentsA183-207,A194-207,A200-207 and\203-207 (Fig. 1B). DMP4g3-20r€GFP was found
in the ER and in aggregates (Table 1) suggestiagttio large C-terminal truncations may impede
proper folding and ER export. Proteins were notecketd on WB (Fig. 5D) suggesting that
translation termination may also be affected. Tired other C-terminal truncations as well as the
independent substitutions did not alter fluoreseepattern and protein banding pattern on WB
(Table 1, Fig. 5R and D). However, we did not iriigege the subcellular localization of these
proteins in stably transforme¥tabidospsis where the ER localization may be altered. Intanght,
DMP 17supst€GFP induced strong and chaotic membrane remagdatir3dpi whose overall pattern
somehow resembled “swollen” actin filaments witltremely intense signals in the perinuclear
region (Fig. 5S). Colocalization experiments betwé&aVIPl;q hqeGFP (Fig. 57), YFP-HDEL
(Fig. 5T,) and TPK1-mRFP (Fig. 3J showed that DMP1 was localized in the ER undergoi
drastic remodeling (Fig. 5). We did not observe colocalization between DMEER and TPK1-
MRFP except in the perinuclear region (Figs)58nd bulbs were rarely observed (data not shown)
indicating that tonoplast targeting of DMP1 was &mpd. This may be interpreted as impaired ER
export which would be dominant over tonoplast tange At 5 dpi, the ER largely regained normal
architecture (Fig. 5U). Tonoplast and bulbs lalielmere almost absent (not shown). Thus, the
simultaneous mutation of seven charged amino agithsn DMP 1carboxy-terminus impaired ER

export.
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Table 1. Overview of the different fusion proteins used liststudy with their corresponding tsdrmina
sequence, protein occurrence (bands on Westemabldtsubcellular localization in tobacco epideroghs
at 2-3 dpi. PM, plasma membrane, ER, endoplasriautem; N.D., not detected; n.d., not determined.

Proteins N-term protein occurrence subcellular localization
(D(ai?g'\t");t ) ATG TCC |  two (DMP1.1 and DMP1.2) n.d.
DMP1-eGFP fusions
eGFP-DMP1 - one PM
DMP1-eGFP
(DMP1p)DMP1-eGFP ATG TCC two tonoplast/bulbs
DMP1,0p-€GFP
N-terminal modifications
DMP1g,,-eGFP ATG GCC
DMP1,s-eGFP ATG GAA one
DMP1:3,-eGFP
DMP1,e-eGFP
DMP1;,,-eGFP ATG TCC two tonoplast/bulbs
DMP1,74-eGFP
DMP1gs-eGFP
DMP1s,4e3-€GFP ATG GCC one
DMP1,5c-eGFP ATG ACT BM
DMP1g,p/c3-€GFP ATG CCC
DMP1g,-eGFP ATG CCC wo
DMPls,reGFP ATG ACC tonoplast/bulbs
DMP1g,5-eGFP ATG TCT P
DMP1g,-eGFP ATG TTC
DMP1y20a-€GFP one
DMP 1y224/723-€ GFP
DMP 1y24a250-€GFP
DMP 1sea27-€GFP tonoplast/bulbs
DMP1158p/620-€GFP ATG TCC two
DMP1, 30ae314-€GFP
DMP 15354 33,-€GFP
DMP1, 361 374-€GFP
DMP134a/x350-€GFP N.D ER/tonoplast (slow cell death
DMP1p3gar30.-€GFP e ER + aggregates
N-terminal truncations
DMP1,,,-eGFP ATG TCT one
DMP1,,..-eGFP ATG AAA two
DMP1,1..,-€eGFP ATG GCT PM
DMP1,1.,c-eGFP ATG ATG
DMP1a16_.cac-€GFP ATG GCA one
DMP1,,,--eGFP ATG TCC ER + aggregates
DMP1,1.,c-eGFP ATG CTA _
DMP1,, 5-eGFP ATG ARG N.D. ER (weak signals)
C-terminal modifications
DMP1g192nE103-€GFP
DMP1£197a/E1088E190-€GFP tonoplast/bulbs
DMP 1x201a/k2024-€ GFP ATG TCC two
DMP1;¢,,-€eGFP ER (strong remodeling)
C-terminal truncations
DMP1,15:.00-€GFP N.D. ER + aggregates
DMP1A194_207'6GFP
DMP1,50c.20-€GFP ATG TCC two tonoplast/bulbs
DMP1A205_207'6GFP
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Discussion
Improvement DMP1 translation initiation site abolishes translation of DMP1.2

The majority of proteins showing multiple distrilmrts which are described in the literature result
from multiple transcripts from a single gene or tim¢ genes (Karniely and Pines, 2005). In our
cases, we clearly showed using 5-RACE-PCR andeserng that DMP1.1 and DMP1.2 derive
from single transcripts. Mutation of the first ASGR' codon and the second in-frame ABGT
codon clearly showed that a leaky ribosome scanisingsponsible for the generation of the two
isoforms. Moreover, mutation of the second AUG' codon clearly excluded that DMP1.2
translation is initiated alternatively at a non-Ald@don which has been reported in different cases
of multiple-targeted proteins (Kobayashi et al.020Christensen et al., 2005; Sunderland et al.,
2006; Wamboldt et al., 2009). Effect of overexpm@sson ribosome scanning was excluded as
DMP1.1 and DMP1.2 were detected in tobacco andratidopsis expressing DMP1-eGFP from
the native promoter. The scanning model implie$ tha ribosome binds first to the 5" end of a
transcript and migrates linearly until it encousténe first AUG where it stops (Kozak, 1986).
DMP1.2 translation could also be abolished by myadg and improving translation efficiency at
the first  translation initiation  site  (TIS). Based on 28382  sequences,
aaaaaaa(A/G)(A/ClaAUGcgaataata has been determined as consensus sequdémeabidopsis
(Rangan et al., 2008). Positions -3 and +4 arengtaeterminants of TIS in plants (Joshi et al.,
1997; Rangan et al., 2008) and mammals (Kozak, 2892 are suggested to have synergistic effect
on initiation of translation (Pisarev et al., 2006)S lacking both purines in position -3 and G in
position +4 are described as weak context enabdizky scanning (Kozak, 2002). DMP1.1 TIS has
a C in position -3 and a T in position +4 (CAAGCTOGATCCGAA) which is the third rarest
combination inArabidopsis found in only 1,54 % of all transcripts (Rangan at, 2008).
Interestingly, expression form the 35S promoter clvhtontains a different 5° UTR did not
influence translation efficiency although an A @ihd in position -3 (Fig. 7D). Only additional
substitution of T in position +4 to G (mutationsA2AS2, S2A/E3A) abolished translation of
DMP1.2 and thus, probably forced the ribosome tp stit the first TIS. Substitution to A
(mutationsAS2E3) or C (mutations S2P, S2P/E3P) did not infteetnanslation of DMP1.2 at the
second TIS. Thus, only the conserved combinatian A8 and G in +4 which is found in 25,53 %
of all transcripts inArabidopsis (Rangan et al., 2008) appears to stop scannirtbeafirst TIS
leading to translation of only DMPL1.1. Interestingthe second TIS (AAAACAUGCAAA)
leading to translation of DMP1.2 has a much momeseoved context than DMP1.1 with A in -3
and G in +4. The fact that we did never observed bands with N-terminal fusion proteins

independently of the tag used (eGFP, 3xHA, 4xMgcllirectly linked with the fact that DMP1.1
104



Chapter 3
TIS is not used as first TIS. The TIS of the resipectags might promote efficient translation
preventing further scanning until DMP1.1 TIS. Tlh#&dr may be too distant from the first TIS in
these constructs despite putative leaky scanniaduither confirm skipping ribosome scanning we
performedn vitro transcription and translation of DMP1 using ralwbitculocyte lysates and a cell-
free system (Schwarz et al.,, 2008). Unfortunatetthbapproaches failed and were finally
abandoned. All in all our data obtained with tliéedent mutations are clearly in agreement with

the ribosome scanning model.
The PM is the default pathway for DMP1.1 and DMP1.2

In tobacco, we showed that DMP1.1-eGFP (DMBA-eGFP and the mutated forms DMPa
eGFP, DMP1s-eGFP and DMP&aesx€GFP) is targeted to the tonoplast and that DMiGEP
(DMP1451.10€GFP, DMPl;.1.¢mRFP and DMPgc_cac-€GFP) is found at the PM and
endosomes. It indicates that lack of the 19 fisstsaresponsible for targeting to the tonoplastsrh
a positive signal likely targets DMP1.1 to the tplast and location at the PM of DMP1.2 appears
to be directly due to the absence of this sigmabther terms, the PM is likely the default pathway
for DMP1.2. The fact that we observed endosomeginly the TGN with DMP1.2-eGFP and not
with DMP1.1-eGFP strongly suggest that they take wuhfferent routes along the secretory
pathway. Our extensive analysis using differentated fusion proteins allowed us to confine the
targeting sequence at the very end of the amimoineis. We found that position S2 and to a lesser
extend position E3 are crucial for targeting to #aeuole. Indeed, we showed that mutation S2P
largely but not totally redirected DMP1-eGFP whereautations S2P/E3P was only found in the
PM. However, S and E are not indispensable aadsetlpositions since the mutations S252,
E3A, AE3 and S2A/E3A did not alter proper targeting te tbnoplast. Thus, certain amino acids
can substitute for the native ones without affertiargeting while others cannot like proline. In
contrast, deletion of these a@S2E3) redirected the fusion protein to the PM satigg that the
overall length of the N-terminus is also required proper targeting. The mutatiaxiL-4, which
corresponds taS2E3T4 is also found at the PM, confirmed this llgpsis. Indeed, this deletion
“restitutes” a serine in position 2 and placeswilee in position 3 (originally in positions 5 afd
respectively). Thus, the deletion itself is respiolesfor loss of tonoplast targeting and not the
nature of the aa in these positions. All largeetiehs A1-9,A1-14 andA1-19 (DMP1.2)) show the
same subcellular localization at the PM. Thus lengt the N-terminus is critical for proper
targeting. Similarly, the length of the N-termirgluble longin domain of R-SNARES is required
for vacuolar targeting. Truncation of this doma®ads to loss of tonoplast localization and
redirection to the PM and endosomes, likely the T@Wmura et al., 2005). Even larger deletions
of DMP1 N-terminus 41-25 andA1-29) however led to ER retention, indicating thatertain
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length of the N-terminus is nevertheless requiredtfansit to the PM. We did not modify the
length of the first TMD. It has been reported fingle-pass membrane proteins that it is
responsible for retention in a specific compartmaong the secretory pathway in yeast, animals
and plants (Pedrazzini et al., 1996; Rayner antidpgl 1997; Yang et al., 1997; Brandizzi et al.,
2002). Brandizzi et al. (2002) showed using chirmdfat successive deletions within the TMD
from 23 aa to 20 aa and to 17 aa resulted in aagtm from the PM to Golgi vesicles and ER
membranes respectively. Thus, length of the TMDeapp to be a crucial sorting parameter for
single-pass membrane proteins and was proposec tinked with an increase of membrane
thickness along the secretory pathway. To our kadge, a similar process has not been reported to
date for multiple-spanning membrane protein. Howewe showed that certain mutations within
the first TMD (P38A/T39A) abolished proper targetito the tonoplast and induced aggregates
within the ER. Substitutions 134A/K35A even inducedll death for an unknown reason. This
mutated protein was found to be weakly detectabtddzralized to both the ER and the tonoplast,
two membranes where DMP1 is natively found in. Thtss unlikely that it induces atrtificial
effects due to its function in a foreign membrasewae observed for DMP3 and -5 (chapter 4).
Indeed, N-terminal fusion of eGFP to DMP3 and -8uiced an accumulation of these proteins,
which are normally found at ER membranes, in Geégicles inducing rapid cell death obviously
due to their mislocalization. In the case of muatasi within DMP1 first TMD, they likely impaired
proper folding and topology or altered putativeeratctions with the other TMDs within the

membrane.

The accessibility of the N-terminus also appearsdorequired. Indeed, the N-terminal fusion
eGFP-DMP1 is “mistargeted” although the whole térgginformation is still present. eGFP likely

masked the signal which became inaccessible fasolit proteins targeting ultimately the proteins
to the tonoplast. Some studies dealing with mitochial-targeting showed comparable events
where removing from or adding aa to the N-termialtered mitochondrial targeting (Chaumont et
al., 1994; de Castro Silva Filho et al., 1996; Rueéh al., 2002; Bonke et al., 2003; Carrie et al.,
2009b). eGFP-DMP1 corresponds to eGFP-DMP1.1. IfPRM is not targeted to the tonoplast
anymore, it transits to the PM where it perfectbfocalized with DMP1.2. Thus, absence of the
targeting signal or masking by additional aa ditbetproteins to the PM which suggest that the PM
represents the default pathway for both DMP1.1 GMP1.2 isoforms. Thus, the very end of the
N-terminus of DMP1, especially position 2, its adeftength and its accessibility are all required
for proper targeting to the tonoplast. Fusion of BIMN-terminus to the mistargeted eGFP-DMP1
(30aapmMPEGFP-DMP1) did not restore tonoplast targeting espccessibility of the N-terminus

suggesting that not only the length of the N-teusibut also the relative position of the lattethie
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first TMD is critical for proper targeting. DMRJd,-eGFP proper targeting to the tonoplast
corroborates this assumption. DMP1 N-terminus wWsg shown to be insufficient to target soluble
proteins to the lumen of the vacuole as well aglated integral PM proteins to the tonoplast.

Does DMP1 contain an ER export site?

We showed that the C-terminus of DMP1 is not diyectvolved in tonoplast targeting as most
truncations £194-207,A200-207 andA203-207) and all individual substitutions (E192A%3A,
E197A/E198A/E199A and K201A/K202A) did not affeargeting. Similarly to the N-terminal
truncations, the largest truncation1@3-207) was retained in the ER and was not detemeWWB
which suggests impairment of proper translatioomieation, protein folding or translocation.
However, substitutions of the di-KK, di-EE and EEE motifs at once (DMPB.,,s€GFP) led to
predominant retention in the ER and induced stramgmbrane remodeling which tended to
disappear with time. However DMRl,+eGFP remained associated with ER membranes and did
not reach the vacuole suggesting that ER export wegaired. Whether the three motifs act
synergistically as ER export signals is speculafive substitutions for alanines may have created
a hydrophobic C-terminus impairing proper foldingdaaffecting DMP1 function. The drastic
remodeling may be seen as illustration for an adtgarotein function and confirm DMP1 inherent

properties to induce membrane remodeling (chapter 2
Protein-protein interaction directs DMP1.2 to the bnoplast

DMP1.1-eGFP is targeted to the tonoplast whereaPDRteGFP is found at the PM when
expressed independently. Expression of DMP1-eGE8sl¢o the expression of both isoforms at
once due to leaky ribosome scanning. Both isofomese found in more or less equimolar
concentrations when DMP1 was expressed as unfusgelirp fused to different tags or carrying
various mutations which did not affect ribosomeppkng (Fig. 4A, B, C, D, E and F and 5A, B, C,
D and E). However, fluorescence signals at the Pkheé presence of both isoforms expressed from
the same construct were largely undetectable. eBkiPescence intensity would be strongly
reduced if eGFP faced the vacuolar lumen (Tamuw.eR2003) or the apoplast due to the acidic
environment. Since protein topology is retainedrdymigration through the secretory pathway, the
C-terminus of both DMP1.1 and DMP1.2, and thus e@&dfde in the cytosol. Therefore, eGFP
fluorescence intensity should be equal when assatitn the PM or the tonoplast. Moreover, a
prerequisite of the split-ubiquitin system is tha terminus to which the C-terminal ubiquitin half
Cub is fused, has to be cytosolic to allow releafsthe synthetic transcription factor and activatio
of the reporter gene after migration into the nusl€Stagljar et al., 1998). Both Cub-DMP1 and
DMP1-Cub was found to function as bait (chapteindlicating that both N- and C-termini are
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cytosolic in yeast. The fact that the PM localiaatiis hardly visible in the presence of both
isoforms is reminiscent of the notion of “eclipsqabtein isoforms where one location is not or
only hardly detectable due to uneven membraneiligiton (Regev-Rudzki et al., 2005; Regev-
Rudzki and Pines, 2007). We provided evidences IaP1 is able to dimerize in yeast. eGFP-
DMP1 was found to form homodimers and tetrametsliacco using chemical crosslinking. Thus,
DMP1.1 mistargeted to the PM can still interacthwitiself. Our competition experiments using
DMP1-eGFP (i.e. DMP1.1-eGFP + DMP1.2-eGFP) or DMilgd-eGFP (i.e. DMP1.1-eGFP alone)
coexpressed with DMR1,omRFP (DMP1.2-mRFP) showed that the DMP1.2-mRFRtitra
found at the tonoplast was greater when coexpresgbdMP 1y20a-eGFP than with DMP1-eGFP,
so in the absence of DMP1.2-eGFP. This suggestgpeition of DMP1.2-eGFP and DMP1.2-
MRFP for interaction with DMP1.1-eGFP. However deieation of the respective expression
level at cell level could not be achieved diredilyt only indirectly by investigating cells showing
approximately equal fluorescence signals for biatbrbphores at given settings. We made the same
observations using MRFP-DMP1 instead of DMB&mMRFP confirming that DMP1.1 can interact
not only with DMP1.2 but also with itself. Thus tdemain responsible for dimerization or higher

oligomerization is not located within the 19 fiest of the N-terminus.

We observed fluorescence signals at endosomes whgn DMP1.2 was expressed alone.
Expression of DMP1-eGFP leading to translation athhisoforms did not lead to the labeling of

these structures. This further indicates that #tdorms take two independent routes along the
secretory pathway when expressed independentlytlztdDMP1.2 is largely redirected to the

tonoplast in the presence of DMP1.1. This is resu@nt of ZmPIP1s and ZmPIP2s membrane
distribution. When expressed independently, ZmPWg2ge found in the PM whereas ZmPIP2s
were retained in the ER. Coexpressed, ZmPIP1s wedweated to the PM (Zelazny et al., 2007).

The authors showed that this relocation was dumteryaction between ZmPIP1s and ZmPIP2s
using FRET/FLIM imaging microscopy. The traffickitg the PM of two ZmPIP2s (ZmPIP2;4 and

ZmPI1P2;5) was then shown to result from the preserfa diacidic motif acting as ER export site

(Zelazny et al., 2009).

Since the function of DMP1 is still unknown, it é@mplicated to speculate about the biological
relevance of DMP1 membrane distribution and DMPadtitional occurrence. However a
comparable distribution was observed with the tdast intrinsic proteins TIP3;1 and TIP3;2
which additionally to their tonoplast localizatishowed developmentally regulated PM- and to a
lesser extend ER localization (Gattolin et al., POIThey were found to localize at the tonoplast,
the PM and ER membranes in embryos during seedratiain and during the early stages of seed

germination and not in the other tissues they vesi@essed in. The authors speculated that they
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may compensate for the absence or low concentrafiétiPs during these developmental stages.
However, the molecular mechanism behind this dg@retnt-dependent membrane distribution was
only monitored but not investigated.

Outlook

The distribution of DMP1 isoforms will be furthenviestigated by microsome fractionation on
sucrose gradient. eGFP-specific and DMP1-speaifibadies will be used to discriminate between
both DMP1 isoforms and antibodies against ER-, RKNH tonoplast-specific membrane proteins
will allow to determine their subcellular distrilbah in transgenic lines overexpressing either
DMP1-eGFP, eGFP-DMP1 (Kasaras and Kunze, 2010pfoised DMP1 (chapter 4). Fractionation
in the presence or absence of #Mghich stabilize or dissociate ribosomes from tierEspectively

will be use to unequivocally show DMP1 localizationthe ER. Eclipsed occurrence of DMP1.2 at
the PM would be manifested in identical membramgriution of both isoforms in the same
fractions and absence of DMP1.2 in the fractiont@imimg the PM-derived microsomes. DMP1

capacity to interact with itself would be corrobiech
Material and methods
Generation of constructs

All PCR reactions were performed witfu polymerase (MBI Fermentas) or Phusion® High-
Fidelity DNA PolymerasgNew England Biolabs) and the sequences of all p@Riucts were
verified by sequencing (GATC). The primers used tfeg generation of the different constructs
described in this study are listed in Table $8SDMP1-eGFP and DMP1pro-DMP1-eGFP were

generated as described in Kasaras and Kunze, 2@ilRasaras et al, 2011 respectively.

The open reading frame of DMP1 was amplified fromNg with Xbal DMPlre F and
Pstl_DMPLgr_R and the resulting PCR product was digested Mi-Pstl and ligated toXbal-
Pstl digested pNGTkan3 to generad38S eGFP-DMP1. Similarly 35S DMP1 was generated by
using the same digested PCR amplificate but bytitigait to Xbal-Pstl digested pPTkan3. The
generation of35SDMPLp2-eGFP required several stepsGFP was amplified from pGTkan3
with the primers Xhol/GlyeGFP_F and Ncol/Gly-AlaGly/eGFP_R and in parallel two DMP1
halves were generated. The first half was amplifisthg the primer pair Xbal DMRB&r, F/
Xhol_DMPI1orr R corresponding to amino acids 1-108 of DMP1 ahd stecond using
Ncol_DMPIorrz F/ Pstl_DMP%grr; R representing amino acids 109-207. By successive
digestions/ligations, the two DMP1 halves were fude eGFP leading to DMR&rr-eGFP-
DMP1orr2 DMP1orr and eGFP being separated by asdilyker and eGFP and DMB&g; by a
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Gly-Ala,-Gly-linker. DMPlorrreGFP-DMP re2 Was then digested witkbal-Pstl and ligated to
Xbal-Pstl digested pPTkan3 to gener8&S DMP1,o0p-eGFP. 35S mRFP-DMP1 was generated by
amplifying mRFP was amplified fror85S:mRFP-MUB2 using the primer pair listed in Table S1.
The resulting amplificate was digested wipnl-Xbal and ligated td<pnl-Xbal digested pPTkan3
already containing DMP1 (i.e. constrd&S. DMP1) to generat@5S mRFP-DMP1.

The N-terminal truncations series including the storcts35S. DMP1,1.4-eGFP, 35S DMP1,;.o-
eGFP, 35S DMP1,1.14-eGFP, 35S DMP1,1.19-eGFP, 35S DMP11.25-eGFP, 35S DMP1/1.29-eGFP,
35S DMP1,;.34-eGFP as well as the constructs containing substitutmmndeletions within the first
five N-terminal amino acids 36S DMP1ga-eGFP, 35S DMP1,-eGFP, 35S DMP1g3a-eGFP,
35S DMP1g3-eGFP, 35S DMP114a-eGFP, 35S DMP1,14-eGFP, 35S DMP1ga-eGFP,
35S DMP1gaesn-eGFP, 35S DMP1,9e3-eGFP, 35S DMPlgp-eGFP, 35S DMPlsr-eGFP,
35S DMP1gr-eGFP, 35S DMPlgos-eGFP, 35S DMPlspesp-eGFP) were generated by using
specific forward primers, a unique reverse prinsee(Table S1) argbS DMP1-eGFP as template.
All PCR products were digested witkbal-Pstl and ligated toXbal-Pstl digested pPGTkan3.
35S DMP1,;.1o-mRFP was generated by amplifyingMP1,,.19 using the primer listed in Table S1,
digesting the resulting amplificate witKbal-Xhol and by ligating it toXbal-Xhol-digested
pPRTkan3.

35S . DMP1yi20a-€GFP, 35S DMP1nooam23a-€GFP, 35S DMP1n2sak2sa-€GFP, 35S DMPlssp27a-
eGFP, 35S DMP1128a/620a-€GFP, 35S DMP1, 30ne314-€GFP, 35S DMP1gzon 338-€GFP,

35S DMP1,34a/k35a-€GFP, 35S DMP1, 35p1 37a-€GFP, 35S DMP1p3sat30a-€GFP were all generated
in two distinct PCR reactions using the consti88%DMP1-eGFP as template and a subsequent
overlapping PCR with the two first PCR products tesiplate. The first PCR products were
generated using a unique forward primer (towardsM&Socated on the vector just upstream of
the 35S promoter and a second specific reverseeprantaining the desired mutation (see Table
S1). The second PCR products were generated vagieeific forward primer corresponding to the
reverse complement sequence of the specific reyenmsers used in the first reactions and a unique
reverse primer (eGFP-Gen5') binding in the eGFRiesece (see Table S1). 88S DMP1-eGFP
was used as template all first PCR products coathihe originalXbal restriction site and the
second ones, the origin&ktl restriction site. The overlaps of the respectwe PCR products
created by the complementary primers used in tisetivo PCRs allowed the generation of single
PCR products containing the mutations in final égring PCR reactions with towardsMCS_F
and eGFP-Gen5’ as external primers. These PCR gioaere then digested widbal-Pstl and
ligated toXbal-Pstl digested pPGTkan3.
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DMP1e102a/E103a-€GFP,  DMPle1g7aiE108aE190-€GFP,  DMP1k2014/k2024-€GFP,  DMP17gypy-€GFP
were generated in a comparable cloning strategly b distinct PCR reactions and subsequent
overlapping PCR reactions.35SDMP1-eGFP was used as template and the unique external
primers (35S-towardsGene and RBCS_term) as wdlhaspecific internal primers are listed in
Table S1. The resulting PCR products were digesigld Xbal-Pstl and ligated toXbal-Pstl
digested pPGTkan3.

The C-terminal truncation serie®NIP1 153 207-€GFP, DMP1,194.207-€GFP, DMPL1200207-€GFP,
DMP1,203207-€GFP) was generated by using a unique forward prinpecidic reverse primers (see
Table S1) an@5S DMP1-eGFP as template. The PCR products were then digesteéddval -Pstl
and ligated toXbal-Pstl digested pPGTkan3.

35S DMP1-3xHA, 35S 3xHA-DMP1, 35S.DMP1-4xMyc and35S 4xMyc-DMP1 were generated via

LR reaction (GATEWAY cloning technology) between PtpDONR222 (Entry Clone) and the
destination vectors pGWB14, 15, 17 and 18 respelgtnDMP1-pDONR222 was created via BP
reaction between a PCR product consisting of DMRhked by the attBl and attB2 sites
(amplified with the primer pair attB1-DMP1_F/attBE®VIP1 R, see Table S1) and pDONR222.

35S MRFP-ARA7 (ref) was reamplified by PCR with Xbal-mRFP-AraRRFP-Ara7-Xhol (see
Table S1), digested witKbal-Xhol and ligated toXbal-Xhol digested pPTkan®5S TPK1-mRFP
and35S mRFP-MUB2 are described in (Kasaras and Kunze, 2010)388tMan49-mCherry (G-rb,
CD3-968) in (Nelson et al., 2007).

Plant material, growth conditions and plant transfamation

Arabidopsis thaliana ecotype Columbia O anMicotiana benthamiana plants were grown and
transformed as described in (Kasaras and Kunze)20QAll Agrobacterium cultures were

resuspended to QByn=0,05 prior to tobacco infiltration.
Microsome purification, Western blotting and antibodies

For each extraction, 1 g grinded plant material vessispended in 3 ml extraction buffer (50 mM
HEPES pH 6,5; 10 % sucrose; 5 mM EDTA; 1 mM DTTotpase inhibitor cocktail). Lysates were
filtered through a double layer of Miracloth andhtduged for 5 min at 4 °C, 2500 g. Supernatants
were ultracentrifuged for 45 min at 4 °C, 100000 lge pellets representing the membrane fractions

were resuspended in 350 ul extraction buffer.

10 pl of the membrane fractions were denaturatedl® min with Laemmli buffer at 95 °C,
separated onto SDS/PAGE gels, blotted onto PVDF bn@ne (Immobilon-P, Millipore,
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Schwalbach, Germany) and detected by chemiluminescgPierce ECL Western Blotting
Substrate).

Detection was achieved with following antibodiesouse anti-HA (Covance), mouse anti-Myc
(Millipore), rabbit anti-GFP-HRP (Santa Cruz) anabbit anti-DMP1 (Pierce). As secondary
antibodies, goat anti-mouse or anti-rabbit IgG-HBSBnta Cruz) were used. To obtain anti-DMP1,
rabbit anti-serum was raised against the DMP1 @itaal peptide (KRSGIGYAPIAEEVGAE)
corresponding to amino acids 181 to 197. Anti-semias directly used without purification as
1:5000 dilution for detection.

Chemical crosslinking

Crosslinking experiments were performed directlyerafmicrosome purification. Microsomal
fractions were incubated with 5 mM Dimethyl Subadates2 HCI (DMS) (Thermo Scientifidor

one hour at room temperature prior to denaturatimhloading on protein gel as described above.
5" RACE-PCR

RNA was isolated froniNicotiana benthamiana infiltrated leaves using TRIsure (Bioline) andrfro
Arabidopsis thaliana (senescing tissues and roots) as previously dest{Downing et al., 1992). 2
pg total RNA of each sample were used to transamiBNA into first-strand cDNA using the
RevertAid" Reverse Transcriptase possessing RNase H acfMiBl Fermentas) and a DMP1
specific primer (DMP1-intl, see Table S1). The cDMAre column-purified (Macherey-Nagel)
and subjected to poly(A)-tailing by Terminal Deoxgteotidyl Transferase (MBI Fermentas).
d(A)-tailed cDNA were column-purified and used ifirat PCR reaction. An Oligo dT primer fused
to a linker (Oligo d(T)-anchor_F), an internal DMp@imer (DMP1-int2), Taq DNA Polymerase
(MBI Fermentas) and following cycling conditions iweused: 2 min at 94 °C initial denaturation
followed by 35 cycles of 25 sec 94 °C, 25 sec 58 4& sec 72 °C and 5 min at 72 °C final
elongation. PCR products were diluted 1/20 and asegmplate in a second PCR reaction (nested
PCR) with the primer pair anchor_F/DMP1_int3 (sebl€ S1) and the same cycling conditions as
above. PCR products of both PCR rounds were seghiat gel electrophoresis and verified by
sequencing (GATC).
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Chapter 4

DMP1 is a senescence-associated WRKY -regulated gene presumably involved in cell death by
protein-protein interaction with Bax I nhibitor-1 and Cytochrome b5
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Chapter 4
Abstract

DMP1 (DUF679 nembrane_potein 1) was identified in a screen fohrabidopsis thaliana
senescence-associated genes encoding membranm9rbDtdP1 is strongly upregulated during
developmental and induced senescence. BMP1 overexpressor and knockout mutant lines enter
senescence earlier than wild-type plants when growrnow-fertilized soil. Using reporter gene
constructs with GUS and eGFP, the promoteD®IP1 was shown to be active in a patchy pattern
in the senescing leaves reminiscent of lesion mimigants. Mutational analysis of thaVP1
promotor identified two adjacent WRKY cognate bmglisite (W-boxes) in a palindromic
configuration responsible fddMP1 specific upregulation during senescence. SeveRKW TFs
were able to bind to these W-boxes and to transsetitranscription as shown in transient assay
suggesting that the senescence-specific regulatiddMP1 is governed by WRKY transcription
factors. Upregulation through cycloheximide treattnguggests additional presence of short-lived
repressor protein(s) inhibitingMP1 expression during other developmental stages. @enuide
transcriptome analysis performed BMP1-OE1lidentified a downregulation of most jasmonate-
related genes in unwounded plants. OPDA, an inteiate of the JA biosynthesis pathway, which
is considered as intracellular senescence markersivawn to be twice as abundant in the mutant
than in WT. This points towards a shift in the depenental state which could explain the early
senescence phenotype observeDMP1-OEL A split-ubiquitin screen in yeast was carried tmut
isolate interaction partners of DMP1. DMP1 intesagith Bax Inhibitor-1 and the Cytochrome b5
(isoforms E and D), known to interact with eacheothThis finding suggests an involvement of
DMPL1 in cell death. Treatments with several ERssines exclude an implication of DMP1 in the
unfolded protein response (UPR) during ER str€ddP1 is predicted to be induced by several
biotrophic and necrotrophic pathogenes as wellaasebial elicitors suggesting a role in the plant
innate response and corroborating its implicationéll death processes. Responses of the different
DMP1 mutants to various biotic stressors are currentiger investigation and may help to

elucidate its cellular function.
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I ntroduction

DMP1 is a member of a protein family containing t@embers inArabidopsis thaliana All
AtDMP proteins are predicted to have four transmeamé spans, with cytosolic amino- and
carboxy-termini. DMPs are expressed from intronigsses exced®MP7 which contains a short
intron. Phylogenetic examination revealed an ubojps occurrence of DMPs in green plants
(Kasaras and Kunze, 2010). DMPs are absent froer @thgdoms which suggest an implication in
plant-specific processe€hlamydomonas reinhardtand Physcomitrella patengenomes contain
only oneDMP gene whereas dicots possess five to 13 and manadaoto 16DMP genesDMPs
expression pattern are highly tissue- and developisgecific (Kasaras and Kunze, 2010). Their
occurrence in tissues undergoing senescéDéaP1, -3, -4), dehiscenceddMP1) and abscission
(DMP1, -2 -4, -7) suggest an involvement in different types of paomgmed cell death.
Overexpression of DMP1-eGFP MNicotiana benthamian&riggers complex remodeling of the ER
and the tonoplast which culminate in fragmentatidrthese compartments ending in cell death
(chapter 2). Expression of DMP1-eGFP by the napvemoter highlighted the formation of
“boluses” at the ER and vesiculation of the enfife network preceding fragmentation of the
central vacuole during the latest steps of natgelescence and dark-induced senescence in
siliques, rosette and cauline leaves. This ledhéoassumption that DMP1 have membrane fission,
fusion or remodeling properties required duringabdown of the ER and the vacuole in senescing
cells undergoing cell death (chapter 2). All DMBteins locate to the ER or the tonoplast or both
when fused to eGFP (Kasaras and Kunze, 2010). Hanweloser investigation of DMP1 protein
occurrence in tobacco adabidopsisrevealed a much more complex distribution. Dua teaky
ribosome scanning at the first translation inigatisite, two proteins isoforms (DMP1.1 and
DMPL1.2) are transcribed from single transcriptsafithr 3). DMP1.1 is targeted to the tonoplast
whereas DMP1.2. locates to the plasma membraneatidns and truncations within the amino
terminus of DMP1.1 lead to redirection of DMP1.1ilhe plasma membrane which is thus believed
to be the default pathway. However DMP1.2 subcadlibcalization is largely “eclipsed”. Upon
protein-protein interaction with DMP1.1, DMP1.2 rsdirected to the tonoplast (chapter 3). The
molecular function of DMP1 and of all other DMP famims remains to be elucidated.

In the present study, DMP1 function and involvemémtsenescence and cell death were
investigated by usingmplknock-out impl-k9 and ectopid®MP1 overexpressing lineOMP1-
OEY1, by DMP1 promoter analysis and by isolating putative protgiteractors. Besid®MP1
strong upregulation during developmental senes¢cemeeshow thaDMP1 is highly upregulated
during dark-induced senescence in attached andlwstaeaves and in whole darkened plants.

dmpl-ko and DMP1-OEL1 both enter senescence earlier than wildtype plaht® phenotype
121



Chapter 4

observed irdmpl-kois proposed to be triggered by the presence otated transcripts that could
potentially give rise to truncated and possiblyfdgstional proteins. In contrast, the phenotype
observed inDMP1-OElis likely due to deregulated jasmonates levelgj@antification of JA-
related transcripts and measurement of OPDA coratént suggest. The senescence-specificity of
DMP1 was determined to be regulated by two w-bosesponsible for WRKY binding. Mutations
of these two motifs resulted in near-lossDiP1 expression during senescence. DMP1 function
was further investigated by isolating putative piotinteractors using the split-ubiquitin system in
yeast. Bax Inhibitor-1 and two isoforms of cytoameob5 were found to interact with DMP1 which

reinforce an involvement dMP1in cell death.
Results
Rever se genetic approachesto investigate DMP1 function

To investigateDMP1 function, several reverse genetic approaches emngloyed to manipulate
DMP1 expression. T-DNA insertion mutagenesis and adifimicro RNA technology were used to
knock down/outDMP1 expression and expression by the 35S promoterused to study the

effects ofDMP1 overexpression.

dmpl-kodisplays an early senescence phenotype

Homozygous plants of the only available insertioe Ipredicted to carry a T-DNA insertion inside
the open reading frame BIMP1 (GK-305G09-015571) were isolated by PCR (datashotvn) and
screened for phenotypical alterations. The mutdntpl-ko displayed an early senescence
phenotype compared to WT (Fig. 1A). This phenotyaes observed under continuous light (data
not shown) and long day (LD) conditions (Fig. 1A).was found to be highly dependent on soil
conditions and was visible on “low-fertilized” sdfFig. 1A) but not on “high-fertilized” soil (Fig.
1B). We did attempt to regulate the level of seiltifization in the hope of identifying the key
factors leading to the phenotype. Unfortunatelgsthefforts were abandoned as we found that soll
composition varied too much for any systematic l&tipn of the level of fertilization. Thus, further
phenotypical characterizations such as quantiboabf chlorophyll were abandoned. No stable
phenotype was observeal vitro on agar medium containing various nutrient contpmss either
(data not shown). Thus, the conditions leading lte early senescence phenotype on “low-

fertilized” soil could not be determined neither il norin vitro.

TruncatedDMP1 transcripts were detected dmpl-koplants by RNA gel blot analysis (Fig. 2B).

The intensity of the signals detecteddmpl-kowas weaker than in WT, indicating that these

transcripts were not as stable as the full leng®N. Investigation of heterozygoldMP1/dmpl
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plants confirmed this result, the level of truncatenscripts being below the level of the fulldém
transcripts and at lower detection limit. The itiger of the T-DNA was determined by sequencing
at position 491 of the open reading framéddP1 (Fig. 2A) anddmpl-kowas identified as single
insertion mutant by DNA gel blot analysis (data sbibwn) A second probe (3’ probe) was
designed to bind to a sequence DMP1 located downstream of the T-DNA insertion site
comprising the 3’-UTR. This probe was used to agauwestigate DMP1 transcript occurrence in
dmpl-keo DMP1/dmpland WT (Fig. 2A). No signals could be detectednmpl-ko(Fig. 2B, lower
panel, lane 3) confirming the absence of full l&nganscripts. The intensity of the transcripts
detected iDMP1/dmplconfirmed that the WT allele was present in alsingpy in this line. We
are currently unable to conclude whether the phgeodbserved idmpl-kois due to the presence
of truncated transcripts (with its associated pugatind dysfunctional proteins) or due to the

absence of the full length ones.

\f RN \BEL
D&P1a‘miRNA2-4 3 DMP1-OE1

- sl ke /e L
DMP1amiRNA2-4 DMP1-OE

Figure 1. Phenotypical analysis of dmpl-ko, DMP1-OE1 and DMPlamiRNA2-4 compared to the wild type. dmp1-
ko andDMP1-OE1exhibit early senescence phenotypes compared t@iMow fertilized soil (A). These phenotyj}
were not visible on standard high-fertilized s@).(DMPlamiRNA2-4lid not display any phenotypical alteration:
low (A) or high fertilized soil (B) compared to WT.

DMPlamiRNA2-4nutant lines do not display an early senesceneaqikipe

The implication of truncated transcripts in the mpbiype observed irdmpl-kowas further
investigated using the artificial micro RNA techogy. Different transgenic lines were generated to
knock down/outDMP1 expression. Four different constructs were geedratwo of them
containing the nativ®MP1 promoter DMP1p:DMPlamiRNAland?2), the two others containing
the CaMV 35S promoter 85S:DMPlamiRNAland 2) (Fig. 2C). DMP1p:DMPlamiRNAland
35S:DMPlamiRNAl were targeted against the same fragment DMP1 while
DMP1p:DMPlamiRNA2and 35S:DMPlamiRNA2against anotheDMP1 fragment. The 35S
promoter knocked dowDMP1 expression more efficiently than the native oneanescent rosette
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leaves (Fig. 2C)35S:DMPlamiRNAlappeared to knock dowdMP1 gene expression slightly
more efficiently tharB5S:DMPlamiRNA2nd was therefore used in further studies. This Wwas
screened in the third generation for homozygosity Kanamycin resistance and used for
phenotypical analyses. It did not exhibit an eadynescence phenotype similardimpl-ko(Fig.
1A). Thus, the phenotype observed dmpl-kocould originate from truncated and possibly
dysfunctional proteins due to the presence of ttet transcripts. However, despite the fact that
almost no transcripts were detected on RNA gel &hatlysis ir35S:DMPlamiRNA2-{Fig. 2C), a
complete silencing oDMP1 expression during senescence is unlikely using§ceat micro RNA
technology. Thus, residuBIMP1 transcripts may allow translation of DMP1 proteios sufficient
level during senescence. Figure 2C shows transchipm independent transformants in the first
generation. Transcript occurrence may be verifigdRBNA gel blot analysis in the third generation

to exclude putative loss of silencing over generei
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DMP1-OE1ldisplays an early senescence phenotype simi@mtml-ko

The effect of DMP1 overexpressidn planta was investigated by generating transgenic lines

containingDMP1 under the control of the 35S promoter. On RNAget, the transcript level of
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DMPL1 in juvenile leaves was strongly increased in #flecent primary transformants tested (Fig.
2F). DMP1-OElandDMP1-OE2were chosen for further analyses. Using DMP 1-axlyp DMP1
proteins were already shown to be overexpressetthase lines (chapter 3). Surprisingly, they
exhibited a similar phenotype mpl-ko entering senescence earlier than WT plants (Big.
DMP1-OE1 and DMP1-OE2 senesced slightly earlier thaimpl-ko No other macroscopic
alterations were visible in bottmp1-koandDMP1-OElines.

Transcriptional profiling of DMP1-OE1 by microarrapalysis

A comparative genome-wide transcriptome analysiBMP1-OEland WT plants was performed
to detect genes with altered expression levelsNtPD-OE plants. For this experiment Agilent type
"Arabidopsis 4" microarrays carrying 43.603 feasumgere used. To avoid analyzing tissues at
different developmental stages, leaf 60WIP1-OEland WT was harvested at 28 DAS when the
plants did not display any phenotypical differenges. The first senescence symptoms which
appeared in thBMP1-OE1lline were not visible before 36 DAS in leaf 6. \Alened to detect even
subtle changes in gene expression in respond@éMB1 overexpression which may lead to the
phenotype observed later during development. Wendid observe a significant up- or down-
regulation of large number of genes. Apart from 2B&0-fold DMP1-upregulation in the mutant,
the strongest upregulation observed was an 1ldbahge in expression compared to WT. The
strongest downregulation reached a 22,8-fold chaDg&ébase analyses were performed to find a
connection between the senescence phenotype affidnitteon of these upregulated genes, but no
plausible explanation was found. Thus, the uprdgdlgenes will not be presented here in more

detail.

However, we observed that almost every gene ingolvethe biosynthesis and regulation of
jasmonates (JA) as well as jamonate-responsivesgeras downregulated in theMP1-OE1
mutant (Table 1). Most JA biosynthesis genes undetslight downregulation (see reviews for the
JA biosynthesis pathway (Wasternack, 2007; AcostaFarmer, 2010; Wasternack and Kombrink,
2010)). JAZ proteins have been recently identifesdnegative regulators of the transcription of
jasmonate-responsive genes (Chini et al., 2007%dC#t al., 2008; Chini et al., 2009). A majority of
JAZ proteins were downregulated IDMP1-OE1l (Table 1). JAZ7 was the most strongly
downregulated JAZ protein (Table 2). MYC2, the kiegnscriptional activator of jasmonate
responses (Boter et al., 2004; Wasternack and Kioi010), and ORA47, another TF involved
in JA signaling (Pauwels et al., 2008) were dowolagd by a factor of 1,4 and 12,5 respectively.
Several other known JA-responsive genes suchBB1 and2 or STZ also showed significant

lower expression level in restiigMP1-OEL1 The gene showing the strongest downregulation was
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CYP94B3(Table 1). This gene has been recently identifed&-lle-12-hydroxylase (Koo et al.,
2011) mediating inactivation of JA-lle to the lageanactive form 120H-JA-lle. Thus, an
accumulation of the active form JA-lle could ocaarDMP1-OEldue to a decreased catabolism
rate. In turn, the cell may try to compensate #ftisumulation by decreasing the expression level of

JA-related genes which would fit with our findings.

x fold change x fold change Table 1. Most JA-related genes are down-
(qQRT-PCR) (micro-array) regulated in DMP1-OE1 plants compared

Genesinvolved in JA biosynthesis to WT plants. Microarray analyses we
performed using cDNA from 28 DAS ¢

LOX2 -1,8 -1,8
AOS 1,5 1.2 DMP1-OE1 and WT plants (rosette leal
AOC1 1.4 1.4 respectively). Most JAelated genes show
AOC2 -1,6 1.7 moderate down-regulation iIrDMP1-OE1
AOC3 2,3 -1,6 compared to WT with only a few of th
PXA1 -1,0 1,2 showing strong downregulation. Gene regu
OPR3 1,4 1,2 lation was verified by qRPCR. Genes a
OPCL1 -1,4 -1,4 classified accordingot their function in th
ACX1 -1,6 -1,2 JA pathway and response.
JA modifying enzymes
IMT nd. 1,2 Abbreviations
JARI , 1.1 0.9 LOX, lipoxygenase
JA-Ile catabolism gene AQS, allene oxide synthase
CYP94B3 -40,3 -22.8 AQC, allene oxide cyclase

PXA1, peroxisomal ABC transporter

components of jasmonate co-receptor complex OPR3, oxophytodienoic acid reductase 3

coll 1,0 1 OPCL1, OPC-8:0 CoA ligasel
JAZ1 2,7 2,1 ACX1, acyl-CoA oxidase 1
JAZ?2 -1.4 -1,3 JMT, S-adenosyl-L-methionine:jasmonic
JAZ3 -1,3 -1,3 acid carboxyl methyltransferase
JAZ4 1.2 1.3 JAR1, jasmonate resistantl (jasmonate-
JAZ5 23 24 amido synthetase) f

’ ’ COI1, component of JA co-receptor
JAZ6 -1,3 -1,2

complex

JAZT -4,8 -6,7 JAZ, jasmonate zim domain

JAZ8 -3,2 -3,3 MY C2, MYC-related transcriptional

JAZ9 -1,3 -1,4 activator

JAZ10 -2,3 -1,9 ORAA47, member of the DREB subfamily A-
JAZ11 -1,1 1 5 of ERF/AP2 transcription factor family.
JAZ12 1,0 1,1 CYP94B3, cytochrome P450, family 94,

subfamily B, polypeptide 3, monooxygenase

TFsregulating JA-responsive genes involved in jasmonoyl-L-isoleucine

MYC2 -1,7 -1,4 catabolism
ORA47 -13,6 -12,5 PEPR1, PEP1 receptor 1
JA-responsive genes JR1, JA-responsive 1
N : M BP1, myrosinase-binding protein 1
PEglRl _;? 124 STZ/ZATI10, salt tolerance zinc finger,

subclass C1-2i C2H2-zinc-finger-type

MBP2 5,3 -3,9 nucleic acid binding protein

MBP1 -5,1 -4,7 ZAT11, subclass C1-2i C2H2-zinc-finger-
STZ/ZAT10 -3,5 -7,3 type nucleic acid binding protein

ZAT11 2,1 4.7 EXT4, extensin 4

EXT4 -2,0 -1,7 CYP94C1, cytochrome P450, family 94,
CYP94C1 -1,5 -1,4 subfamily C, polypeptide 1
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Quantification of JA content iDMP1-OE1

Based on the above-mentioned assumption on theawsafory mechanisms of JA level regulation
in DMP1-OE1, we quantified JA, JA-lle and 120H-JA-lle by GC-M3nfortunately, the levels of

all isoforms were mostly below detection limit. dfeasurements are usually performed on treated
plants, especially wounded plants which show dranaldy increased JA-concentrations within

minutes.

OPDA, a precursor of JA, considered as an intraleglimarker of senescence was also quantified.
It was found to be more than twice as higlDiMP1-OElas in WT (data not shown). We further
grew DMP1-OE1 dmp1l-koandDMPlamiRNA2-%n 1 uM, 25 pM and 50 pM (z)-jasmonic acid
and (x)-jasmonic acid methyl ester. None of therilgiked any phenotypical difference compared
to WT (data not shown). Thus, increased OPDA lewagld lower transcript level of JA-related
genes irDMP1-OE1did not modify JA perception and signaling.

DMPL1 transcriptional regulation during development and in response to stresses

DMP1 expression during natural and induced senescence

DMP1 was isolated in a genome-wide screen for seneseassociated genes as a highly
upregulated gene during natural and induced senesc@/an der Graaff et al., 200@8)MP1
expression was found to be upregulated at the afsstnescence and to strongly increase until
death during natural senescence (NS), dark-indseedscence in individually darkened attached
leaves (DIS) and detached leaves (DET) (Fig. 3A)all casesPMP1 upregulation coincided or
slightly followed upregulation c8AG12and occurred in rosette leaves whREBCS-1Bexpression
was already strongly downregulated indicating D&tP1 is belatedly induced during NS, DIS and
DET. The senescence-specific expressiorDMP1 during natural senescence in silique walls,
rosette and cauline leaves was confirmed by semifative RT-PCR (Fig. 3C) (Kasaras and
Kunze, 2010), and RNA gel blot analysis (Fig. 3GQUS staining of senescing siliques of
transgenic plants carryirgMP 1pyuidA showed thaDMP1 expression started at the floral organ
abscission zone and silique wall dehiscence zomsdkas and Kunze, 2010) and then progressed
from base to tip (Fig. 3D). RNA gel blot analysisnirmed thatDMP1py,UidA undergoes a
senescence-specific regulation comparable to thieenaxpression oDMP1 in WT (Fig. 3E).
Interestingly, DMP1 appeared to be expressed in a patchy patterngddd (Fig. 3F) and in
response to darkening (Fig. 3G) reminiscent ofgpagt seen in lesion mimic mutants (Lorrain et al.,
2003). Concordant results were obtained by invastig DMP1pyuidA plants as well as the

translational fusiorDMP1-eGFP expressed fronDMP1py, However, we could not investigate
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DMP1 expression pattern in late senescing tissues $imese tissues could not be properly GUS-
stained and showed a too high fluorescence backdranasking eGFP-specific signals at
macroscopic level (data not shown). The only noatpsynthetic tissue to expreB81P1 were the
roots (Fig. 3C) (Kasaras and Kunze, 2010) showeghighest expression level BMP1 in the

phloem bundles and the root tips.
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Figure 3. Investigation of DMP1 expression patterns during natural and induced senescence. (A) Expressio
profiles of DMP1, SAG12and RBCS-1Bduring natural senescence (NS), damdtuced senescence in individ
attached (DIS) and detached (DET) leaves extrefobad the microarray experiment described in Van @eaaff et al
(2006). Fold changes in expression level are shfmwreach gene and treatment. (B) Expression psofietDMP1,
SAG12andRBCS-1Hollowing darkening of whole plants for 2, 4, 6da® days were determined by q®TCR. Value
are expressed in fold change compared to non-dedkpiants of the same age and normalized usB@1Q (C) Semi-
guantitative PCR and RNA gel blot analysis @¥P1 in different tissues and developmental stages cosup#
expression levels 8AG12andRBCS 10 ug total RNA were loaded and equal loadirghiswvn by 28S rRNA on RN
gel. (D) GUS staining of juvenile to senescengsidis (from left to right) frolDMP1p:uidAplants show progression
expression from base to tip during silique senesze(E) RNA gel blot analysis @MP1p,,uidA whole rosettes
different developmental stages shows senescenoeiatexl regulation dDMP1py, A probe raised against GUS \
used for hybridization and 49 DAS old WT plants avéaken as negative control. (BMP1 promoter activity pattel
during NS visualized by DMP1-eGFP or GUS, both egped frm the native promoter. Both transcriptional
translational reporter systems showed comparabiehpaactivity of DMP1p. (G) DMP1p activity pattern in dark-
treated plants visualized by DMP1-eGFP expressam the native promoter. 28 DAS old WT and tgersc plant
were put into the dark for 5 days. 33 DAS old tgersc plant grown under LD conditions is shown @stiol.
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DMP1 requlation through chemicals, hormones, biotic alpidtic stresses

DMPL1lis largely senescence-specific. During the otlesetbpmental stages of these tissiddP 1
is not or only weakly expressed. To gain more imsigto DMP1 involvement in responses to
diverse stresses and treatments which might gietdiits cellular function, we screened publicly

available databases (https://www.genevestigator.com http://bar.utoronto.cal/efp/cgi-

bin/efpWeb.cgi. A reduced number of treatments were found toudedDMP1 expression.

Strikingly, several biotic stresses appeared taigedMP1 transcription.DMP1 moderately to
strongly responded t@otrytis cinerea(~ 8-fold increase)Phytophtora infestang ~ 25-fold
increase), virulent and aviruler®seudomonas syringastrains (~ 6- and 25-fold increases
respectively) and several bacterial elicitors: RiglrpZ and NPP1 (20-, 47- and 21-fold increases
respectively). Thus, DMP1 might be involved in fflant immune system. To test this hypothesis,
monitoring the response of the different mutashtspl-ko DMP1-OE1and DMPlamiRNA2-4to

the above-mentioned pathogens and elicitors asasedther biotroph and necrotroph pathogens is
crucial. Enhanced resistance or susceptibility ddigular pathogens and elicitors would identify
DMP1 as a factor required in plant immunity. In #red, it may help to shed more light bMP1

cellular function. These experiments are currecdlyried out.

No phytohormone was found to indud®&P1 Table 2. DMP1 expression is upregulated by AgNO3,
cycloheximide, mannitol, and NaCl. 18 DAS old WT
plantlets grown on plates were transferred to tgdi MS
ethylene inhibitor AgN@ was predicted to media and allowed to acclimate for one day undettlge
. ] . shaking. Treatments with AgNO3, cycloheximide (CHX)
induce  DMP1  which was confirmed mannitol and NaCl were performed for 6 houBMP1
experimentally (Table 2). A link between regulations following these treatments were quieatifoy
gRT-PCR using untreated plants as control @Bd)10 for
DMP1 and ethylene signaling is speculativepormalization.DMP1 upregulations are expressed in fold
changes compared to untreated plants.

(https://www.genevestigator.com Only the

Overexpression ofDMP1 did not lead to

obvious transcriptional  activation  or AgNO3  CHX Mannitol  NaCl

repression of ethylene-related genes (data nopMP1 39,2 657 11,2 4,5

shown). Moreover, aminoethoxyvinyl (AVG),

another ethylene inhibitor does not indu&IP1 according to publicly available databases. Thus,
DMP1 expression and ethylene signaling are most prghadi linked. Cycloheximide, the other
chemical predicted to indudeMP1 was shown to strongly upregulaMP1 expression using
guantitative real time PCR (Table 2). By compatting absolute values obtained by qRT-PCR, the
values obtained following cycloheximide treatmemreviargely superior to those obtained during
late NS and DIS (data not shown). Cycloheximida &rong protein synthesis inhibitor and could
inhibit the synthesis of putative new repressotseiil possible rapid turn-over would result in a

strong derepression BIMPp leading to a strong accumulation@#MP1 transcripts.
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Two abiotic stresses were found to indi@&P1 expression: mannitol (300 mM) and NacCl (150
mM) (https://www.genevestigator.cgnThese results were confirmed by qRT-PCR (TablaAz
investigated dmp1-ko DMP1-OE1 and DMP1amiRNA2-4 on different mannitol and NacCl

concentrations but none of them showed any pheiwatlydifference compared to WT (data not

shown). Thus, we conclude that DMP1 is not esdentihe response to salt and osmotic stresses.

DMP1 requlation through ER stressors

DMP1 was found to interact with Bax Inhibitor-1 ¢(B) in yeast (this chapter) and to locate to the
ER (chapter 1 and 2). Tunicamycin (TM) and dithiettol (DTT) are common chemicals used as
ER stress inducers and have been used in microexggriments to identify genes involved in the
unfolded protein response (UPR) (Martinez and @eets, 2003; Kamauchi et al., 200B)-1 was
found to be induced by TM and DTT. The calcium puimibitor cyclopiazonic acid (CPA) and
the proline analog L-azetidine-2-carboxylate (AA@gre also shown to induce the UPR leading
ultimately to cell death in a comparable manneif (Watanabe and Lam, 2008). The drug
thapsigargin (TG) which inhibits sarco/endoplasméticulum C&" ATPase (SERCA) was also
shown to induce ER stress by raising the cytosadilcium concentration. To test BMP1 is
involved in the UPR, we testéaMP1 response to the chemicals TM, DTT, AZC, CPA and A&
control, several known UPR marker genes (Martimet @hrispeels, 2003; Kamauchi et al., 2005)
were used. All treatments clearly induced ER st{@sble 3). DTT and to a lesser extend TM

Table 3. DMP1 expression in response to different ER stressors. Expression oDMP1, BI-1 and different genes
involved in the UPR was investigated by qRT-PCRiabidopsisWT plantlets treated with 5 pg/ml TM, 2 mM DTT,
5 mM AZC, 50 uM CPA and 5 uM TG. Drugs applicatiovere performed for 6 hours except for AZC (24 Isdur

gene treatment
™ DTT AZC CPA TG
DMP1 2 10,1 -37,5 -11 -1,3
BI-1 14,6 3,2 2 -1,2 -3
BIP1 13,6 17,3 14,9 14 12,6
BIP2 15,5 19,2 29,7 15,3 12,7
HRD1 8,7 3,6 1,8 29 1,4
CRT1B 14,3 4,7 3,3 7,1 12
CNX1 21,7 6,3 8,7 7,2 6,8
PDIL1-1 9,3 3 3,5 22,4 39,1
GPT 7,5 1 15 4,3 51

inducedDMP1 expression. HoweveDMP1 is obviously not requireger sein the UPR. Indeed,
AZC strongly downregulate®MP1 expression. This is surprising since plantletsewesed for
these treatments in whiddMP1 resting expression was already very low. HoweG@&A and TG

which both inhibit ER calcium pumps leading to ajan of ER calcium stores and consequently
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to ER stress, also downregulateP1 expression. Thus, DMP1 is not required to courterice

depleted ER calcium stores and is not directly ived in the UPR during ER stress.
Mutational approach to study DMP1 senescence-specific regulation

Identification of two W-boxes withiDMP1presponsible foDMP1 senescence-specific expression

We showed by GUS staining and RNA gel blot analisi$ a 2 kb londPMP1 promoter DMP1p)
fragment led to expression levels and patterns eoafye to those promoted by the nativelP1
gene during NS. We tried to identify the motifsregions withinDMP1p which are responsible for
its senescence-specific regulation. We scanne@ #ielong promoter fragment for motifs related
to senescence using the publicly available dataBageCE (Higo et al., 1998). W-boxes are well
described as WRKY cognate binding site (Rushtoal.et1996; Ciolkowski et al., 2008). WRKY
TFs constitute one of the largest TF families ianps. They regulate many processes unique to
plants such as senescence (Rushton et al., 20@0). W-boxes were found within the first kb
upstream of the start codon (Fig. 4A). Two W-bolkested at position - 165 to - 151 bp, which we
named W-box 1 and 2 form a perfect palindrome 7hidpont of the TATA box (Fig. 4A). Due to
their configuration and their spatial vicinity toet TATA box, we hypothesized that they might be
responsible for the regulation DMP1 during senescence. To test this hypothesis, thaNwoxes
were mutated in the 2 kb lodgMP1 promoter-GUS construct (Fig. 4B and C). In patalliee
minimal length of theDMP1 promoter was identified by constructing a promateletion series.
Promoter fragments from 2 kb to 0,5 kb in 0,5 kégpstas well as a 165 bp fragment starting at W-
box 2 and a 151 bp fragment starting just behindai/-1 such that they lack all W-boxes were
generated (Fig. 4C). All constructs were testestably transformed independeXtabidopsislines

in the first generation. Leaf 6 of individual plantvas subjected to GUS staining at 28 DAS, 36
DAS and 42 DAS. Leaves had reached adult size aD28, they showed first senescence
symptoms at 36 DAS and were clearly senescing &AQ. For each point in time and transgenic
line, 24 plants were analyzed (Fig. 4D). Promotdivdy visualized by GUS staining was almost
not detectable at 28 DAS, it was clearly visible3&t DAS and strongest at 42 DAS in lines
DMP1pxpuidA (Fig. 4D), DMP1p sksuidA, DMP1lpyuidA and DMP1lp sksUidA (data not
shown). All these lines exhibited similar stainimjensities and patchy expression patterns over
time (data not shown). In contrast, mutation of s 1 and 2 in lIN®MP1pkpwboxi-2matidA
almost abolished promoter activity (Fig. 4D). Irhet words, transactivation dMP1py, by
putative WRKY TF(s) is lost irDMP1pkomwboxi-2mat Almost none of the independent primary
transformants showed any GUS staining. Additionallg generated a construct where the two W-

boxes were deleted. The same loss of promoter itgctivas observed (data not shown).
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DMP1pieshp UIdA andDMP1pis1ppUidA also showed comparable loss of promoter actidste not

shown). Promoter activity was then quantified byame&ing MU fluorescence using MUG as
substrate. Leaves 5, 6 and 7 of new primary tramsfots were analyzed at 36 DAS and 42 DAS
for each transgenic line. Quantification of promadetivity corroborated the results obtained by
GUS staining (Fig. 4E). The promoter fragments fr@mkb to 0,5 kb showed comparable
expression level and increased from 36 DAS on t©AS in leaves 5, 6 and 7. Thus, the minimal
promoter length lies below 500 bp. We observedghtsigradient in the expression levels of the

four different constructs between leaf 5, 6 andlfiese promoter fragments showed activities
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Figure 4. Near-loss of DMP1p activity due to mutation of two W-boxes and deter mination of the minimal DMP1p
length by deletion series. (A) Schematic representation of the distributiohtlee four Whoxes found withi
DMP1g,, Position of the W-boxes on upper/coding (+) awddnon-coding strand )-is shown. (B) Schema
representation ddMP 1pymboxi-2muOrresponding tdMP1p,y, (A) carrying mutations within Whoxes 1 and 2 shoy
in red. (C) Schematic representationtloé promoter deletion series consisting of fragmerftdifferent length (2 ki
1,5 kb; 1 kb; 0,5 kb; 165 bp and 151 bp) fusedittA encoding GUSDMP 1ppmbox1-2muiS additionally represent
with the mutated W-boxes shown in red. (D) GUSnhétej of rosette leaf 6 of independent primary transforn
carrying DMP 1y uidA or DMP1pypmwboxi2matlidA at 28 DAS, 36 DAS and 42 DAS, respectively. 24 peteler
primary transformants were stained for each timiatpand transgenic line. (E) Quantificatiof promoter activity b
measuring MU fluorescence mediated by the diffemoimoter fragments shown in (C). Rosette leave§ &nd °
undergoing early (36 DAS) or late senescence (45D 13 independent primary plants were used &mheime
point ard transgenic line. Means of these independent plarg shown. Due to the different genetic backgiaafrthe
individual primary transformants of each line, rtarglard deviation could be calculated and therefareerror bai
were indicated.
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slightly higher in leaf 5 than in leaf 6, themseallegher than those of leaf 7 probably reflectimg t
slightly shifted senescence states between thematMn of W-boxes 1 and 2 led to a near loss of
promoter activity and showed a low expression leeghparable to the 165 bp promoter fragment
(Fig. 4E). The 151 bp promoter fragment appearelaiee an expression level comparable to the
empty vector control. This indicates that WRKY sanption factors were still able to bind, though
very inefficiently, to the mutated W-boxes as wall to the W-boxes present in the 165 bp
construct. In an independent experiment, we geeerato other construct, one carrying a mutated
W-box 1 and the other a mutated W-box 2. None amhshowed significant variations in
expression level compared to the unmutated pronfiiigmentDMP 1pyy (data not shown). Thus,

a single W-box at this position appears sufficterppromoteDMP1 expression during senescence.

DMP1is regulated by several WRKY transcription factors

We showed that the mutation of eight nucleotiddahiwithe palindrome formed by W-box elements
1 and 2 led to a near-loss DMP1 promoter activity during senescence. We next treealentify
which WRKY members specifically bind tOoMP1p conferring strond®MP1 expression during
senescence. We first screened the 75 WRKY TFseioescence-associated candidates likely to be
involved in DMP1p regulation using our own microarray analysis (\ter Graaff et al., 2006),
publicly available data and publications (Hindedrodnd Zentgraf, 2001; Robatzek and Somssich,
2001; Guo and Gan, 2005). We clon®KY®6, -8, 25, -26, -40, -45, -51, -53, &tl-75in binary
vectors to generate constructs overexpressingitieeesht WRKY in plant cells. To test the binding
capacity of the different WRKY proteins ©OMP1p W-boxes 1 and 2, we co-expressed them
individually with either the nativeDMPlpyyUidA reporter construct or the mutated version
DMP1pkomwboxi-2matlidA. We performed experiments in stably transformdxh¢co epidermis cells
(data not shown) and in a transient expressionesydisingArabidopsisthaliana protoplasts
(Berger et al., 2007). Transactivation@¥P 1k, andDMP 1pkpwboxi-2muPy the different WRKY's

in tobacco epidermis cells were quantified via a ®Mdssay (data not shown) and visualized by
GUS staining in the protoplast assay (Fig. 5). \Wf@aeducibly found transactivation BIMP 1y

by WRKY45, -51, -53 and -75 (Fig. 5A and data nbbwn). DMP 1pxwboxi-2mudid not yield
strong MU fluorescence comparedDMP1p,, and did not lead to GUS staining above the lefel o
the negative controls lacking any WRKY (Fig. 5Ahi§ shows that several WRKY TFs were able
to bind to W-boxes 1 and 2 and to transactivatestaption. However, the fact that WRKY®, -8, -
25, -26, -40 and -60 did apparently not bindDiIP1p:, suggest a certain specificity. However,
expression level of the differedlfRKYTFs was not determined.

We further generated several stably transforrAeabidopsisWRKY overexpression lines and

acquired a number of WRKY knockout lines in order ihvestigateDMP1 expression by
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guantitative real time RT-PCR. Unfortunately, ngrsficant up or downregulation of DMP1 was
observed in any of the transgenic lines. Unfortelyain none of the transgenic lines significant up
or downregulation obMP1 was observed. Thus, no WRKY TF was identifiedhasdear activator
or repressor oDMP1 (data not shown) suggesting tita¥P1 is cooperatively regulated by several
WRKY TFs.

WRKY
DMP1P 1012 UIAA

Figure 5. WRKY TFs-DMP1p,, interactions shown by protoplast transfection assay. (A) Co-transfection ¢
Arabidopsi: protoplasts with individual WRKY TFs and eith&@MP1lpy,uidA or DMP1pyomwboxi2madidA. (B)
Design of the individuals experiments shown in (&g three upper slots containibiMP1p,uidA and the thre
lower slotsDMP1ppmwboxt-2matlidA respectivly, all in combination with one given WRKY TF showmthe middle ¢
each plate. Each slot represents one independsdmti¢al replicate (transformation). WRKY45, -513-&nd 75 shov
transactivation oDMP 1py, uidA but not ofDMP 1pwnmbox1-2matlidA.

DMP1 protein-protein interactions

DMP1 interacts with Bax Inhibitor-1, Cytochrome BSoforms D and E) and Plasma membrane

Intrinsic Protein 1B in yeast

In order to gain insight into DMP1 cellular funatiodentification of interaction partners of DMP1
was attempted. A split-ubiquitin screen was caroetl in yeast for this purpose. SinbMP1 is
predominantly expressed in tissues undergoing senes, a cDNA library was constructed from
MRNA of senescing rosette leaves. An entry libnaas generated via Gateway® recombination
cloning technology. The cDNA library titer was deténed by plating assay and was above 3% 10
cfu. 96 primary clones were tested by PCR to datexithe quality of the cDNA library (Fig. 6A).
The calculated average insert size was 1,4 kbranded from 0,2 kb to 4,5 kb with a percentage of
recombinants of 96 %. The entry library was thamgferred into a destination vector to generate a
library expressing NubG-X fusion proteins in yedsit.avoid significant loss in complexity of the
initial library, we produced an expression libraymprising more than 3 x i@fu. By testing 96
“primary clones” of the expression library by PG/ did not observe any alteration in the quality

of the expression library compared to the entrsali, the average insert size and the percentage of
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recombinants being conserved in both libraries.(Bi). In first attempts, a bait was generated
consisting of DMP1fused C-terminally to Cub (DMPuLK) expressed from a methionine
repressible promoter allowing fine-tuning of thepesssion level (data not shown). Unfortunately,
the bait showed significant auto-activation evenhih methionine concentrations preventing
screening of the cDNA library. We next generated\aterminal fusion (Cub-DMP1) expressed
from theCYC1promoter. A vector allowing expression of N-teraliCub fusion proteins (Cub-X)

expressed from the same promoter as above wavaitdlde at this time. Cub-DMP1 also showed
background activity but to a lesser extent compaedMP1-Cub. Addition of 3-AT lowered

background activity to an acceptable level. Optirsateening conditions showing only weak

background activity were obtained by adding 10 miT3to the required medium (Fig. 6C).
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Figure 6. Quality control of the cDNA entry and expression libraries and confirmation of DMP1 interaction
partners using the split-ubiquitin system. (A) Average insert size and percentage of reconmbénwithin the entr
library determined by colony PCR on 96 indwal primary clones (18 are shown). (B) Qualityrol as in (A) of th
expression library after shuttling of the entryrdéiby by LR reaction. (C) Confirmation of protgimetein interactior
found in a preliminary split-ubiquitin screen. COiAP1 was ged as bait against Nubl used as positive conthabC
and the unrelated fusion proteins NubG-KAT1, NubGF$ and NubGROCK1 were used as negative control. 10
3-AT was used to diminish background activity doidetakiness of the reporter genes. SD méaliked Trp and Leu f
vector selection and additionally lacked Ade and fdi selection of interactors. Pictures were takier 5 days at -
°C.

For the library screen, yeasts previously transéafwith the vector containinGub-DMP1were
transformed with the expression library allowingnsltaneous expression of Cub-DMP1 and
NubG-X fusion proteins and detection of proteintpno interaction. The 384 colonies out of 2,7 x
10" primary transformants showing the strongest grosvttminimal media (SD-Leu, -Trp, -Ade, -
His, +10 mM 3-AT) were transferred to medium supmated with increasing 3-AT concentrations
(15 mM and 25 mM, data not shown). The colonieswshg the strongest growth were then
subjected to X-Gal assay in order to isolate tmengfest interactions (data not shown). Vectors
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having passed the different stringency tests wsakated from yeasts and transformed into bacteria
for further characterization. Presence of singlenaitiple vectors which would have led to unique
or multiple prey proteins within given yeasts weareestigated by colony PCR (data not shown).
Finally 144 vectors originating from independerdres were sequenced. All genes occurring more
than twice and other promising candidates are pteddan decreasing order of occurrence in Table
4,

occurence accession gene genedescription
15 At2g45960 PIP1B (Plasma membrane Intrinsic Protein 1B), aquaporine
12 At3g21520 DMP1 (DUF679 Membran Protein 1)
6 At5g47120 BI-1 (Bax Inhibitor-1), suppresses Bax-mediated celtliea
4 At3g25010 RLP41  (Receptor Like Protein 41)
2 At5g53560 CB5-E (Cytochrome B5 isoform E)
2 At5g48810 CB5-D  (Cytochrome B5 Isoform D)
2 At3g61430 PIP1A (Plasma membrane Intrinsic Protein 1A), aquaporine
1 At1g54115 CAX10 (putative calcium/proton cation antiporter)
1 At4g16520 ATG8F (autophagy 8F)
1 At4g23630 RTNLB1 (reticulon)
1 At5g13170 SAG29 (Senescence-Associated Protein 29), putative medul

MtN3-type protein

The ORFs of the most promising candidates (PIPBAPD, BI-1, RLP41, CB5-E and D, CAX10.
ATGS8F, RTNLB1, and SAG29) were cloned again toditlll length proteins fused N-terminally
to NubG (NubG-X). Additionally, MLO2 was found imandependent preliminary screen as an
interaction partner of DMPL1 _(http://www.associomizg). MLO2 is a membrane protein

implicated in the susceptibility to powdery mildé®@onsonni et al., 2006 MLO2 is upregulated
during senescence and is predicted to enter thretseg pathway. Both eGFP-MLO2 and MLO2-
eGFP were generated and were located to the ER raamin transiently transformedicotiana
benthamiana(data not shown). For these reasons, MLO2 appeased good candidate and a
NubG-MLO2 fusion protein was generated. The différéusion proteins were retested in an
independent experiment with Cub-DMP1 for proteiotpin interactions (Fig. 6C and 7). Cub-
DMP1 did clearly interact with the positive contidubl, the putative interactors NubG-BI-1,
NubG-PIPB1, and NubG-CB5D but not with the negatbemtrols NubG, NuG-KAT1, NubG-
SUT1, NubG-ROCK1 and the putative interactors NuRIGR41, NubG-CAX10, NubG-SAG?29,
and NubG-MLO2 (Fig. 6C). Generation of C-terminasibns (X-NubG) failed due to problems
during cloning. New attempts might be undertaketha future to generate them and to test them
with Cub-DMP1 for protein-protein interaction. Rg@cal experiments using the different
interactors found in the screen as baits. fused either C- or N-terminally to Cub) and NubG-
DMP1 as prey failed. Each construct was succegstldhed but the resulting bait proteins required

specific optimization of the 3-AT and methioninencentrations. Most of them exhibited either
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strong autoactivation or absence of interactiorhviite positive control Nubl suggesting extra-

cytosolic location of Cub due to their own topology

We then focused on the most promising interactousid: Bl-1, CB5D, CB5E and PIPB1. BI-1 is
an evolutionary conserved cell death suppressasadingdoms (Xu and Reed, 1998; Watanabe
and Lam, 2009; Ishikawa et al., 2011) and was shtiwimteract with the five cytochrome b5
isoforms present iArabidopsis(Nagano et al., 2009). The fact that BI-1, CB5M a& were found

in six, two and two independent clones out of 1bhes, respectively (Fig. 6C) and the fact that
Bl-1 and CB5 are known to interact in yeast axdbidopsisstrongly suggest that they might
represent true protein interactors of DMP1. A deuterexpressor lInBMP1-OE x 4xMyc-BI-1-

OE was generated in order to confirm protein-protaieractionin planta Unfortunately 4xMyc-
Bl-1 was only weakly expressed despite expressiom fthe 35S promoter and was almost not
detectable on Western blot. Crosslinking experisenth DMS, DMP and DMA using microsome
fractions of DMP1-OE x 4xMyc-BI-1-OE plants therefore failedin planta assays based on
bimolecular fluorescence complementation or Fongsonance energy transfer were not used due
to predominant tonoplast-association and membramodeling observed by overexpressing
DMP1-eGFP in tobacco as well as the PM localizatibeGFP-DMP1 and DMP1.2-eGFP (chapter
2 and 3). DMP1 protein-protein interaction with BICB5E and Cb5D which all located to the ER
membrane would not have been shown via these tpaodsi Thus interactiom planta could not
been shown so far. Interaction with PIP1B was meestigatedin planta yet. The fact that it
represented more than 10 % of all clones founthenscreen (Table 4) might either identify PIPB1

as a strong interactor of DMP1 or as a recurrdaéfpositive.

DMP1 dimerizes and forms heterodimers with DMP4enst

The finding that 12 out of 144 clones contained OMH#3 prey is a strong indication that DMP1
dimerizes in yeast (Fig. 6C). This dimerization wasfirmed independently by generatiNgbG-
DMP1 consisting only of the ORF @MP1 fused N-terminally tatNubG (Fig. 7). Evidence for the
formation of dimers and higher oligomersplanta using direct or indirect methods are shown in
chapter 3. We further tested the other DMP famigmmbers in order to see if DMPL1 is able to form
heterodimers. DMP4 was the only protein found teriact with DMP1 (Fig. 7). Thus DMP1 and
DMP4 may form heterodimers and possibly higher ahigrs similarly to DMP1-DMP1

complexes.
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Figure 7. DM P1 homo- and heterodimerization shown using the split-ubiquitin system. Cub-DMP1 was useds
bait against all 10 DMP members fusede¥minally to NubG as prey. DMP1 was found to iatgrwith itself and t
form heterodimers with DMP4 in yeast. The contans shown in Figure 6.

Induction of cell death by overexpression of DM P members

N-terminal but not C-terminal fusions induce cadhth in tobacco

We determined the subcellular localization of DM&®I DMP5 in tobacco anélrabidopsisusing

the C-terminal fusions DMP3-eGFP and DMP5-eGFP #&as and Kunze, 2010). We clearly
showed that both fusion proteins located to ER nramds. By testing the N-terminal fusions
eGFP-DMP3 and eGFP-DMP5, we observed rapid yellgwinthe infiltrated areas at 3 dpi (Fig.
8C) which developed into necrotic-like lesions alpt (Fig. 8D). These lesions did not spread out
but remained confined to the infiltrated areas. T@sons observed with eGFP-DMP3 and eGFP-
DMP5 were comparable in terms of progression anehsity. This cell death was not observed
following infiltration of the C-terminal fusions {& 8A and B). Infiltration of unfused DMP3
expressed from the 35S promoter did not inducedssdth (data not shown). Thus, the position of
the fluorescent Tag appeared to be responsiblthéocell death. This discrepancy between N- and
C-terminal fusions was correlated by different sllotar localizations. DMP3-eGFP and DMP5-
eGFP both located to the ER but were not assocwithdGolgi bodies (Fig. 1E-G). In contrast, the
N-terminal fusions eGFP-DMP3 and -5 were first fdun the ER and Golgi bodies at 2 dpi (Fig.
8H-J). Twenty-four hours later, as yellowing becawmsble (Fig. 8C) most of the signals were
associated with Golgi bodies (Fig. 8K and M). ThR Etill exhibited a normal shape despite
yellowing and showed only weak eGFP-DMP3 and -Saig (Fig. 8L and M). At 4 dpi, the
integrity of the cells was completely lost (Fig. )8dbrrelating with the phenotypical observations
(Fig. 8D).

In order to further characterize this cell dea#imsigenic plants carrying estrogen-inducible unfused
DMP3 or DMP5 were generated. Preliminary experimeld not result in the expected cell death
phenotype. Exposure to estrogen did not inducedsath in these plants. However the transcript

and proteins levels were not yet determined.
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DMP3-eGFP

Man49-mCherry

Man49-mCherry

eGFP-DMP3 mCherry-HDEL overlay

Figure 8. Cell death induced by DMP3 and DM P5 in tobacco and yeast. Transient overexpression of DMR&FF
at 3 dpi (A) and 4 dpi (B) and eGFP-DMP3 at 3 dpj &nd 4 dpi (D) followingAgrobacteriuramediated infiltration ¢
tobacco lower epidermis. Similar phenotypicalsetvations were done with DMP5 and comparable eisicie
between N- and C-terminal fusions were observed PRMGFP (E) does not colocalize with Mami@herry (F an
overlay G) labeling Golgi vesicles. ColocalizatioheGFP-DMP3 (H) and Man49-mCherty §how colocalization i
Golgi (J) at 2 dpi, the ER network being labeledydry eGFPBMP3 (H and J). At 3 dpi, the ER network shov
standard architecture (L) did almost not contaiFB®MP3 which is confined to Golgi bodies (K and oegriM).
Loss ofcell integrity at 4 dpi is accompanied by increabadkground fluorescence, Golgi vesicles being lstilelec
by eGFP-DMP3 (N). Comparable observations were doite eGFP-DMP5. Overexpression BMMP3 from the
galactose-inducible promot&all confers dethal phenotype in yeast when grown on mediumaioimg galactose
sole carbon source (O). Tryptophan depletion was fisr plasmid selection.
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Unfused DMP3 but not DMP5 induces cell death insyea

In contrast to the observations made in tobaccerexpression of unfused DMP3 led to cell death
in yeast (Fig. 10). Overexpression of DMP5 did wmonfer a lethal phenotype. Yeast cells
overexpressing DMP1, -2, -4, -6, -7, -8, -9 and rdfained viable and did not show any changes
in growth compared to the empty vector (data notst). Thus, DMP3 is the only DMP member
able to induce cell death in yeast. Subcellulaaliaation of the different plant-specific DMP
proteins was not investigated in yeast and a airoel between subcellular localization and cell
death could therefore not been established.

Discussion
DMP1-OE1 and dmpl-ko but not DMPlamiRNAZ2-4 display early senescence phenotypes

To studyDMP1 functionin planta three different reverse genetic approaches warean. T-DNA
insertion mutagenesis and the artificial micro Ri&hnology were used to study the effects of
knocking out/downDMP1 expression, while expression from the 35S prometas used to
investigate the effects of overexpressing DMPRPplanta The T-DNA insertion mutandmpl-ko
entered senescence earlier than WT plants whdddiB8lamiRNA2-4did not. RNA gel blot
analysis showed that homozygodspl-koplants expressed truncat@MP1 transcripts with a
reduced abundance comparedD@P1 transcripts in WT plants. This transcript potelhiaould
encode truncated DMP1 proteins. The T-DNA insergaa was determined on genomic DNA by
sequencing at position 491 of the ORF which wowldespond to a truncation of the last 44 amino
acids of the native protein. The truncated proteould lack two thirds of the fourth and last
transmembrane domain and the entire cytosolic ggrberminus. The presence of stable truncated
proteins could not be verified since the DMP1-avdijp was raised against amino acids 181 to 197
of the native protein (chapter 3)mpl-kowas identified as a single T-DNA insertion mutagt
DNA gel blot analysis indicating that the phenotytiserved is due to loss DMP1 integrity and
not to a second insertion inside the genome. Reabfrk the senescence phenotype of
DMPlamiRNA2-4plants deviates from that dinpl-ko We therefore speculate that tthepl-ko
phenotype is caused by truncated and dysfunctiprakins rather than by a lack of wild-type
DMP1 protein. However, we cannot exclude that dagedoss of silencing over generations may
have occurred in thBMP1lamiRNA2-4ine. RNA gel blot analysis may be undertaken valints

of this line in the third generation to test thésamption.

We showed that truncation of the whole cytosolite@nrinal part of DMP1 (DMPikgs3-207€GFP)
led to improper targeting (chapter 3). This indésathat the C-terminal part is required for proper
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targeting and may be indirectly linked to propddiiog or translocation. Thus, if truncated proteins
occur indmp1-ko they may be misfolded or mislocated. We showedl BiMP1 is able to dimerize
in yeast (chapters 3 and 4). Several observatiomd o dimerization and higher oligomerization
capacities of DMP1n planta (chapter 3). We might speculate whether the dimaéon domain is
located in the C-terminal part of DMP1. Thus, laffsproper targeting and possibly protein
functionality may be due to loss of dimerizatiorpaaity. Similar crosslinking experimenis
plantaas presented in chapter 3 using mutated N-terne@&P-DMP1 proteins would confirm or

reject this assumption.

Interestingly, DMP1-OEL1 also enters senescence earlier compared to W& finenotype is
comparable to that aimpl-ko The first senescence symptoms were even sligintise precocious

in DMP1-OE1than indmp1l-ko Investigation of the wholBMP1-OE1ltranscriptome showed that
most JA-biosynthesis and -related genes were dawutated. JA-lle ((+)-7-iso-jamonoyl-L-
isoleucine) is the bioactive jasmonate planta (Fonseca et al., 2009CYP94B3was recently
identified as a JA-lle-12-hydroxylase mediatingciiaation and catabolism of JA-lle (Koo et al.,
2011). This gene showed the strongest downregulatioall genes in the whol®MP1-OE1
transcriptome. Jasmonates accumulate during natu@linduced senescence (He et al., 2002;
Seltmann et al., 2010a ; Seltmann et al., 2010busTa strong downregulation 6fYP94B3in
DMP1-OE1 might result in an accumulation of JA-lleading to precocious senescence.
Quantification of JA, JA-lle and 120H-JA-lle weradertaken but the concentrations were too low
in DMP1-OE1 and WT plants to be reliable. Thus, a direct limktween possible increased

jasmonate concentration BMP1-OEland early senescence remains speculative.

OPDA level was also quantified and was found tortmge than twice as high DMP1-OElas in
WT. OPDA belongs itself to jasmonates. It derivesnt linolenic acid and is a precursor of
jasmonic acid (Wasternack, 2007; Wasternack and bifiok, 2010). OPDA concentration
increases during senescence (Seltmann et al., ROhoArabidopsis OPDA occurs not only as a
free molecule but can be esterified in galactoBpadlled arabidopsides (Stelmach et al., 2001).
Arabidopside A has been shown to promote seneséeruat leaves more efficiently than JA and
free OPDA (Hisamatsu et al., 2006). Thus, the insed levels of free OPDA DMP1-OEJ which
may be accompanied by increased arabidopsides minatiens, might promote senescence leading
to the observed phenotype. However, the increageid Olevel in DMP1-OE1 conflicts with the
downregulation of the enzymes LOX2, AOC1-3 and A@8ch lead to the synthesis of OPDA in
chloroplasts. Indeed, these enzymes are upregutlatedg natural senescence (Van der Graaff et
al., 2006). Downregulation of these enzymeBMP1-OE1might reflect the response of the cell to

counterbalance accumulation of OPDA and possibiidAirectly linked to the downregulation of
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CYP94B3 Increased OPDA concentration could be explained Bhift in development and early
senescence state PMP1-OE1compared to WT, not detectable at a macroscopiel.léndeed,
linolenic acid is assumed to be released by lipdseisg degradation of plastid membranes which
may successively be converted in OPDA and JA (Seitmet al., 2010b). These results have to be
confirmed in further experiments and quantificatioh OPDA and other compounds such as
arabidopside A should be done. Tihevitro experiments in presence of different concentratiohn
(x)-jasmonic acid and (£)-jasmonic acid methyl esteggested that increased OPDA levels and
deregulated transcript levels of JA-related gendSNP1-OE1did not modify JA perception and

signaling.
DMP1, a senescence-associated geneinvolved in the innate immune r esponse?

DMP1 was found in a screen for senescence-assograenbrane proteins using own micro-array
data (Van der Graaff et al., 2006) and publiclyilade dataDMP1 senescence-specific expression
was verified by semi-quantitative RT-PCR (Kasamad Kunze, 2010), by RNA gel blot analysis
(this chapter) and was correlated on protein l€ebbpter 3). Rosette leaves were not the only
tissue wher®MP1 underwent upregulation during natural senesceédtteer photosynthetic tissues
such as cauline leaves and siliques showed compabddP1 regulation. Darkening of single
attached or detached leaves as well as darkenwhat plants also resulted in inductiohDMP1
expressionDMP1 was found to be most strongly expressed in latesgng tissues and in tissues
undergoing abscission or dehiscence, suggestingple in different cell death programs.
Interestingly, DMP1p exhibited a patchy activity pattern during natusald induced senescence.
This uneven expression pattern may reflect thea@spmous progression of leaf senescence. Indeed
cell death does not occur simultaneously but strt®cal patches and then propagates into the
whole-leaf area (Lim et al., 2007). Patchy exprsqatterns were also observed WitMP3 and
DMP4 (Kasaras and Kunze, 2010). However, the pattegemid withDMP3 was more evenly
distributed over the leaf area and the expressual$ ofDMP3 and-4 were lower than that of
DMP1. Expression oDMP1, -3 and-4 culminate in late senescence indicating a spewilie of

theseDMP members in cell death.

Cell death plays a central role in the plant anichahinnate immune responses (Coll et al., 2011).
Several biotic stresses indud® P1 transcriptionBotrytis cinerea(~ 8-fold increase)?hytophtora
infestans virulent and avirulenPseudomonas syringasirains and the bacterial elicitors Flg22,
HrpZ and NPP1 all inducBMP1 expression according to publicly available databa3his stress
response could hint towards an involvement in tlatpimmune system. The different mutants
dmpl-ko DMP1-OE1l and DMPlamiRNA2-4are currently tested for enhanced resistance or

142



Chapter 4
susceptibility in reaction to the mentioned pathgeand elicitors. Enhanced resistance or
susceptibility by overexpressing or knocking @NIP1 would identify DMP1 as a factor required
in plant immunity. It may help to shed more ligimt@MP1 cellular function.

Considering the induction @MP1 by several biotic and abiotic stresses, its udeggun during
senescence until death and the early senescennetpbhes observed idmpl-koandDMP1-OE]
DMPL1 is probably involved in different types of grammed cell deaths.

DMP1 expression isregulated by WRKY TFsin a senescence-specific manner

We showed by generating a truncation serid3MP1pthat the minimal promoter length lies under
500 bp. By mutating the two W-box elements formaéngalindrome in position -165 bp to -151 bp,
the senescence-specific activity BMP1p was almost abolished. This strongly suggests that
binding of WRKY TFs is responsible for the seneseespecific expression ddMP1 during
development. Closely adjacent W-box elements hasenbmentioned in several cases in the
literature (Eulgem et al., 1999; Yang et al., 19909;et al., 2001; Chen and Chen, 2002; Mare et al.,
2004; Zhang et al., 2004). However, a comparabli@gramic configuration is not described. The
multiple W-box elements in the promoter BEWRKY lappear to have a synergistic effect on
transcription (Eulgem et al., 1999) ahtWWRKY38 requires two closely adjacent W-boxes for
DNA binding (Mare et al., 2004). Some WRKY proteiosntain leucine zippers enabling the
formation of homo- or heterodimers (Cormack et2002; Robatzek and Somssich, 2002; Xu et al.,
2006; Shen et al., 2007) which presumably bind tdh& element pairs in sense and antisense
orientation. However the majority of WRKY TFs likebind as monomers (Ciolkowski et al.,
2008). Our observations showed that only the semelbus mutation of W-box 1 and 2 leads to the
loss of DMP 1y activity during senescence, but not the singleatort of W-box 1 or W-box 2.
This indicates that dimerization of WRKY proteissniot required for binding toMP1p

By using a protoplast transfection assay and GU@@srter, we tried to isolate WRKY TFs which
bind to and activat®MP1p. Publicly available data and publications wereesned to identify
WRKY TF candidatesWRKY®6, -8, 25, -26, -40, -45, -51, -53, #&td-75 were chosen and their
binding toDMP1,, and transactivating capacity was testediabidopsisprotoplasts. The mutated
form DMP 1pkpmwboxi-2muivas used as negative control. TransactivatioDMP 1k, was observed
by WRKY45, -51, -53 and -75. This may be interpdets specific binding of four different WRKY
TFs, or instead, as a lack of binding specificitedo overexpression. Using electromobility gel
shift assays it has already been shown that the seguence TTGACC/T is sufficient for binding
but that adjacent sequences also contribute tarigreite preference (Rushton et al., 1996; Eulgem
et al., 2000; Ciolkowski et al., 2008; Rushtonlet2010). Thus, the flanking regions of W-boxes 1
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and 2 might have conferred a certain specificitgvpnting WRKY®6, -8, -25, -26, -40 and -60 to
bind toDMP 1o,

Alternatively, one could envisage that WRKY®6, -85--26, -40 and -60 act as putative repressors
of DMP1pk, WRKY TFs have been shown to act as activatosaepressors (Miao et al., 2004;
Rushton et al., 2010). Thus, they may have boundVtboxes 1 and 2 without promoting
transcriptional activation. Such a negative regoatvould not have been visible in our assay
system since the steady stateuadA expression was very low. Cycloheximide rapidly uoed
DMP1 expression to a level far beyond its strongestresgion during late senescence. Two
explanations for cycloheximide inducibility, charexstic of so-called “primary response genes”,
have been proposed (Taiz and Zeiger, 2010). Riestscription of cycloheximide-inducible genes
may be under the control of short-lived repressostgin(s). Second, mRNA transcripts of
cycloheximide-inducible genes may be short-livedl dherefore stabilized in the presence of
cycloheximide. The first explanation is the mosayslible in the case dMP1. Thus, it might
indicate that one or several WRKY TFs act permdpest DMP1 repressors in developmental
stages where DMPL1 is not, or only weakly expres$bd would suggest th&MP1 expression is
modulated by several repressors which might beacepl by activators during senescence or
following DMP1-inducing treatments. Using the protoplast trartgfac assay presented ,
competition experiments between the WRKY TFs shgwiranscriptional activation dMP1pxyp,
and other WRKYs not showing transactivation mayntdg the latter as repressors and not as
factors which do not bind OMP 1pxp.

Does DM P1 regulate cell death through interaction with BI-1?

DMP1, Bl-1 and CB5 are interaction partners in yeas

Bax Inhibitor-1 (BI-1) was first identified in 1998s a suppressor of BAX-induced cell death in
yeast and mammals (Xu and Reed, 1998). Despite rpahlcations about BI-1 since then, the
exact molecular function of BI-1 remains unknown.f&r, several studies have suggested that BI-1
interacts with several partners to alter intradatilC&* fluxes and lipid dynamics (Chae et al.,
2004; Ihara-Ohori et al., 2007; Xu et al., 2008;tsviabe and Lam, 2009; Ishikawa et al., 2011). In
plants, it was found to interact with the five isohs of cytochrome b5, themselves interacting with
FAH1 and 2 which are involved in 2-hydroxylationggthingolipids (Nagano et al., 2009). At least
168 different sphingolipids have been reportediabidopsisso far (Markham and Jaworski, 2007;
Pata et al., 2010). Sphingolipids are not onlydtiral elements of membranes but have been
shown to act as second messengers involved imdeath regulation (Brodersen et al., 2002; Liang
et al., 2003; Chen et al., 2008). For this reagiohas been suggested that Bl-1 may regulate cell
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death through interaction with the CB5-FAH comp(&lagano et al., 2009). The fact that DMP1
was found to interact with BI-1 in yeast and treiforms of cytochrome b5 are shared interaction
partners strongly suggests that these proteingrageinteractors. The investigation of 2-hydroxy
fatty acids inDMP1-OElanddmpl-kdines, complemented by analysis of double knockdoip1-
ko x bi-1-k9 and double overexpress@NIP1-OEx 4xMyc-BI-1-OR lines, would help to show if
DMPL1is involved in the same pathway. However, attertpisolate double knockout plants failed
so far. It will be interesting to clarify if the dble mutants are lethal.

DMP1 is not involved in the UPR during ER stress

Bl-1is induced during ER stress. It has been showetopregulated in response to TM, DTT and
AZC and was therefore classified as gene involvedhie unfolded protein response (UPR)
(Kamauchi et al., 2005). The UPR encompasses des@naaling pathways which activate a
cellular response that attempts to maintain oorestomeostasis and normal protein flux in the ER
(Sitia and Braakman, 2003; Malhotra and KaufmanQ720Schroder, 2008). If the UPR is
insufficient and the ER homeostasis cannot be mediccell death is induced. Mutant analyses
showed thatbi-1 knockout plants displayed hypersensitivity to TMdaaccelerated cell death
progression whereas overexpression Bl reduced sensitivity to TM confirming BI-1
involvement in the response to ER stress (WataaableLam, 2008). However, alter&-1 gene
expression did not have effects on expression pic&y stress-inducible geneBl-1 was then
proposed to act as pro-survival factor during EfRRsst but in parallel to the UPR (Watanabe and
Lam, 2008).

Due to DMPL1 interaction with BI-1 and DMP1 localimm to ER membranes, the regulation of
DMP1 during ER stress was investigated. Variougisituhich have been described as inducing the
UPR were used: TM, DTT, AZC, CPA and TG. TM inhsbiAsn-linked glycosylation of newly
synthesized proteins resulting in accumulatiorhim ER of unfolded proteins. DTT interferes with
oxidative protein folding in the ER by preventingufide bond formation. The calcium pump
inhibitors CPA and AZC, a proline analog, were shawinduce cell death in a comparable manner
to TM (Watanabe and Lam, 2008). The drug thapsigaffG) which inhibits sarco/endoplasmic
reticulum C&" ATPase (SERCA) was shown to induce ER stress isingathe cytosolic calcium

concentration.

All agents induced the UPR in our experiments asitaged by the induction of various UPR

genes. We confirmeBI-1 upregulation by TM, DTT and AZC, whereB$/P1 was upregulated

only by DTT and to a lower extent TM which indicathatDMP1 does not respond like a typical

UPR gene. AZC and CPA strongly downregulad®dP1 and TG did not have any effe&l-1 was
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slightly downregulated by CPA and TG treatment,hbdépleting ER calcium storeBl-1 was
mainly reported to be involved in regulation of ERf* stores in mammals (Chae et al., 2004).
Similarly as in mammalsbi-1 k-o plants showed increased sensitivity to CPA reag Bl-1
overexpressors showed decreased sensitivity tatjgat (Watanabe and Lam, 2008) which led the
authors to suggest an implication of BI-1 in ERceah homeostasis. Howevds]-1 was never
shown to be directly upregulated transcriptionaly CPA and TG inArabidopsis Thus,
downregulation oDMP1 by CPA and absence of response in presence ofr@ @Ga sufficient to
fully exclude a role oDMPL1 in regulation of ER calcium homeostasis. The gfrdawnregulation
by AZC is quite puzzling. It should be mentionedttAZC treatment was performed for 24 hours
according to Zuppini et al., (2004) whereas alleottreatments were stopped after 6 hours.
Therefore, the regulation between the treatmentg nw be comparable. However, the UPR
markers showed more or less the same regulatitowiiolg the different treatments. AZC is a four-
membered ring analog of L-proline which causes ohisfig of the proteins into which it is
incorporated leading to ER stress and inductiothefUPR. Why this type of protein misfolding
downregulateDMP1 whereas DTT, also acting on protein folding, inreRi©OMP1 cannot be
explained on the basis of these data. Altogethar,data show thaDMP1 is not involved in the
UPR during ER stress but responds differentiallglifferent ER stressors.

Other potential DMP1 interaction partners

BI-1 and isoforms of cytochrome b5 were not theygmioteins found to interact with DMP1 in
yeast. PIP1B and -1A, ATG8F, RLP41, CAX10, RTNLBidaSAG29 were also found in the
screen. Cloning the entire ORF of the above meatigoroteins and retesting them against DMP1
did not lead to protein-protein interactions wikte texception of PIP1B (PIP1A was not retested).
However, this failure does not absolutely precludeivo interaction of the proteins with DMP1.
Indeed, a limitation of the split-ubiquitin systeinssthat both Cub and NubG moieties have to be
cytosolic to be able to reassemble upon interaciioime two proteins tested (Stagljar et al., 1998;
Fetchko and Stagljar, 2004). Thus, due to the tapobf the different tested protein, NubG might
have faced an extra-cytosolic environment prevgnteassembly of the two ubiquitin moieties

despite interaction of DMP1.

PIP1B and -1A localize to the PNh planta (Marmagne et al.,, 2004) and might therefore
specifically interact with DMP1.2 (chapter 3). Tlaet that two PIP proteins were found as putative
interactors of DMP1 suggests that members of thasep family are either strong interactors of
DMP1 or recurrent false positives. Elsewhere, DMRES included in the membrane interactome

program (http://www.associomics.grgnd was found to interact with 63 different pnasewhich
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per sesuggest the presence of numerous false positi@sever, PIP1D, another aquaporine, was
found as interactor of DMP10 suggesting strongrauigon propensity between the DMP and PIP
protein families. The formation of DMP-PIP hetemérs should be verified in the future and

might open up new perspectives concerning DMP 1tfongn plant.
DM P1 potentially forms heter odimerswith DM P4 in planta

DMP1 homodimerizes in yeast. Evidence for the fdromaof dimers and higher oligomems
plantaare given in chapter 3. Due to the similarity aotein level of DMP1 with the other DMP
family members, heterodimerization with all DMPsnfy members was tested. DMP4 was the
only protein found to interact with DMP1 in yeaShus DMP1 and DMP4 may form heterodimers
and possibly higher oligomers as DMP1-DMP1 compereplanta Both were coregulated in
senescing tissues including rosette and caulingeteand senescing silique walls (Kasaras and
Kunze, 2010). Moreover, both were found to be esgad in a patchy pattern in senescing leaves
suggesting the presence of both proteins in theed&ssue at the same developmental stage. Thus,
interaction of DMP1 and -# plantais likely.

DMP3 did not form heterodimers with DMP1 in yed$évertheless, it may be interesting to take it
also into account for putative interactiansplantaor as having a possible redundant function with
DMP1 and DMP4. IndeeBMP3 also showed upregulation during senescence asawell patchy
promoter activity pattern in rosette leaves (Kasaad Kunze, 2010). Unfortunately, no T-DNA
insertion lines with the T-DNA lying inside the ORIFe available fobDMP3 andDMP4. However,
lines with T-DNA in the respective promoter regiare available and may be investigated in the
future. One could consider the generation of migtiputants such asdmpl x dmp3 x dmp4iple

k-o which may show more severe senescence symptonisrtunately, the artificial micro-RNA
technology cannot be used for this purpose as angoRNA directed specifically against these

three DMP would affect transcript levels of othesmbers.
Overexpression of DM P3 and -5 induces cell death

We found that the cell death in tobacco by overesging DMP3 and DMP5 was due to the
position of the tag influencing subcellular localion of the fusion proteins. This is reminisceht o
the effect described in chapter 3 where we showatithe presence of the tag at the N-terminus of
DMPL1 led the fusion protein to escape tonoplagfetang. Indeed, the full length N-terminal fusion
protein was found at the plasma membrane, unligdut length C-terminal fusion one which was
targeted to the tonoplast. In the case of DMP3-&nthe presence of the fluorescent tag at the N-

terminus might impair proper retrograde Golgi to t&hsport of the fusion proteins: DMP3 and -5
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which might first be targeted to Golgi for modifimans before retrieval from the Golgi bodies to
the ER might accumulate inside Golgi bodies leadingell death. An alternative scenario is that
the DMP3 and -5 proteins reside permanently inside ER. Thus, addition of a tag to the N-
terminus might have created a recognition site whargeted them to Golgi bodies where they
accumulated and induced cell death. In both hyethethe molecular mechanism inducing death
is unknown. Whether cell death simply results fldMP3 and -5 accumulations in Golgi bodies is
speculative. This cell death might point to inhénemoperties of DMP3 and -5 related to cell death.
The cell death observed in yeast by overexpressnfigsed DMP3 argues in favor of that. DMP3
and DMP5 are close homologues (Kasaras and Kuri?d))2Thus, the comparable subcellular
localization of the respective N- and C-terminadifuns as well as the position effects observed
might indicate similar functions at cell level. Hever, whereaBMP3 was clearly detecte@MP5
was the only DMP whose expression could not bectkdein Arabidopsis(Kasaras and Kunze,
2010). It is tempting to speculate that they mighginate from gene duplication and tHamMP5
became obsolete. Howevé@MP5 might still be expressed below detection levelrorestricted
developmental stages. InterestindDMP3 was also found to be senescence-associated dnav¢o
its highest expression during the latest developalestage of rosette and cauline leaves as well as
silique walls (Kasaras and Kunze, 2010), which wdut consistent with a specific implication in
cell death, the latest and irreversible step oeseence. The lethal phenotype conferred by DMP3
in yeast may be a powerful tool in the future tarsh for revertants. Proteins counteracting its
action would help in the end to unravel the functad DMP3 and DMP proteins in general. A
comparable screen in yeast using Bax as a proapogimtein led to the identification and

isolation of the conserved cell death regulatod §ku and Reed, 1998).
Conclusions and Outlook

DMP1 is a plant-specific gene highly induced during matuand induced senescence. Its
senescence-specific expression is driven by WRKY Which bind specifically to two W-boxes in
a palindromic configuration withiDMP1p. Both knockout and overexpressing lines displayyear
senescence phenotypes on low-fertilized soil. Tléeaular function of DMP1, however, remains
unknown. Its putative interaction with the cell tteaegulator BI-1, its strong induction through
various biotic pathogens and different elicitorsd ats strong senescence-specificity with the
expression peak during late senescence suggestv@maement in cell death.Analysis of the double
k-0 (dmpl-kox bi-1-kg could be an efficient tool to gain insight in DMPnolecular function.
Surprisingly, preliminary results suggest that¢benbined knockout of both genes may be lethal. A
double heterozygous line was screened for doubteokggotes which should be observed in a 1:16

ratio. Far more than 100 plants were screenedHautibuble k-o genotype was the only missing
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combination. We are currently investigating siliguef different segregating lines for embryo
lethality. Although this finding would be unexpedtsinceDMP1 is not expressed in seeds, its
strong expression in senescing silique walls maynbeded for proper embryo development.
Alternatively, the cell death occurring in the esgerm layer during seed maturation may be
altered. Examination of embryo and seed developnremhutants might help to elucidate this
guestion.. The individual single knockout lingspl-koandbi-1-ko did not show any phenotype
related to embryo development or germination. Tlsush a dramatic phenotype concerning only
the double knockout mutant would strongly indicatasynergistic function of both proteins in a

common pathway and would ultimately help to elutadae cellular function dMP1L
Material and methods
Generation of constructs

35S:DMPlandDMP1p:DMP1-eGFPwere generated as described in chapter 3 andh2atagely.
35S:DMP1amiRNA135S:DMP1amiRNAZ2DMP1p:DMP1amiRNAJand DMP1p:DMPlamiRNA2
were generated following designer’s instructiongp{iwmd?2.weigelworld.org). By successive
overlapping PCR reactions using the vector RS30@mplate and the different primers listed in
Table T1, the fragmentsicroRNAland microRNA2were generated. By using the unique primer
pair Xbal_miR319a/Pstl_miR319a, the fragmeatsiRNAlandamiRNA2were generated (Table
T1). These two fragments were then digested Witlal-Pstl and ligated toXbal-Pstl digested
pPTkan3 to generat85S:DMPlamiRNAland 35S:DMPlamiRNA2 Similarly the same two
fragments were ligated to the promoterless veclidap+. A 2,4 kbDMP1 promoter fragment
amplified by PCR using the primer listed in Table Were then inserted in front amiRNAland
amiRNA2 by Kpnl/Xbal digestion to generate DMP1lp:DMPlamiRNAl1 and
DMP1p:DMPlamiRNA2

To generate the promoter deletion series incluthegconstruct®MP 1 sk UIdA, DMP 1y, uidA,
DMP1p, sksUidA, DMP1pwwuidA, DMP1pespsuidA and DMP1pisipsuidA, the differentDMP1
promoter fragments were amplified frofmabidopsis thalianaygenomic DNA by PCR. The primer
pairs listed in Table T1 and KOD HiFi DNA polymeea@Novagen) were used. The resulting PCR
products were digested witkbal-Pstland ligated toXbal-Pstl digested pUTkan3 to generate the
different constructs. To generaf@MP 1pkpwboxi-2matlidA, DMP1pw, was first subcloned into
pJET1 using the CloneJet™ PCR cloning kit (Fermgni4/-boxes 1 and 2 were mutated by using
the primer pair DMP Ifpwboxi-2mutF/DMP 1pkpwboxi-2mtR (Table T1) and the QuikChange™
Site-Directed Mutagenesis Kit according to manufeats instructionspJET1-DMP 1 pupmwbox1-2mut
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was then digested witbal-Pstl and the resultindMP 1pxpmwboxi-2muiffagment was ligated to

Xbal-Pstldigested pUTkan3 to gener&@&1P 1pkomwboxi-2matidA.

pBT3-N was purchased from Dualsystems Biotech @set for generation dub-DMP1 The
open reading frame @MP1 was amplified via PCR with KOD HiFi DNA polymerag@dovagen)
and the primer pair Pstl-DMP1-F/Ncol-DMP1-R (seél€aTl). This PCR product was digested
with Pstl-Ncol and ligated taPstl-Ncol digested pBT3-N to generat@ub-DMP1 To create all
NubG-X constructs NubG-BI-1 NubG-PIPB1 NubG-CB5E NubG-CB5D NubG-RLP41 NubG-
CAX1Q NubG-ATG8E NubG-RTNLBINubG-SAG29NubG-MLO2 NubG-DMP1 NubG-DMP2
NubG-DMP3 NubG-DMP4,NubG-DMP5 NubG-DMP6 NubG-DMP7 NubG-DMP8 NubG-
DMP9, NubG-DMP10) the ORF of the different genes were amplifiedc@NA or gDNA in the
case of intronless geneBNIP1, -2, -3, -4, -6, -7 and-9) and rare transcriptDMP5, -8, and 10)
using the primers listed in Table T1 and Phu8idtigh-Fidelity DNA Polymerase (Thermo
scientific). The amplificates were recombined withONR™222 by BP reaction. The different
ORFs were then shuttled into the modified pNXgat@B2& (see section “Generation of the
expression library”) by LR reaction to createMillbG-Xconstructs.

To generat85S:WRKY635S:WRKYB35S:WRKY2535S:WRKY 2635S:WRKY4035S:WRKY45
35S:WRKY51 35S:WRKY53 35S:WRKY60and 35S:WRKY75 the different ORF were PCR
amplified from cDNA using the primers listed in TabTl and Phusidh High-Fidelity DNA
Polymerase (Thermo scientific). The primers comdithe attachment sites B1 and B2 allowing
recombination with pDONR™222 by BP reaction using 8lonase™ enzyme mix (Invitrogen).
The ten different construct mentioned above wemegded by LR reaction using pGWB2 as
destination vector using LR Clonase™ enzyme mixi{logen). The construction &S:DMP3-
eGFP and35S:DMP5-eGFHs described in Kasaras and Kunze (2010). To ge@eGFP-DMP3
andeGFP-DMP5 DMP3 andDMP5 were amplified via PCR from genomic DNA using FiboS
High-Fidelity @ DNA  Polymerase (Thermo ) and the peim pairs 5'-
ACGGTCTAGAATGTCTTCACCATCTTCCCTA-3'/5-
GAGACTCGAGCTAACGACGACCCCCGTCTCC-3'and 5'-
ACGGTCTAGAATGTCTGCCCTTCGGCTAAGA-3'/5'-
GAGACTCGAGTCATCGGCGATCTACGCTACC-3' respectively. &h amplificates were
digested withXbal-Xhol and ligated intaXbal-Xhol -digested pNGTkan3 to produ&S:eGFP-
DMP3 and35S:eGFP-DMP5
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To generate Gall,,:DMP3 and Gall,,:DMP5, the entry clonespDONR222-DMP3 and
pDONR222-DMP4vere used in a LR reaction with the destinatioctmepAG424GAL-ccdB using

LR Clonase™ enzyme mix (Invitrogen).
The sequences of all constructs were verified lgpeecing (GATC Biotech, Germany).
Generation and isolation of Arabidopsisthaliana transgenic lines

Arabidopsis thalianaecotype Columbia was grown on soil in the greeskoat 22°C under long
day conditions (16-h light/8-h dark cycle). Six Weeold Arabidopsis plants were used for
Agrobacterium tumefaciemsediated transformation by floral dipping (Cloughd Bent, 1998).
Transgenic plants were selected on 0,8 % agarsptatetaining ¥2 MS medium supplemented with
50 pug/ml kanamycin for 10 days. The transgenic IP1-OE was generated by transforming
Arabidopsis plants with the construct35S:DMP1 Similarly 35S:DMPlamiRNA1 and
35S:DMPlamiRNA2as well asDMP1p:DMPlamiRNAland DMP1p:DMPlamiRNA 2were
generated by transformingrabidopsisplants with the corresponding constructs. Foritglathe
artificial microRNA constructs and the correspomdimes share the same name. Gene expression
was investigated in the first generation by RNAlget analysis.

dmpl-ko (GK-305G09-015571) was ordered from the NottinghAnabidopsis Stock Centre
(NASC). The genotype of plants was investigated PCR screen using gene-specific primers (5'-
AGGAACATGCAAGTACGGGAC-3' and 5-CTGTCCTCACTAACGACGEG-3') and a T-
DNA specific primer (5-CCATTTGGACGTGAATGTAGACAC-3). Isolated dmozygotes were
kept and their progeny analysed in the next geloerat

Soil composition for phenotypical analyses

The analysis of soil composition which led to besualization ofdmpl-koand DMP1-OE1
phenotypes was performed by AGROLAB GmbH (Germariy)llowing parameters were
determined: pH 5,3; salt content, 870 mg/l; nitra&@2 mg/l; ammonium, 3 mg/l; phosphate, 17
mg/l; potassium, 28 mg/l; magnesium, 114 mg/l; canigity, 264 puS/cm.

Treatmentswith TM, DTT, AZC, CPA, TG, CHX, AgNO3z; mannitol and NaCl

Treatments with tunicamycin (TM), dithiothreitol D), L-azetidine-2-carboxylate (AZC),
cyclopiazonic acid (CPA), thapsigargin (TG), cyaamid (CHX), mannitol and NaCl were
performed in liquid culture orabidopsis thaliangplantlets.Arabidopsiswild-type plants were
grownin vitro on ¥2 MS media supplemented with 0,7 % agarosd 8odays. Ten plantlets per
biological replicate were transferred and poole®%® ml flasks containing 20 ml sterile 2 MS
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solution and allowed to acclimate for 24 hours ungentle shaking. %2 MS solution was then
replaced by 20 ml of sterile 2 MS solution supplatad with 5 pg/ml TM (Sigma), 2 mM DTT
(Roth), 5 mM AZC (Sigma), 50 uM CPA (Sigma), 5 uNs TSigma), 50 uM CHX (Roth), 10 uM
AgNO3 (Roth), 300 mM mannitol (Roth) or 150 mM Naoth). Treatments were performed
during exactly 6 hours except for CPA treatmentohilwas performed during 24 hours (Zuppini et
al., 2004). Plant material was then frozen in kfuiitrogen. Total RNA extraction, reverse
transcription and quantification of transcripts ev@erformed as described in the “Quantitative real

time PCR” section.
GUS staining

Plant tissues were fixed in 90% ice-cold acetomelftour at -20 °C, washed twice with 50 mM
NaPQ, buffer pH 7.0, vacuume-infiltrated with X-Gluc soiom (50 mM NaPQ@buffer pH 7.0, 0.1%
Triton® X-100, 10 mM potassium ferricyanide, 10 mM potassiferrocyanide and 0,5 mg/ml 5-
bromo-4-chloro-3-indolyB-D-glucuronide) and incubated overnight in thisusioln at 37°C.

Quantification of GUS activity by MUG fluor escent assay

Leaves were collected, frozen in liquid nitrogem aninded individually in Eppendorf-tubes in a
Mixer Mill MM 400 (Retsch). Extraction buffer (50 vh NaPQ, pH 7,0; 10 mM DTT; 1 mM
NaEDTA; 0,1 % sodium lauryl sarcosine; 0,1 % Tritox-100) was added and homogenates were
centrifuged for 5 min at 4°C and 15000 rpm. Supama were used to determine both protein
concentration and GUS activity. Protein concentratvas determined using Bio-Rad Protein Assay
(Bio-Rad). For quantification of GUS activity, supatants were incubated for 60 min at 37 °C
with assay buffer consisting of extraction buffepglemented with 1 mM MUG. Reactions were
stopped by adding 0,2 M NaOs;. MU concentrations were measured in a Synergy Rifiode
Microplate Reader (BioTek)865 nm excitation/455 nm emission) using MU stadddd0 uM, 1
KM, 100 nM, 50 nM, and 10 nM in 0,2 M in pGO3). GUS activity was expressed in nmol MUG
hydrolyzed/mg protein/min.

Protoplast transfection assay

The protoplast transfection assay to investigatdibg of WRKY TFs tADMP1pwas performed as
described (Berger et al., 2007).

M acr oscopic non-invasive visualization of eGFP fluor escence

eGFP fluorescence was visualized at plant levalnon-invasive manner using a FluorCam 800MF
(Photon Systems Instruments). Actinic light 2 wasdias light source with an appropriate filter
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(high pass 495 nm, low pass 660 nm and band p&g5&Dnm). All pictures were taken with the
same settings (50 % actinic light 2, electronicts&u4 ms, sensitivity 24 %) and the same color
scale.

cDNA library construction from senescing r osette leaves

Total RNA was extracted from senescing rosettedeg43 DAS) as described (Downing et al.,
1992). Polyadenylated mRNA was purified using Qlij9-Cellulose Type 7 (Amersham
Biosciences) according to manufacter’s instructiombe cDNA library was constructed as
described in the CloneMiner™ Library Constructiont Knvitrogen) manual. We opted for the
radiolabeling method and the size fractionating tbé cDNA by column chromatography.
pDONR™222 was used for recombination with @@B-flanked cDNA to generate the entry
library. The cDNA library titer was determined biajing assay and the average insert size and
percentage of recombinants were determined byntge€6 primary clones by PCR using M13
forward and reverse primers. Plasmid DNA was isolatising QIlAfilter Plasmid Mega Kit

(Qiagen).
Generation of the expression library

To generate the destination library for expressbmMubG-X fusion proteins in yeast, the entry
cDNA library was shuttled into pNXgate32-3HA (Olkdkt al., 2004) by LR reaction using LR
Clonase™ enzyme mix (Invitrogen). pNXgate32-3HA sloet contain the requireaitR sites but
attB sites and was therefore modified prior to LR reattipNXgate32-3HA was used in a BP
reaction using BP Clonase™ enzyme mix with pDONR22® exchange KanMX from
pNXgate32-3HA with the cassette from pDONR™222 aonihg the chloramphenicol resistance
gene and thecdB gene. The modifiedattR-sites containing pNXgate32-3HA, was then used with
the entry library to produce the destination ligray LR reaction. The cDNA library titer and the
guality of the expression library were determineddascribed above. The primers (Nub-F/HA-R2)
used to determine average insert size are listefalle T1. Plasmid DNA was isolated using
QIAfilter Plasmid Mega Kit (Qiagen).

Y east transfor mation

THY.AP4 (MATa ura3 leu2 lexA::lacZ::trpl lexA::HIS@xA::ADE2) was used as yeast strain. 50

ml YPAD were inoculated with several colonies takem a fresh plate and grown overnight at 30

°C with shaking. Cultures were diluted to 6383n=0,2 and regrown to Qdgonn=0,6. Cultures were

pelleted for 5 min at 2500 g, washed twice withevand resuspended in 2,5 ml water. 1,5 pg of

each construct were mixed with PEG/LIOAc master (88 % PEG, 1M LiOAc, single-stranded
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carrier DNA) by vortexing. 100 ul resuspended yeadis were added and vortexed thoroughly for
1 min. Samples were incubated in a 42 °C water fmatd5 minutes, pelleted for 5 min at 700 g,
resuspended in 200 ul 0,9 % NaCl and plated.

Split-ubiquitin screen

The split-ubiquitin screen using Cub-DMP1 as bad ¢he NubG-X library as prey was performed
as described in the DUALmembrane Kit 3 protocol éBystems Biotech).

RNA gel blot analysis

10 ug total RNA per sample were size-separateddngrephoresis through agarose gel containing
formaldehyde as described (Sambrook and Russdll)x SSC and neutral nylon membranes
(Hybond-NX, Amersham Biosciences) were used forttaasfers. The primers used on cDNA in
PCR reactions to amplify the different prob&WP1 5 probe and 3’ probeSAG12 RBCSand
GUS are listed in Table S1. All DNA probes mentionveere radiolabed using DecalLabel™ DNA
Labeling Kit (Fermentas) and radiolabeled dCTP ediog to manufacturer's instructions and were

column-purified using lllustra Microspin™ S-200 HRlumns (GE Healthcare).
Semi-quantitative RT-PCR

Total RNA was extracted using TRIzol® Reagent (irmgen) and column-purified using RNeasy®
Mini Kit (Qiagen). Genomic DNA was removed by DNdsteatment and 2 pg total RNA was
reverse transcribed using Superscript Il revergescriptase (Invitrogen) following manufacturer's
instructions. Semi-quantitative RT-PCRs were pentedt as described (Kasaras and Kunze, 2010).

Quantitativereal time PCR

Total RNA extraction and reverse transcription wpegformed as described above. Quantitative
real-time PCR was performed as described (Kosn&HlQ). The primers used for all gRT-PCR
investigations were designed using the publicly ilale software QuantPrime

(http://www.quantprime.de All primers are listed in Table S1.

Microarray analysis of DMP1-OE1

Leaves number 6 of eight individual plants were lpdofor each biological replicate. Three

biological replicates dDMP1-OEland WT respectively were harvested at 28 DAS, @pprately

one week before the first senescence symptoms wvigitde in theDMP1-OE1lline. Total RNA

was extracted using TRIzol® Reagent (Invitrogend anlumn-purified using RNeasy® Mini Kit

(Qiagen). Two biological replicates dMP1-OE1 and WT respectively were used for dye
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incorporation and hybridization tArabidopsisAgilent microarray. These steps as well as data

analysis were performed by Imagenes, Source BioBeie
Tobacco transformation

Nicotiana benthamianglants were grown and transformed as describedaitea and Kunze,
2010).

Acknowledgments

pUTkan3 and pTkan+ were kindly provided by GuillaurRilot (Virginia Tech, Blacksburg).
NubG-SUT1 and NubG-ROCK1 were kindly provided byduw Krigel (Institute of Plant
Biology, University of Zirich ) and Michael Niemar{Rree University, Berlin) respectively. The
soil composition analysis was conducted by ChmstRausch (Free University, Berlin). The
protoplast transfection assays were performed idogbe under the guidance of Tamara
Gigolashvili (University of Cologne, Germany). Tgeantification of jasmonates was performed by
Stefan Meldau (Max-Planck-Institute for Chemicablegy, Jena).

References

Acosta, | .F., and Farmer, E.E. (2010). Jasmonates. The Arabidopsis B8ok

Berger, B., Stracke, R., Yatusevich, R., Weisshaar, B., Flugge, U.l., and Gigolashvili, T. (2007). A
simplified method for the analysis of transcriptitactor-promoter interactions that allows high-
throughput data generation. Plarg0)911-916.

Boter, M., Ruiz-Rivero, O., Abdeen, A., and Prat, S. (2004). Conserved MYC transcription factors play a
key role in jasmonate signaling both in tomato Anabidopsis. Genes Deh8, 1577-1591.

Brodersen, P., Petersen, M., Pike, H.M ., Olszak, B., Skov, S., Odum, N., Jorgensen, L.B., Brown, R.E.,
and Mundy, J. (2002). Knockout of Arabidopsis accelerated-celihll encoding a sphingosine
transfer protein causes activation of programmddieath and defense. Genes O&y490-502.

Chae, H.J.,, Kim, H.R., Xu, C., Bailly-Maitre, B., Krajewska, M., Krajewski, S., Banares, S., Cui, J.,
Digicaylioglu, M., Ke, N., Kitada, S., Monosov, E., Thomas, M., Kress, C.L., Babendure, J.R.,
Tsien, R.Y., Lipton, S.A., and Reed, J.C. (2004). BI-1 regulates an apoptosis pathway linteed
endoplasmic reticulum stress. Mol CEH, 355-366.

Chen, M., Markham, J.E., Dietrich, C.R., Jaworski, J.G., and Cahoon, E.B. (2008). Sphingolipid long-
chain base hydroxylation is important for growthdaregulation of sphingolipid content and
composition in Arabidopsis. Plant Cal, 1862-1878.

Chen, Z.X., and Chen, C.H. (2002). Potentiation of developmentally regulapéaht defense response by
AtWRKY18, a pathogen-induced Arabidopsis transasipfactor. Plant Physiologi?9, 706-716.

Chico, J.M., Chini, A., Fonseca, S., and Solano, R. (2008). JAZ repressors set the rhythm in jasmonate
signaling. Curr Opin Plant Bidll, 486-494.

Chini, A., Fonseca, S., Chico, J.M., Fernandez-Calvo, P., and Solano, R. (2009). The ZIM domain
mediates homo- and heteromeric interactions betweabidopsis JAZ proteins. Plang9, 77-87.

Chini, A., Fonseca, S., Fernandez, G., Adig, B., Chico, J.M., Lorenzo, O., Garcia-Casado, G., Lopez-
Vidriero, |., Lozano, F.M., Ponce, M.R., Mical, J.L., and Solano, R. (2007). The JAZ family of
repressors is the missing link in jasmonate sigralNature448, 666-671.

Ciolkowski, I., Wanke, D., Birkenbihl, R.P., and Somssich, |.E. (2008). Studies on DNA-binding
selectivity of WRKY transcription factors lend sttural clues into WRKY-domain function. Plant
Molecular Biology68, 81-92.

155



Chapter 4

Clough, SJ., and Bent, A.F. (1998). Floral dip: a simplified method for Agraterium-mediated
transformation of Arabidopsis thaliana. Plad6,)735-743.

Call, N.S,, Epple, P., and Dangl, J.L. (2011). Programmed cell death in the plant immsystem. Cell
Death and Differentiatiofi8, 1247-1256.

Consonni, C., Humphry, M .E., Hartmann, H.A., Livaja, M., Durner, J., Westphal, L., Vogsdl, J., Lipka,
V., Kemmerling, B., Schulze-L efert, P., Somerville, S.C., and Panstruga, R. (2006). Conserved
requirement for a plant host cell protein in powdeiildew pathogenesis. Nature Gene88s716-
720.

Cormack, R.S,, Eulgem, T., Rushton, P.J., Kochner, P., Hahlbrock, K., and Somssich, |.E. (2002).
Leucine zipper-containing WRKY proteins widen tipestrum of immediate early elicitor-induced
WRKY transcription factors in parsley. Biochimicat Biophysica Acta-Gene Structure and
Expressiorl576, 92-100.

Downing, W.L., Mauxion, F., Fauvarque, M.O., Reviron, M.P., de Vienne, D., Vartanian, N., and
Giraudat, J. (1992). A Brassica napus transcript encoding &epraelated to the Kunitz protease
inhibitor family accumulates upon water stresseimvis, not in seeds. Plart, $85-693.

Eulgem, T., Rushton, P.J., Rabatzek, S., and Somssich, I.E. (2000). The WRKY superfamily of plant
transcription factors. Trends Plant S¢il99-206.

Eulgem, T., Rushton, P.J., Schmelzer, E., Hahlbrock, K., and Somssich, |.E. (1999). Early nuclear
events in plant defence signalling: rapid genevatitn by WRKY transcription factors. EMBO J
18, 4689-4699.

Fetchko, M., and Stagljar, I. (2004). Application of the split-ubiquitin membraygeast two-hybrid system
to investigate membrane protein interactions. Me$t32, 349-362.

Fonseca, S, Chini, A., Hamberg, M., Adie, B., Porzdl, A., Kramell, R., Miersch, O., Wasternack, C.,
and Solano, R. (2009). (+)-7-iso-Jasmonoyl-L-isoleucine is thelegenous bioactive jasmonate.
Nat Chem Biob, 344-350.

Guo, Y., and Gan, S. (2005). Leaf senescence: signals, execution, egalation. Curr Top Dev Biorll,
83-112.

He, Y., Fukushige, H., Hildebrand, D.F., and Gan, S. (2002). Evidence supporting a role of jasmonid aci
in Arabidopsis leaf senescence. Plant Phyii8| 876-884.

Higo, K., Ugawa, Y., Iwamoto, M., and Higo, H. (1998). PLACE: a database of plant cis-acting laguy
DNA elements. Nucleic Acids R&6, 358-359.

Hinderhofer, K., and Zentgraf, U. (2001). Identification of a transcription factqresifically expressed at
the onset of leaf senescence. Pl&i 469-473.

Hisamatsu, Y., Goto, N., Hasegawa, K., and Shigemori, H. (2006). Senescence-promoting effect of
arabidopside A. Z Naturforsch@l, 363-366.

lhara-Ohori, Y., Nagano, M., Muto, S., Uchimiya, H., and Kawai-Yamada, M. (2007). Cell death
suppressor Arabidopsis bax inhibitor-1 is assodiatgh calmodulin binding and ion homeostasis.
Plant Physioll43, 650-660.

Ishikawa, T., Watanabe, N., Nagano, M., Kawai-Yamada, M., and Lam, E. (2011). Bax inhibitor-1: a
highly conserved endoplasmic reticulum-residenit dedth suppressor. Cell Death Diffe8, 1271-
1278.

Kamauchi, S., Nakatani, H., Nakano, C., and Urade, R. (2005). Gene expression in response to
endoplasmic reticulum stress in Arabidopsis thali8&fEBS 272, 3461-3476.

Kasaras, A., and Kunze, R. (2010). Expression, localisation and phylogenyaafiovel family of plant-
specific membrane proteins. Plant Biol (Stuttg)Suppl 1, 140-152.

Koo, A.J.K., Cooke, T.F., and Howe, G.A. (2011). Cytochrome P450 CYP94B3 mediates catahddisd
inactivation of the plant hormone jasmonoyl-L-isaiee. Proceedings of the National Academy of
Sciences of the United States of Ameri€8, 9298-9303.

Kosmehl, T. (2010). Senescence-associatgtype ATPases in the model plant Arabidopsis tialidh. D.
dissertation, Free University of Berlin

Liang, H., Yao, N., Song, J.T., Luo, S., Lu, H., and Greenberg, J.T. (2003). Ceramides modulate
programmed cell death in plants. Genes DE2636-2641.

Lim, P.O., Kim, H.J., and Nam, H.G. (2007). Leaf senescence. Annual Review of PlaotoBiy 58, 115-
136.

Lorrain, S, Vailleau, F., Balague, C., and Roby, D. (2003). Lesion mimic mutants: keys for deciphering
cell death and defense pathways in plants? Trelad$ 8ci8, 263-271.

156



Chapter 4

Malhotra, J.D., and Kaufman, R.J. (2007). The endoplasmic reticulum and the unfoldexdein response.
Semin Cell Dev Bioll8, 716-731.

Mare, C., Mazzucotelli, E., Crosatti, C., Francia, E., Stanca, A.M., and Cattivelli, L. (2004). Hv-
WRKY38: a new transcription factor involved in celdnd drought-response in barley. Plant
Molecular Biology55, 399-416.

Markham, J.E., and Jaworski, J.G. (2007). Rapid measurement of sphingolipids fromabAdopsis
thaliana by reversed-phase high-performance ligeimlomatography coupled to electrospray
ionization tandem mass spectrometry. Rapid Commassvbpectror@l, 1304-1314.

Marmagne, A., Rouet, M.A., Ferro, M., Rolland, N., Alcon, C., Joyard, J., Garin, J., Barbier-Brygoo,

H., and Ephritikhine, G. (2004). Identification of new intrinsic proteing Arabidopsis plasma
membrane proteome. Mol Cell Proteont;$75-691.

Martinez, |.M., and Chrispedls, M.J. (2003). Genomic analysis of the unfolded protedsponse in
Arabidopsis shows its connection to important datlprocesses. Plant Céb, 561-576.

Miao, Y., Laun, T., Zimmermann, P., and Zentgraf, U. (2004). Targets of the WRKY53 transcription
factor and its role during leaf senescence in Atapsis. Plant Molecular Biologhb, 853-867.

Nagano, M., lhara-Ohori, Y., Imai, H., Inada, N., Fujimoto, M., Tsutsumi, N., Uchimiya, H., and
Kawai-Yamada, M. (2009). Functional association of cell death seppor, Arabidopsis Bax
inhibitor-1, with fatty acid 2-hydroxylation throbigcytochrome b. Plant J.

Obrdlik, P., EI-Bakkoury, M., Hamacher, T., Cappellaro, C., Vilarino, C., Fleischer, C., Ellerbrok, H.,
Kamuzinzi, R., Ledent, V., Blaudez, D., Sanders, D., Revuelta, J.L., Boles, E., Andre, B., and
Frommer, W.B. (2004). K+ channel interactions detected by a tengystem optimized for
systematic studies of membrane protein interactiBrsc Natl Acad Sci U S A01, 12242-12247.

Pata, M.O., Hannun, Y .A., and Ng, C.K. (2010). Plant sphingolipids: decoding the enigrhthe Sphinx.
New Phytol185, 611-630.

Pauwels, L., Morred, K., De Witte, E., Lammertyn, F., Van Montagu, M., Boerjan, W., Inze, D., and
Goossens, A. (2008). Mapping methyl jasmonate-mediated trapsonal reprogramming of
metabolism and cell cycle progression in culturedbddopsis cells. Proceedings of the National
Academy of Sciences of the United States of Amet@%n 1380-1385.

Robatzek, S., and Somssich, |.E. (2001). A new member of the Arabidopsis WRKY traiion factor
family, AtWRKY®, is associated with both senescermed defence-related processes. Plaz,J
123-133.

Robatzek, S., and Somssich, |.E. (2002). Targets of AtWRKY6 regulation during plasgnescence and
pathogen defense. Genes [&y1139-1149.

Rushton, P.J., Somssich, |.E., Ringler, P., and Shen, Q.J. (2010). WRKY transcription factors. Trends
Plant Scil5, 247-258.

Rushton, P.J., Torres, J.T., Parniske, M., Wernert, P., Hahlbrock, K., and Somssich, |.E. (1996).
Interaction of elicitor-induced DNA-binding proteinwith elicitor response elements in the
promoters of parsley PR1 genes. Embo Joursa@690-5700.

Sambr ook, J., and Russell, D.W. Molecular cloning: a laboratory manual. Cold Sgrifarbor, N.Y. : Cold
Spring Harbor Laboratory Pre$2 Suppl 1.

Schroder, M. (2008). Endoplasmic reticulum stress responseBul@eand Molecular Life Sciences5,
862-894.

Sedtmann, M.A., Hussels, W., and Berger, S. (2010a). Jasmonates during senescence: signpleducts
of metabolism? Plant Signal Behay1493-1496.

Sdtmann, M.A., Stingl, N.E., Lautenschlaeger, J.K., Krischke, M., Muedler, M.J., and Berger, S.
(2010b). Differential Impact of Lipoxygenase 2 afhgsmonates on Natural and Stress-Induced
Senescence in Arabidopsis. Plant Physioltsg; 1940-1950.

Shen, Q.H., Saijo, Y., Mauch, S,, Biskup, C., Bieri, S, Keller, B., Seki, H., Ulker, B., Somssich, | .E.,
and Schulze-L efert, P. (2007). Nuclear activity of MLA immune receptoinsks isolate-specific and
basal disease-resistance responses. Schc&098-1103.

Sitia, R., and Braakman, |. (2003). Quality control in the endoplasmic retisul protein factory. Nature
426, 891-894.

Stagljar, I., Korostensky, C., Johnsson, N., and te Heesen, S. (1998). A genetic system based on split-
ubiquitin for the analysis of interactions betwee@ambrane proteins in vivo. Proc Natl Acad Sci U S
A 95,5187-5192.

157



Chapter 4

Stelmach, B.A., Muller, A., Hennig, P., Gebhardt, S., Schubert-Zsilavecz, M., and Weiler, EW. (2001).

A novel class of oxylipins, sn1-O-(12-oxophytodighesn2-O-(hexadecatrienoyl)-monogalactosyl
Diglyceride, from Arabidopsis thaliana. J Biol Chei6, 12832-12838.

Taiz, L., and Zeiger, E. (2010). Plant Physiology, Fifth Editipii82 pages.

Van der Graaff, E., Schwacke, R., Schneider, A., Desimone, M., Flugge, U.l., and Kunze, R. (2006).
Transcription analysis of arabidopsis membrane spariers and hormone pathways during
developmental and induced leaf senescence. PlgstdRbgy 141, 776-792.

Wasternack, C. (2007). Jasmonates: An update on biosynthesigakigansduction and action in plant
stress response, growth and development. Ann Botiue100, 681-697.

Wasternack, C., and Kombrink, E. (2010). Jasmonates: Structural Requirements fudiDerived Signals
Active in Plant Stress Responses and Developmeast Ghemical Biologp, 63-77.

Watanabe, N., and Lam, E. (2008). BAX inhibitor-1 modulates endoplasmic catum stress-mediated
programmed cell death in Arabidopsis. Journal @idjical Chemistry283, 3200-3210.

Watanabe, N., and Lam, E. (2009). Bax Inhibitor-1, a Conserved Cell Deathpj@essor, Is a Key
Molecular Switch Downstream from a Variety of Botand Abiotic Stress Signals in Plants.
International Journal of Molecular Sciend€s 3149-3167.

Xu, C.Y., Xu, W.J., Palmer, A.E., and Reed, J.C. (2008). BI-1 regulates endoplasmic reticulum Ca2+
Homeostasis downstream of bcl-2 family proteinsurdal of Biological Chemistry283, 11477-
11484.

Xu, Q.L., and Reed, J.C. (1998). Bax inhibitor-1, a mammalian apoptosis psapsor identified by
functional screening in yeast. Molecular CeIB37-346.

Xu, X.P., Chen, C.H., Fan, B.F., and Chen, Z.X. (2006). Physical and functional interactions beme
pathogen-induced Arabidopsis WRKY18, WRKY40, and K¥®O0 transcription factors. Plant Cell
18, 1310-1326.

Yang, P.Z., Chen, C.H., Wang, Z.P., Fan, B.F., and Chen, Z.X. (1999). A pathogen- and salicylic acid-
induced WRKY DNA-binding activity recognizes thécébr response element of the tobacco class |
chitinase gene promoter. Plant Jourtt§l141-149.

Yu, D.Q., Chen, C.H., and Chen, Z.X. (2001). Evidence for an important role of WRKY DN#nding
proteins in the regulation of NPR1 gene expresshtant Celll3, 1527-1539.

Zhang, Z.L., Xie, Z., Zou, X.L., Casaretto, J., Ho, T.H.D., and Shen, Q.X.J. (2004). A rice WRKY gene
encodes a transcriptional repressor of the gibloersignaling pathway in aleurone cells. Plant
Physiologyl34, 1500-1513.

Zuppini, A., Navazio, L., and Mariani, P. (2004). Endoplasmic reticulum stress-induced fogned cell
death in soybean cells. Journal of Cell Scielicgé 2591-2598.

158



Chapter 4

Supporting information
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List of abbreviations, gene names and units

A

A

A. thaliana
aa

ACX1
AgNO3
amiRNA
AOC

AOS
ARA7

ATGS8F
att
AVG
AZC
Bl-1
BIP1
C
Camv
CAX10
CB5-D
CB5-E
cDNA
CHX
ClpP
CND41
CNX1
Col1

CPA
CRT1B
Cub
CcyC1
CYP94B3

CYP94C1

A

DAS
DET
DIS
DMA
DMP
DMP ,/DMP o
DMS
DNA
DNase
dNTP
dpi

DTT
DUF679

adenine

alanine

Arabidopsisthaliana

amino acid

acyl-CoA oxidase 1

silver nitrate

artificial micro RNA

allene oxide cyclase

allene oxide synthase
arabidopsis RAB GTPase
homolog

autophagy gene 8F
attachement
aminoethoxyvinyl
L-azetidine-2-carboxylate
bax inhibitor-1

binding protein 1

cytosine

cauliflower mosaic virus
proton/calcium exchanger 10
cytochrome b5 isoform D
cytochrome b5 isoform E
copy DNA

cycloheximide

chloroplast protease
DNA-binding protein 41
calnexin 1

component of jasmonate co-
receptor complex
cyclopiazonic acid
calreticulin 1B

C-terminal ubiquitin moiety
cytochrome-C oxidase 1
cytochrome P450, family 94,
subfamily B, polypeptide 3,
monooxygenase involved in
jasmonoyl-L-isoleucine
catabolism

cytochrome P450, family 94,
subfamily C, polypeptide 1
deletion

days after sowing

detached leaves
dark-induced senescence
Dimethyl adipimidate
DUF679 membrane protein
DMP promoter

Dimethyl Suberimidate
deoxyribonucleic acid
deoxyribonuclease
deoxynucleotide triphosphate
days post infiltration
dithiothreitol

domain of unknown function
679
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EDTA
eGFP

ER
EST
etal.
EXT4

Gal
GC-MS

gDNA
GLN1
GOGAT
GPT

GS
GUS

HA
HEPES

HXK

JA
JAR1

JAZ
JMT

JR1

KAT1
kb
kDa

acid glutamic
ethylenediaminetetraacetic acid
enhanced green fluorescent
protein

endoplasmic reticulum
expressed sequence tag

et alii; and others

extensin 4

phenylalanine

guanine

glycine

galactose

gas chromatography—mass
spectrometry

genomic DNA

glutamine synthetase 1
glutamate synthase
N-acetylglucosamine-1-
phosphate transferase
glutamine synthetase
B-glucuronidase

hour

hematoglutinin
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid
hexokinase

isoleucine

jasmonic acid

jasmonate resistantl (jasmonate-
amido synthetase)
jasmonate zim domain
S-adenosyl-L-
methionine:jasmonic acid
carboxyl methyltransferase
JA-responsive 1

lysine

kilo

potassium channel protein 1
kilobase

kilodalton

knock-out

leucine

liter

long day

lipoxygenase

methionine

molar

milli

micro

a-1,2-mannosidase | (49 aa)
myrosinase-binding protein 1
minute

mildew resistance resistance 02
monomer red fluorescent protein
messenger RNA



MRP2

MS
MU
MUB2

MUG

Myc

MYC2

N

n

N.D.
Na,COs3
Na,EDTA

NAC

NaCl
NaPQO,
NCBI

NCC
NdhF

NO
NRT2
Nub
oD
OE
OPCL1
OPR3

ORA47

ORF

P

PaO
PCD
PCR
PDIL1-1

pDNA
PEPR1
PIP1A
PIP1B

multidrug resistance-associated
protein 2

Murashige-Skoog
4-methylumbelliferone
membrane-anchored ubiquitin-
fold protein 2
4-methylumbelliferyl-beta-D-
glucuronide

c-myc, similar to
myelocytomatosis viral
oncogene (v-Myc)

MY C-related transcriptional
activator

asparagine

nano

not detected/determined
sodium carbonate

disodium ethylenediamine
tetraacetic acid

no apical meristem domain
containing

sodium chloride

sodium phosphate

National Center for
Biotechnology Information
non-fluorescent chlorophyll
catabolites

Chloroplast encoded NADH
dehydrogenase unit

nitric oxide

nitrate transporter 2
N-terminal ubiquitin moiety
optical density
overexpressor

OPC-8:0 CoA ligasel
oxophytodienoic acid reductase
3

member of the DREB subfamily
A-5 of ERF/AP2 transcription
factor family.

open reading frame

proline

Pheidea oxygenase
programmed cell death
polymerase chain reaction
protein disulfide isomerase-like
(PDIL) protein 1-1

plasmid DNA

PEP1 receptor 1

PM intrinsic protein 1A

PM intrinsic protein 1B

PLACE

PM
PXA1
gRT-PCR
5°-RACE-
PCR

RCB
RCC
RCCR
RLP41
RNA
ROS
rpm

RT
RTNLB1
Rubisco

S
SAG12
SAG29
SAVs
SFP1

SIRK

STZ/ZAT10

SUT1
SYP41

Taq
TG
T™
T™
TMD
TPK1
TVS
UPR
VTI11
WT
X-Gluc

ZATI11
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plant cis-acting regulatory DNA
elements

plasma membrane
peroxisomal ABC transporter 1
quantitative real time PCR
rapid amplification of cDNA
ends with polymerase chain
reaction

Rubisco-containing bodie
chlorophyll catabolite

RCC reductase

receptor like kinase 41
ribonucleic acid

reactive oxygen species
rotaion per minute

reverse transcription

reticulon like protein B1
ribulose-1,5-bisphosphate
carboxylase oxygenase

serine

senescence-associated gene 12
senescence associated gene 29
senescence-associated vacuoles
ERD subfamily monosaccharide
transporter
senescence-inducible receptor-
like protein kinase

salt tolerance zinc finger,
subclass C1-2i C2H2-zinc-
finger-type nucleic acid binding
protein

sucrose transporter 1

syntaxin of plants 41

thymine

threonine

Thermus aquaticus
thapsigargin

tunicamycin

transmembrane
transmembrane domain

two pore K channel 1
transvacuolar strand

unfolded protein response
vesicle transport v-snare 11
wildtype
5-bromo-4-chloro-3-indolyl
glucuronide

subclass C1-2i C2H2-zinc-
finger-type nucleic acid binding
protein
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