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Abbreviations

BSA: bovine serum albumin
bp: base pair

BP-80: binding protein of 80 KDa

CCV: clathrin coated vesicles

Ct-VSD: C-terminal vacuolar sorting determinant
CT: cytosolic tail domain

CTPP: C-terminal propeptide

DIP: dark induced protein

DMSO: dimethyl sulfoxide

DNA: deoxyribonucleic acid

DNase: deoxyribonuclease

dNTPs: deoxyribonucleic acid triphosphate
dsRNA: double stranded RNA
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EGF: epidermal growth factor

ER: endoplasmic reticulum

EDTA: ethylene diamine tetra acetic acid
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PCR: polymerase chain reaction
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SRP: signal recognition particle
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TEMED: N,N,N’,N’-tetramethyl ethylene diamine

TGN: tran Golgi network

TIP: tonoplastic intrinsic protein

VSD: vacuolar sorting determinant

VSV: Vegetative storage vacuole

VSR: vacuolar sorting receptor



Chapter 1

General introduction

Organelles are necessary for cells to stay alive laglp cells in synthesis of complex
molecules involved in the diversity, in the spex#ixchange with their environment and help
in signalling. Each organelle has its own functiGells of eukaryotic organisms have similar
general organizations. However, there are sonferdifces in different species at the level of
the number, the size and the structure of theiameties. Animal cells possess a single
centralized Golgi apparatus while in yeast andlants the Golgi apparatus is dispersed in
single cisternal compartments in the cytoplasm.ntPleells are characterized by a
pectocellulosic cell wall and have vacuoles oftepresenting more than 70% of the volume
of the cell. These differences depend on the gpk,tand some organelles such as Golgi
apparatus, endoplasmic reticulum, peroxisomes,amatiedria, or vacuoles are dynamic and
undergo a variety of changes in response to celhgads: protein transport, physiological
adaptations and the cell cycle (Malhotra and Yafi65). Specialized organelles present in a
cell type fill each well defined functions. Thesganelles allow the compartmentalization of
various biochemical processes within the cell.na $ecretory system, the number the shape
and the size of an organelle seem to be linketh¢oplasticity of transport carriers of the
secretory pathway (Levine and Rabouille 2005; MW065). The principal organelles are the
nucleus, mitochondria, the endoplasmic reticulurR)(Bhe Golgi apparatus, chloroplasts,
vacuoles/lysosomes, endosomes and peroxysomesyglymes. The nucleus contains the
genome of the cell; it is responsible for the sgsth of the DNA and RNA. The mitochondria
are responsible for cellular breathing via oxidagphosphorylation. The peroxysomes contain
enzymes implicated in the degradation of the faityds. ER is the major site at which
membrane lipids are synthesized in eukaryotes. Thiroplasts are the sites of
photosynthesis in plants. However, the synthesighefmajority of proteins of a eukaryotic
cell occurs in the cytosol, and it is from therattproteins must then migrate to reach their
final destination. These proteins thus containittfiermation necessary to be transported to

the correct target compartment. Several organelfethe eukaryote cell are grouped in a



system called the secretory pathway. The Golgi iigtps is used for secretion of proteins and
their post- translation modifications such as Mkdid oligosaccharide modifications, protein
O-linked glycosylation on threonine and serine dess. In plant cells, the cell wall
components hemicelluloses and pectins are syndtksiz the Golgi. The lysosomes in
mammalian cells or lytic vacuoles (LV) in plantseaacidic vesicles containing several
hydrolases (proteases, lipases, phosphatasesirafdifated in the catabolism of a great
number of molecules of endogenous or exogenousoiipese hydrolases degrade complex
molecules in simple elements which can then bectedyby the cell. In plants a second type
of vacuole was identified which is involved in th®rage of proteins and especially in seeds
and is called protein storage vacuole (PSV). his thesis work, we will be interested in
protein sorting in the secretory pathway and mamiqularly in sorting to different vacuoles,

involving different vacuolar sorting receptors

The secretory pathway.

The secretory pathway of a eukaryotic (plant) celschematized in figure 1. Organelles
implicated in this system are: the endoplasmicuitim (ER), the Golgi apparatus, vacuoles,
and intermediate compartments as the endosomadiarelar compartments f and the plasma
membrane. Proteins are synthesized in the rough, RBRsported by vesicles to the Golgi
where they are matured, are then packaged andsirduted to the plasma membrane or to
vacuoles (Figurel). The proteins on their way to secretion or sortiogzacuoles will thus
have to pass several organelles of the centralolacsystem.

Proteins are transported from ER to other compartsnasually via Golgi complex.
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Figure 1 : Scheme of the secretory pathway in a phé cell.(1) Storage protein bypassing the Golgi. (2) Protei
transport from the Golgi to the PSV. (3) Secretprgtein transport from Golgi to plasma membrane P
Protein transport to the lytic vacuole via PVC. & (6), endocytosis of membrane and extracelkterial
via a putative endosome and to the PVC or (7héoGolgi. Taken from Hawes (2005)

The transport of proteins from ER to other compartts inside the cell is vesicle dependent.

The Endoplasmic Reticulum

The ER is the first compartment of the secret@ihway and is constituted of interconnected
saccules and tubules. It is a multi-functional ok and is involved in protein synthesis,
sequestration of calcium, production of steroigsitisesis and storage of lipids (Galili et al.,
1998).

Structure and morphology of the endoplasmic reticlum

The ER can be subdivided into three domains witterdint functions: the rough ER (RER),
the smooth ER (SER) and the nuclear membrane. BiReiRcalled rough because ribosomes
bound to the cytosolic face of the membrane givea igranular structure in electron
micrographs. With these ribosomes, the RER plagsnthjor role in protein translation and
translocation. The SER is morphologically and fiorally different from the RER at it does
not carry ribosomes and is involved in lipid biogsis, detoxification of xenobiotics and
calcium regulation(Vertel et al., 1992).



The nuclear envelope is a specialized extensidheoER. The outer membrane of the nuclear
envelope is studded with ribosomes and is thusra gfathe rough ER. It contains the

specialized nuclear pore complexes which connectytoplasm and the nucleoplasm.

Proteins targeting to the endoplasmic reticulum

Soluble and membrane proteins destined to enéesélaretory pathway are simultaneously
translated and translocated across or inserted tidoOER membrane (Gomord and Faye
1996). This corresponds to the first step of proteiogenesis in the secretory pathway
(Deshaies and Schekman 1987).

Proteins will enter the lumen of the RER onlyhéy carry a specific signal sequence.

The signal sequence required for the proper traashin of soluble proteins into the ER is
located at the N-terminus end of the nascent pplype and is generally 10 to 50 amino acids
long (Von Heijne 1988). It begins with an N-ternmlimagion carrying 1 to 5 positively
charged amino acids, and ends with a polar C-tedmiagion containing a proteolytic
cleavage site. Between these two regions the Home@ constitutedof 7 to 16 mostly
hydrophobic residues (von Heijne 1986; Gomord aagkFL996). As soon as it emerges from
the ribosome the signal peptide is recognized amehd by a cytosolic ribonucleoprotein
complex, the signal recognition particle (SRP),ahhconsists of a 7S RNA and of 6 protein
subunits. The nascent protein bound to the SRPsfancomplex which stops translation
(High and Dobberstein 1991). The SRP-ribosome cerplso targets the ribosome—nascent
chain complex in a GTP-dependent manner to the i8B¥ptor. The SRP-preprotein complex
is then recognized by a membrane receptor, theimggkotein (DP) which is anchored in the
ER (Rapiejko and Gilmore 1997; Nagai et al., 20@&)bsequently, the SRP is released and
the ribosome—nascent chain complex is deliverethéoER translocation machinery. The
translocation complex, the translocon, consiststhef Sec61p protein which forms the
translocation pore, the signal peptidase (SP),dligosaccharyltransferase (OST) and the
translocating chain associated membrane (TRAM) emmot It is suggested that a
conformational change of Sec61p and TRAM openstittesiocation channel and that SP
cleaves the signal peptide after its translocafideshaies and Schekman 1987; Shelness and
Blobel 1990; Gorlich and Rapoport 1993). Howevearme proteins containing a signal
sequence can be inserted in an SRP independentemahhey are targeted to, and
translocated across the ER membrane after beimg $yhthesized and released from the

ribosome post-translationally.



Type | membrane proteins have a cleavable sigeptide similar to the one of soluble
proteins and a TM sequence. In eukaryote, typantl Il membrane proteins have an
internal uncleavable signal sequence which funstias well as a transmembrane domain.
Insertion of these proteins in the ER membraneiented based on the distribution of charge
residues flanking the transmembrane segment, pestinarges tending to remain on the

cytosolic face of the membrane (Hartmann et 8891 Wahlberg and Spiess 1997).

Protein retention and recycling of ER resident solble and ER integral
membrane proteins

Retention and recycling of the ER resident protein.

Newly synthesized proteins need to be correctlgddlin the ER before their transport into
different organelles. The correct folding and dgwadiontrol of newly made proteins is made
possible by several ER proteins: PDI, BiP (Hsc#ifig chaperones, and calreticulin. Only
properly folded proteins are transported from the E

Reticuloplasmins are ER resident proteins whichaianm the ER and the lumen of the ER
contains proteins involved in some modificationsefcretory proteins describe above: e.g.
BiP, PDI (protein disulfide isomerase). These gnaeemain in the ER while their substrates
are transported away. The retention in the ER s ttuthe C-terminal signal, which in
mammals is usually KDEL and in yeast HDEL (Deneekeal., 1992; Gomord and Faye
1996). In plants, both tetrapeptides have beentiiteth (Denecke et al., 1992; Gomord and
Faye 1996; Gomord et al., 1997). For example, tfadfa PDI harbours a KDEL sequence,
although most plant ER soluble resident proteinsycan HDEL signal (Vitale et al., 1993).
Specifically, HDEL proteins show a characteristiR Histribution whereas KDEL proteins
are immunodetected on a discrete part of the ERarkt(Napier et al., 1992). The addition
of KDEL to the C-terminus of various secreted pirtgeleads to ER-retention of these
proteins in animal cells. Similarly, reporter piiate fused to H/KDEL tetrapeptides are at
least partly retained in the ER of plant cells (Beke et al., 1992; Napier et al., 1992;
Boevink et al., 1996; Gomord et al., 1997)
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Retention and recycling of the ER integral membranegroteins.

A di-lysine motif (i.e. KKXX or KXKXX) end has é&en identified at the cytosolic C-
terminal in many types | integral membrane protehshe ER of yeast, animal and plant
cells. This sequence is both necessary and suffidfm ER retention. As for H/KDEL
containing soluble ER proteins, the di-lysine mati€diates retrieval of type | membrane
proteins from the GA back to the ER in mammaliaack3on et al.,, 1993) and yeast cell
(Gaynor et al., 1994) by interacting with recepttvich react with the COPI coat.

For type Il membrane proteins a di-arginine mdids also been identified at the
cytoplasmically oriented N-terminus as retentiod egtrieval signal in the ER (Schutze et al.,
1994).

Retention and retrieval mechanisms appear to ®i-8¢ ER resident membrane proteins.
Many types | ER membrane proteins have been idedtifom different plant species (Huang
et al., 1993; Hasenfratz et al., 1997) and sinmiatifs in their CT could also be involved in

their ER-retention. When fused with GFP the TMD dhe CT of tobacco and castor bean
calnexins are sufficient for ER-retention in toba@eotoplasts. In addition, when a part of the
CT including the di-arginine motif of these two twims is deleted from the fusion proteins,
they are in part exported from the ER, similarly results obtained in mammalian cells
(Phillipson and Denecke 1997).

Protein quality control

In eukaryotic cells, DNA, RNA, proteins are subjéztquality control (QC) at each step of
their synthesis (Ibba and Séll 1999; Lindahl andod/@999; Wickner et al., 1999).

QC is a set of processes by which macromolecukesdantified not (yet) properly folded
and are processed, or if they fail, are targetedéstruction.

For proteins, the QC occurs at the level of, tieimm, folding and assembly (Ellgaard and
Helenius 2003).

It has been estimated that a third of all polyjukgst synthesized by animal cells fails to pass
the QC and are degraded. Cells recognize impropa@dgd proteins by using helper proteins
which are able to recognize typical features of-native structures. These chaperones
interact with proteins assisting their refolding aiverting improperly folded proteins for
degradation. Several chaperones use ATP for thisegs (Gottesman et al., 1997; Wickner et
al., 1999; Ellgaard and Helenius 2003; Hirsch gt24104).
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The main compartment of the secretory pathway lws ©QC process is the ER and the
mechanisms include protein retention in the ER,dSBaciated degradation (ERAD), retrieval
to the ER from other organelles and transport viag(Gto lysosomes or vacuoles for
degradation. In animal cells the ER-Golgi internagéelicompartments (ERGIC) or vesiculo-
tubular clusters are also involved in QC (Ellgaetrdl., 1999).

Molecules and mechanisms involved in the quality cdrol

The first step in the process is the retention affolded proteins by interactions with ER-
resident proteins.

While folded proteins are not recognized, misfoldpbteins have usually exposed
hydrophobic regions, containing wrongly paired eysts in disulfide bonds and have a
strong tendency to aggregate (Ellgaard and Hel2008).

Misfolded or unfolded proteins are commonly fousdariated to chaperones. These proteins
have exposed hydrophobic surfaces which can iritevah chaperones or with proteases
(Wickner et al., 1999). Chaperones Hsp70 (DnaK) ldsp40 (DnaJ) are both involved in the
binding and release of the hydrophobic regions garesn misfolded proteins in an ATP-
dependent way (Rudiger et al., 1997; Bukau and kbrt998; Frand et al., 2000). The
hydrolysis of ATP helps in the refolding of misfeldl proteins (Schmid et al., 1994; Fewell et
al., 2001). When bound to ATP, HSP 70-like proteissume an open form in which an
exposed hydrophobic pocket transiently binds taoegd hydrophobic regions of the unfolded
target protein. Hydrolysis of the bound ATP causedecular chaperones to assume a closed
form in which a target protein can undergo foldifige exchange of ATP for ADP releases
the target protein. (McCarty et al., 1995)

Chaperones prevent also protein aggregation byukdting the correct folding of proteins.
This allows a higher yield of correctly folded pts (Groenendyk and Michalak 2005).
Misfolded proteins accumulating in the ER, are rimbby different factors: BIP, calnexin,
calreticulin, glucose-regulated proteins (GRP54) ¢hiol-disulfide oxidoreductase, protein
disulfide isomerase (PDI) and ERP57 (Ellgaard aetbRrius 2003).

In the cytosol there are also enzymes that sateticovalently modify misfolded proteins for
recognition by folding and degradation machineryhef cytosol. Ubiquitin, is a small protein
that is attached to lysine side chains as a degoadaignal (Glickman and Ciechanover
2002) and several enzymes are involved in the pmc® activate ubiquitin, select the

substrate and ubiquitinate it (McClellan et al.02)
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When the folding machinery in the ER is not suéfiti to promote a native conformation
proteins are generally degraded by the ER-assdctggradation (ERAD) (Bonifacino and

Weissman 1998; Plemper and Wolf 1999; Lord et24Q0). This process is mainly carried
out by the26S proteasome in the cytosol (Hiller et al., 19960dBky et al., 1999). It occurs in

several steps: terminally misfolded or unassemlgeateins are recognized by the ER
chaperones. They are then retranslocated intoytlesa through the Sec61p channel with the
help of BiP, deglycosylated, polyubiquitinated, afichlly degraded by the proteasomes
(Wiertz et al., 1996; Plemper et al., 1997).

Heat shock proteins (HSP): HSP70, HSP40, HSP90, artEP110

One of the central molecular chaperones identWied BIP. It's has been identified as an
immunoglobulins heavy chain binding proteins anagagucose-regulated protein (Haas and
Wabl 1983).

Members of the HSP70 family contains two domaitihe N-terminal ATPase domain
followed by a conserved C-terminal substrate bigditmmain (Munro and Pelham 1986;
Wang et al., 1993)

It has been shown in yeast that the activity of H®Pis enhanced by another chaperone
family the HSP 40 (Dnald). This stimulates the atgtiwf HSP70 and induces a stable
substrate binding (McCarty et al., 1995; Fewelhlet 2001). It can deliver protein to HSP70
because it binds to hydrophobic 8 amino-acid m@Rigdiger et al., 2001).

The heat-shock protein 90 (Hsp90) is a cytosolidemdar chaperone that interacts with
folding polypeptide chains at normal temperaturep®0 promotes functional refolding to the
native state by suppressing unspecific side reastidakob et al., 1995).

The 110-kDa heat shock protein (hsp110) has loeg becognized as one of the primary heat
shock proteins in mammalian cellsbelongs to a recently described protein fantigttis a
significantly diverged subgroup of the hsp70 family and has Heend in organismss
diverse as yeast and mammialsitro heat denaturation and refolding ass#gmmonstrate that
hsp110 is highly efficient in selectively recogmgdenatured proteins and maintaining them
in a soluble, folding-competestate and is significantly more efficient in perfong this
functionthan is hsp70 (Oh et al., 1997; Oh et al., 1999).
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Other types of chaperones (unconventional chaperosgand maturation of
secretory proteins within the ER

Other type of chaperones are the lectin chaperonabiexin (CNX) and calreticulin
(CRT)(Parodi 2000b, 2000a).

These proteins are homologous and reside in the TRy share similar structures and
functions except that calnexin is a membrane-amchq@rotein and calreticulin is luminal.
The luminal N-terminal portion of calnexin is vesiymilar to calreticulin, although one of the
repeated segments of calnexin is absent from walhet (Boyce et al., 1994; Krause and
Michalak 1997; Schrag et al., 2001) They have bseown to be implicated in some
cytoplasmic and nuclear processes and can be skicated from the ER lumen to the cytosol
(Zhang et al., 1997; Danilczyk et al., 2000; Afslearal., 2005). They are essential for the
folding of glycoproteins because they associatéh witycan structures: They bind to the
oligosaccharide core GhMan,-GIcNAc, as an initial step in recognizing unfolded
glycoproteins. CNX or CRT bind to the monoglucossthaglycans of proteins when a glucose
residue is retained by N-glycan in misfolded glyaipins. The two first glucose residues of
the N-glycan extremity are removed by glucosidaaed Il. Then glucosidase Il removes the
last remaining glucose and disrupts the interactgipcan-CNX or -CRT. The free
glycoprotein can leave the ER unless it is recaghas unfolded by chaperones.
Incompletely folded glycoproteins are reglucosyatey an UDP-Glc: glycoprotein
glucosyltransferase (GT) (figu2e The newly glucosylated molecule can associasnagith
lectin chaperones and the cycle is repeated. Thardkreglucosylation cycle will take place
until the molecule is correctly folded (Hammonda&t 1994; Parodi 2000b; Helenius and
Aebi 2004).

The three dimensional structures of proteins atenoéharacterized by the presence of intra-
or intermolecular disulfide bonds. Disulfide bormrhation is catalysed by a protein disulfide
isomerase (PDI) which displays thiol: protein dild oxidoreductase and isomerase activity
and was shown to assist CNX and CRT in the QC sysidis is facilitated in the oxidizing
environment of the ER lumen (Parodi 2000b). Idedifmembers of the oxidoreductase
family that contain thioredoxin-like activity ardRip57, ERp72, ERp44 (Oliver et al., 1999).
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Figure 2: Modifications of the N-linked glycan on tins
The first, second and third glucose of the protem removed by glucosidase | and Il. The third gheccan be

reattached by a glucosyltranferase that recognirdg misfolded and unfolded. Calnexin and calrdiicu
associate with the monoglucosylated chain to reit@mature glycoproteins in the ER, to allow folditg
proceed. The ERt 1, 2-mannosidase removes a single mannose, resutii Glg_sMangGIcNAc,, before
transport of the properly folded protein to the gg@omplex where further processing occurs. Thasieé was

taken from Braakman (2001).

Transport between compartments using vesicles

Secretory and membrane proteins that have suctigsgiassed the quality control are
transported within the secretory pathway to speadlregions called ER exit sites.

Protein transport from the ER to the GA are pac#lagecarrier vesicles that are formed on
the ER membrane and selectively fused withdiseGolgi membrane (Bannykh et al., 1996;
Watson and Stephens 2005).

A general mechanism of vesicle budding and fusemlieen proposed (Kuehn and Schekman
1997; Aridor et al., 1999; Bonifacino and Glick 200 Vesicles bud from a "donor"
compartment by a process ("vesicle budding") thiatwwa selective incorporation of cargo
into the forming vesicles while retaining residpndteins in the donor compartment ("protein
sorting”). The vesicles are subsequently targeteda tspecific "acceptor” compartment
("vesicle targeting”), into which they unload theiargo upon fusion of their membranes

("vesicle fusion™).
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The processes of budding, targeting and fusionrgpeated at consecutive transport steps
until the cargo reaches its final destination withr outside the cell. To balance the forward
movement of vesicles, organelle homeostasis regjuire retrieval of transport machinery
components and escaped resident proteins from d¢beptr compartments back to the
corresponding donor compartments (retrograde tmat)jspvhich is also realized by vesicular
transport.

Three types of coat proteins are involved in Medatidding and in the selective incorporation
of cargo in the forming vesicles, COP-I, COP-II aridthrin (Nickel and Wieland 1998;
Bonifacino and Lippincott-Schwartz 2003).

COP-I (Coatomer protein) and COP-II

It is generally accepted that COP-II coats mediagetransport of material from the ER to the
Golgi (Barlowe et al., 1994; Schekman et al., 1B&hekman and Orci 1996) and segregate
biosynthetic cargo from ER-resident proteins (Bado2002), whereas COP-lI plays an
important role in the Golgi-to-ER retrieval and nmaintenance and function of the Golgi
(Cosson and Letourneur 1994; Gaynor et al., 198Btgnov et al., 2005). This function was
better demonstrated with the cycling of the ER enape calreticulin from the ER and its
return from Golgi in COP-| vesicles (Pimpl et &0Q00; Contreras et al., 2004; Hawes 2005).
Additionally the transport from early to late endoges also depends on COP-I vesicles (Gu
and Gruenberg 1999) Figue
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Figure3: Transport between the endoplasmic reticulum ER andhe cis-Golgi is regulated by the COP Il
and COP | vesicles coat COPI mediate a retrograde transport pathwaysbkctively recycles from the cis-
Golgi complex. COPII are required for selective @tmpf newly synthesized proteins from the ER. ¢akir
traffic pathways from the ER to and within Golgingplex, to the endosome/lysosome system and tolédseng
membrane are shown (PM). Adapted from Duden (2003)

The formation of both COP-1l and COP-I vesicleguiees the activation of a specific small
GTPase, which causes the recruitment of structoaiponents of the vesicle coat to the
membrane, resulting in the formation of a vesiblat ttan then bud from the membrane and
travel to its destination (Hanton et al., 2005).

COP-I is a multi molecular complex composed ofese€OPs (focoat proteins):a, B, B, v,

3, &, and{. The seven COP polypeptide complex is generallgct@ coatomer (Waters et al.,
1991; Schekman and Orci 1996). The eighth compsnefntthe COP-I coat is ADP-
Ribosylation Factor (ARF1), a small GTP-binding tein. The coat formation begins by the
activation of ARF by an ARF-GEF recruitment to aegssembled coatomer (Orci et al.,
1993). In this case, the coatomer directly inteyaatith membrane-bound ARBTP
(“activation”) via itsp- andy-COP subunits. COP-I dissociation requires GTP diydis by
ARF1 which is stimulated by a cytosolic ARF-speciBAP (Goldberg 1998; Spang 2002). In
yeast, two subpopulations of COP-I vesicles seerbetanvolved in the sorting of Golgi
resident proteins both containing high amounts ofgGresident proteins, but only minor

amounts of anterograde cargo. This was the casarbf Golgi proteins which were shown to
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be sorted together into vesicles that are distirmih those containing mannosidase Il, a
glycosidase of the medial Golgi stack (Lanoix et2001). In plants, homologues to the yeast
COP coatomer subunits (Pimpl et al., 2000), and AR&ve been identified (Regad et al.,
2003).

Activation of ARF1 by its ARF-GEF (Sec7p in yeaistprevented by Brefeldin A, preventing
the recruitment of COP | on Golgi. This causes acklof transport through the Golgi
apparatus and the fusion@$-Golgi cisternae with the ER (Zeghouf et al., 2005)

The coat complex Il (COP-Il) was identified and @dwerized in yeast and in mammalian
systems and homologues of several components lemreientified in plants (d'Enfert et al.,
1992; Bar-Peled and Raikhel 1997). In mammals angeiast, a small cytosolic GTPase
Sarlp was shown to mediate COP-II vesicle formataond three isoforms of this GTPase
have been identified in Arabidopsis. Sarpl actorais mediated by an ER-localized integral
membrane protein called Sec12p, a functional hogudoof which has been identified in
Arabidopsis (Bar-Peled and Raikhel 1997; Vernoual e2003)

The mechanism by which cargo molecules are package COP-Il is that COP-Il coat
assembles by the gradual deposition of Se@pP, Sec23pSec24p dimers, and
Secl3pSec3lp dimers onto sites where newly synthesizetkips exit from the ER. The
cytosolic Sarlp-GDP is converted to membrane bosadlp-GTP by the transmembrane
protein Secl2p, its GDP-GTP exchange factor (GEBarlpGTP recruits the
Sec23pSec24p subcomplex by binding to Sec23p, formingptieebudding complex. Then,
transmembrane cargo proteins can gather at thenbsg coat by binding to Sec24p. The
Secl3pSec31p subcomplex polymerizes onto See&Z3xr24p and crosslink the pre-budding
complexes. The dissociation of the coat require® Gydrolysis by Sarlp which is stimulated
by Sec23p (a GTPase protein (GAP)) destabilizirg ¢bat (Kuehn and Schekman 1997;
Kirchhausen 2000b; Bonifacino and Glick 2004; Hantb al., 2005).

Coat complexes

Three types of coat complexes, each mediatingrdiftetransport steps, are presently known:
Clathrin coat COP | and CORP Il (Scales 2000).
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Clathrin

Clathrin coated vesicles (CCVs) are central playerseceptor-mediated endocytosis. They
also mediate the transport of cargo from the Ti@okyi Network (TGN) to the endosomal
/lysosomal compartment reviewed (Kirchhausen 1999). Clathrin was first purified by
Pearse and was shown to be the major componentrifted coated vesicles extracts (Pearse
1975). Clathrin is a trimer consisting of 3 heanhains (~190KDa) (Kirchhausen 2000a)
which associate with light chains (~25KDa). Togetiey form a structure called a triskelion
(Robinson et al., 1998b; Fotin et al.,, 2004). L&OP | and COP Il vesicles, the vesicles
coated with clathrin must lose their coat to beedblfuse with the target membrane.

Adaptor proteins (APSs)

The adaptor proteins, another component of the, quawide a link between the clathrin
triskelion, and transmembrane proteins which wallibcorporated into the vesicle (Robinson
and Bonifacino 2001). There are four kinds of aneptAP-2 is incorporated in the vesicles
budding from the plasma membrane, which are contbo$ean adaptiru, an adaptir3, a
polypeptide of approximately 50 kDa (AP50 o) mand a polypeptide from approximately 20
kDa (AP17 oro,); another adaptin is named AP-1 and is associattd vesicles budding
from the TGN and endosomes. It includes an adaptian adaptind ', a polypeptide of
approximately 50 kDa (AP4@r ;) and a polypeptide of approximately 20 kDa (ARL%1)
(Bonifacino and Dell’Angelica 1999; Traub 200Pplypeptides y and 4, forming part of
adaptors AP-2 and AP-1 respectively, were showmtgract with transmembrane proteins
harbouring either a Tyr motif (YX%, where Y represents a tyrosine abhdan amino acid
with a hydrophobic side chain) or di-leucine sign&®E]XXXL[LI]. These motifs are present
in several transmembrane proteins (Bonifacino arald 2003; Nakayama and Wakatsuki
2003; Traub 2003). In the case of vesicles diretidgisosomes, the adaptor which binds the
clathrin also recognizes a motif present in theosgtic tail of the mannose 6 phosphate
receptor 275 kDa (Pearse and Robinson 1990).

Other families of monomeric proteins with adapttated domains have been identified. The
GGAs (Golgi-localizedi-adaptin ear homology domain ARF binding proteigyevdescribed

in mammalian cells and in yeast (Dell'Angelica ket 2000; Hirst et al., 2000; Costaguta et

al., 2001)out have apparently no equivalents in plants.
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In plants, all members of the Vacuolar Sorting Re¢aefamily (VSR, see below) contain a
form of the tyrosine motif (YXX@) (Paris et al., 9B). VSRs.;was found to be enriched in
CCVs(Kirsch et al., 1994; Robinson et al., 1998Imz-Het al., 1999; Hillmer et al., 2001),
which is also true for some of it&rabidopsis homologues, the AtVSRs. It was recently
demonstrated that Arabidopsis pA-adaptin (component of the CCV coat) binds tI&Ry.

1'S tyrosine motif and the tyrosine residue was asofirmed to be crucial for this binding
(Happel et al., 2004)

GTP-binding protein

Membrane

Membrane receptor protein

Membrane cargo protein

Coat and adapter proteins

Figure 4. General Scheme for Vesicle BuddingPolymerization of coat protein (occurs on cytoseiite
of embrane). Adapter proteins select the apprapriatrgo proteins. GTP binding protein regulatesdmgl
Membrane fusion and vesicle release

Vesicle fusion with the target membrane

The attachment and fusion of vesicles at theitinkgtson is mediated by transmembrane
proteins named SNAREs (Soluble NSF (N-ethylmalegvsdnsitive fusion protein)
attachment protein receptors , which together wigtosolic factors form complexes that
allow fusion of vesicles with specific target orglas (Hanton et al., 2005). A large number
of SNAREsS (at least 54 different SNARES) have bieemmd in the Arabidopsis genome, with
six SNAREs in the ER membrane and nine in the Golgmbrane (Sanderfoot et al., 2000;
Sanderfoot et al., 2001; Uemura 2004). This incduttemologues known in yeast as Sec22p,
Betl, Botl Sed5 all located to punctate Golgi—Bkeictures (Takeuchi et al., 2000; Chatre et
al., 2005; Hawes and Satiat-Jeunemaitre 2005; Veepel et al.,, 2005; Flanagan and
Barlowe 2006).
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There is a type of SNARESs located on the transpesicle (v-SNARES) and others on the
target membrane (t-SNARESsS), which have been ratkedsas either R-SNAREs or Q-
SNAREs depending on the presence of a conservedA@In in a central position of the
main helix (Jurgens 2004; Chatre et al., 2005; H20@p).

The formation of the SNARE complex via conservededscoil domains (Bonifacino and
Glick 2004; Hawes 2005) results in membrane fusidre term “SNARE complex” refers to
a machinery including four components: V-SNARENARE, SNAP and N-ethylmaleimide-
sensitive factor (NSF). Proteins that regulate SEARclude Rabs which are small GTPases
facilitating SNARE complex formation. In plants b GTPases have been found, few of
them were studied and there is little informationtloeir localization. Rabs also cycle between
an inactive GDP-bound and an active GTP-bound cordbon with GEFs catalyzing the
GDP/GTP exchange reaction and GAPs (Batoko e2@00; Ueda 2001; Nebenfihr 2002;
Preuss et al., 2004) v-SNARE present on the vesi@enbrane interacts with t-SNARE
present on the acceptor membrane. After fusion, B¥#ds to the SNARE complex then
recruiting NSF. ATP hydrolysis by NSF dissociates SNARE complex, the v-SNARE can
then be recycled to the donor compartment by redde transport, while the t-SNARE can
re-organized for the next round of docking andduasievents (Hong 2005). NSF is required
to dissociatecissSNARE complex, present on the membrane after aseom (Weber et al.,
2000)

The Golgi complex

After leaving their production site at the ER, mestretory proteins are transported to the
Golgi apparatus (GA), which consists of severdtdiaed cisternae interconnected by tubular
elements (Mellman and Simons 1992) except in yeadtere cisternae are dispersed in the
cytosol.

In mammalian cells, Golgi stacks are localized juxtanuclear position, while in plants they
are dispersed in the cytoplasm and they apparemile to locations where their activity is
needed (Harris 1986; Andreeva 1998). The GA is dédi into four different
subcompartments: theis, the medial-, and trans-Golgi, as well as TGN can often be
distinguished, both microscopically and functiopall
In plants, the GA functions as an important biokght compartment that modifies proteins
and synthesizes lipids and polysaccharides (sucheasicelluloses and pectins, but not

cellulose). Xylo-glucan and polygalacturonic acid the two main classes of polysaccharides
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synthesized by dicotyledons (Driouich and Staehel®97). The GA is also the site of
posttranslational modifications such as remodellaigthe N-linked oligosaccharide side
chains and biosynthesis of O-linked glycans of ghroteins. N-glycans are very similar in
plants and in mammals but differ in terminal resstuplant N-glycan have alpha-1,3- fucose
instead of alpha-1,6-fucose in mammals and betayligse is found in plants while N-
acetylneuraminic acid is found in animals (Fayaletl992). O-glycosylation is found on
hydroxyproline-rich glycoproteins (HRGPs) and analgialactan proteins (AGPs) (Nebenfthr
and Staehelin 2001Yhese modifications occur in a series of sequengi@attions, while the
glycoprotein is transported across the stack byeraos Golgi enzymes such as glycosidases
and glycosyltransferases.

The other main function of GA is the synthesis saime lipids like ubiquinone and
plastoquinone, as described in spinach (Swiezeweskal., 1993; Osowska-Rogers et al.,
1994).

The GA is a major sorting point in the secretoathwvay. Proteins destined for secretion
enter the Golgi at thes-face and subsequently move to thens-face wherghe majority of
proteins exit the stacén route to the plasmanembrane or to the vacuolar system (Neumann
et al., 2003). The GA packages its macromoleculadycts on therans-face in membrane-
bounded vesicles, which are targeted to differestidations within the cell.

Three models have been suggested to explain theriadransport of secretory proteins
through the GA, which are not mutually exclusiveuld be correct to some extend (Pelham
and Rothman 2000).

The first model: The vesicle shuttle

In this model, each cisterna constitutes a stabiepartment, and anterograde cargo moves
via vesicles cisterna to cisterna in a cis-to-trdimection. The transport of Golgi proteins is
mediated by COP-I coated vesicles, formed at thigi@sterna (Staehelin and Moore 1995).
Vesicles are produced at any point and remain &dsdcon the ER/actin network (Boevink
et al., 1998; Glick and Malhotra 1998; Batoko et 2000). In mammalian cells and in plants,
the application of N-ethylmaleimide blocks the tusprocess of the vesicle with an acceptor
membrane, and causes their accumulation in thaityiodf the Golgi stack (Rothman 1994,
Steele et al., 1995). Another experiments to suppa was the use of the fungal metabolite
brefeldin A, that inhibits the formation of COPIsieles in mammals yeast, and plants. The

transport of sporamin (a sweet potato storage imofeom the ER to GA in transgenic
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tobacco cells is blocked with an accumulation & ¥itinity of the Golgi stack (Holwerda et
al.,, 1992; Rothman 1994; Satiat-Jeunemaitre et E)96). Indeed, in animals cells
anterograde cargo proteins have been immunolodalizthin COP-| vesicles near the GA
(Orci et al., 1997).

The second model: the cisternal progression or matation

In this model, vesicles are not involvedtransport of the secretory cargo, which is iadte
passively carried forward by cisterna progressiamje COP-| vesicles are used only for the
retrograde transport to recycle resident Golgi ggnst (Pelham 1998). Cisternae mature
during their progression through the stacks by exmpp “early” Golgi proteins to younger
cisternae, while receiving “late Golgi” protein®in the older cisternae (Glick and Malhotra
1998). Genetic studies showed that COP-I vesidtasaarry material from Golgi back to the
ER (Letourneur et al.,, 1994; Gaynor et al., 1998ajtoving backward one cisternae at a
time. So, in this model, cisternal maturation ceexivith anterograde carrier vesicles.

Using light and electron microscopy, the vesicui@mmatitis virus membrane glycoprotein
(VSVG) was shown to be largely excluded from Galgsociated vesicles and does not move
between cisternae, whereas Golgi enzymes freebr @eticles as predicted by the cisternal
maturation model (Martinez-Menarguez et al., 20R&tham 2001). Mironov et al., (2001)
showed by using GFP tagged VSVG delivered from & algi, that only a subset of stacks
in the Golgi becomes labelled. Using light and et microscopy, VSVG was not spreading
either into earlier or later cisternae, or intoaa@jnt stacked regions or into vesicles. In
contrast, Golgi enzymes were present in the Goldiappeared to be exchangeable between
the mother stacks. This model is the only one cdileawith the transport of algal scales or
of procollagen, which are too bulky to fit into COResicle. In addition, maturation of the
single cisternae of yeast could be directly visaeaiby the use of different fluorescent Golgi
markers (Losev et al., 2006; Matsuura-Tokita et24106).

It is clear that the cisternal maturation doesexatlude the possibility of vesicles transport,

and vice versa (Pelham and Rothman 2000).

Third model: Transient tubular connections

The third model describes intra-Golgi transport layeral diffusion through membrane

continuities or tubules (Mironov et al., 1997).fact, tubules are a well-characterized feature
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of the Golgi complex, whose stacks are interlinketth tubuloreticular networks (Rambourg
and Clermont 1990). Membrane continuities have begslicated in the diffusion of Golgi
enzymes within intact Golgi in living cells (Colé¢ al., 1996; Marra et al., 2001). Golgi
tubules are dynamic structures and are affectelddal lipid compositions (de Figueiredo et
al., 1999; Weigert et al., 1999). However, suchnemtions are absent or rare in the Golgi
from other organisms like yeast (Rossanese etl@89). In addition, vesicles and tubules
appear to co-exist in the pathway (Ladinsky etl#199). To what extent tubules contribute to
membrane transport between Golgi cisternae stillaras to be clarified (Marsh and Howell
2002; Storrie and Nilsson 2002). EM tomography ofgbstacks demonstrated the formation
of tubular connections between stacks when a nmagsiNse of cargo passed through the
Golgi apparatus.

The Trans-Golgi network

The trans-Golgi network (TGN) is the site of camgmrting and final exit from the Golgi,
directing newly synthesized proteins to differeabaellular destinations (Gu et al., 2001). It
is associated to the trans-side of the Golgi ancelettron microscopy it is seen as a
sacculotubular networkThe structure and the size of TGN vary remarkabiynf one cell
type to anotherAt the TGN, cargo molecules are sequestered intedovesicles and
directed to their correct destinationSoluble proteins carrying no specific sorting silgrare
targeted and transported to the plasma membraaeghra so-called constitutive pathway. In
the regulated secretory pathway leading to thesteflace vesicles only fuse with the plasma
membrane upon stimulation by an extracellular digt@e cargo in secretory granules (Traub
and Kornfeld 1997).

From the TGN to other specific compartments saghysosomes or vacuoles, most proteins
first transit via an endosome or PVC (Robinsonlgtl®98a; Tse et al., 2004).0One terminal
compartment of the secretory pathway in plant aslhe vacuole (Marty 1999). In animals
there may be distinct compartments: lysosomes aldnmosomes.

At the TGN, sorting of cargo to different destioas is regulated in many ways. First,
biochemically distinct coats are likely to specgyotein sorting. Second, cytosol-oriented
sorting signals of cargo proteins direct them @ dppropriate export site. Third, TGN might
be organized into discrete subdomains dedicategdemble specific coat population (Traub
and Kornfeld 1997).
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Other selective pathways sort proteins into theagllular endosomal membrane system

(Neuhaus and Rogers 1998; Jiang and Rogers 1999).

Protein sorting to lysosomes in mammalian cells

The correct targeting of newly synthesized lysodoenaymes to lysosomes is dependent on
modification of their N-glycans by the action of zgmes. The Man-6-P residues are
generated in two steps. N-acetylglucosaminel-praiegh attached to the C6-hydroxyl group
of mannose residues followed by removal of the Biydglucosamine. The first reaction is
catalysed by UDP-GIcNAc: lysosomal enzyme N-actytgsaminel phosphotransferase
(phosphotransferase) and the second by-aracetylglucosaminidase (Pelham et al., 1988;
Dittmer et al., 1999).

The second step involves the binding of lysosonyalrdiases to Man-6-P receptors in the
Golgi. The Man-6-P receptors recognize and bindMam-6-P tagged lysosomal proteins,
and the complex is transported by CCV to an aadimpartment where it then dissociates,
and the soluble ligand continues to the lysosomievihe receptor is recycled back to the
Golgi apparatus. There are two M6PRs (MPR46 and N8B®) in mammalian cells, the
cytoplasmic tails of which contain signals for @eliy from the Golgi to the endosome and for
endocytic internalization from the cell surface.|ld&d®n and mutagenesis studies have
identified a short sequence at the C-terminus oh ed the MPRs consisting of a di-leucine
motif that is required for the sorting of protetosthe lysosome (Johnson and Kornfeld 1992).
The delivery of membrane proteins to the lysosompears to be independent of the
mannose-6-phosphate recognition system, since ghegeins do not contain mannose-6-
phosphate modifications (Ghosh et al., 2003).

Another lysosomal receptor was discovered in argmsabrtilin, which does not bind to
glycans, is related to the yeast vacuolar receppm10p (Nielsen et al., 2001; Lefrancois
2005).

Protein sorting to vacuole in yeast

Like the mammalian lysosome and the plant lyticuode, the yeast vacuole is an acidic
organelle that is responsible for the degradatiomacromolecules and that also serves in the
storage of amino acids, small ions and polyphogshéKlionsky et al., 1990). In yeast,

sorting of soluble and the vacuolar membrane prsteias particularly well studied.
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Soluble vacuolar proteins such as carboxypeptidas€CPY), proteinase A (PrA) and
proteinase B (PrB) transit through the early stagfdbe secretory pathway and are sorted in
the TGN. The best studied cargo, CPY is synthesized prepro-enzyme and translocated
into the lumen of the ER where its signal sequesnateaved off to form proCPY (Stevens et
al., 1982; Johnson et al., 1987). proCPY receivdmitéd core glycosylation in the ER
resulting in a 67kDa form (p1CPY) which is thennsported to the GA where further

oligosaccharide modification produces the 69kDanf¢gp2CPY»p2CPY is sorted through a

receptor-mediated process that leads to its dgliterthe vacuole, where it is cleaved by
vacuolar proteases into its active, mature 61kDenfanCPY). It has been shown that the
sequence QRLP (residues 24 to 27) in the propepegien of the pro-CPY forms the core of
the targeting signal required to divert p2CPY awaym the default secretion to the
extracellular space, into the vacuolar biogeneatbypay. Alteration of this signal results in
secretion from the cell (Valls et al., 1987; Vadtsal., 1990). Subcellular fractionation studies
revealed that CPY transit through the PVC on itspey from the TGN to the vacuole (Vida
et al., 1993; Horazdovsky et al., 1995; Stack t18195). Marcusson and co-workers (1994)
isolated and characterized the sorting receptordBiY by complementation screen in a
mutant strain that secretes a CPY-invertase fusibis receptor was named Vps10p. Cells
lacking the Vps10p missorted more than 90% of t&Y. VpslOp also cofractionned with
Golgi membrane as well as with lighter membranetioas corresponding to a prevacuolar,
endosomal compartment (Marcusson et al., 1994; €@oapd Stevens 1996). VpslOp is a
178k-Da type | transmembrane protein of 1579 resduith a signal sequence for ER import
at its amino terminus (amino acids 1-21), a largeihal domain of 1,380 amino acids, a 17-
amino acid TMD (amino acids 1392-1413) and a CTI&f amino acids The Vsp10p receptor
must repeatedly cycle between the TGN and the FAV@odel of the pathway taken by CPY
(as well as by other vacuolar hydrolases) fromTt@#\ to the vacuole was proposed based on
the delivery of proteins to the lysosome in mamarakells by the M6PRs (Marcusson et al.,
1994; Cereghino et al., 1995; Cooper and Steve@$)1%irst Vpsl10p binds p2CPY in the
TGN, then, the receptor-ligand complex travels e VC in Golgi-derived transport
vesicles, and finally, CPY dissociates from itse@or in the PVC and is transported to the
vacuole, while Vpsl10p is recycled back to the GA #mother round of protein sorting
(detailed in (Bryant and Stevens 1998).

Integral membrane proteins lacking sorting inforioratre not delivered to the cell surface in
yeast. Instead, they are transported to the vadiRuberts et al., 1992; Wilcox et al., 1992).
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Yeast Golgi membrane proteins such as dipeptidylapeptidase A (DPAP A), Kex2p,
Kex1p possess within their C-terminus motifs camtag tyrosine and phenylalanine residues
which prevent their exit form the TGN (Wilsbach aPayne 1993). Removal of these signals
results in their delivery to the vacuole where tlaey subject to vacuolar protease-dependent
cleavage (Jones et al., 1982; Cooper and Busse¥; N@hwehr et al., 1993). Mutations of
the localization signals of resident ER membrara#egons also result in their transport to the
vacuole (Gaynor et al., 1994). These results paigtuhat delivery of membrane proteins to
the vacuole does not require specific sorting im@ation and that the vacuole rather than the
PM is the default destination for membrane prot@ingeast (Nothwehr and Stevens 1994).
Mislocalization of vacuolar proteins in yeast alkmhthe isolation of a large number of yeast
mutants especially defective in the delivery oftpnas to the vacuole (Bankaitis et al., 1986;
Rothman and Stevens 1986; Rothman et al., 1989)mutants were grouped into six classes
(A to F). Mutant from class E accumulate an exaatgel form of the PVC containing CPY (
see (Banta et al., 1988; Raymond et al., 199ZrRapal., 1995; Stack et al., 1995; Babst et
al., 1997) pep mutants were isolated as yeast strains defeicti@®Y enzyme activity (Jones

1977). p mutant is equivalent tgps mutants.

Protein sorting to vacuoles in plants

It has been shown that in plant there are diffeientls of plant vacuoles in contrary to
mammalian cells which possess two types of lysosonfélant cell vacuoles are
multifunctional organelles that serve physical ametabolic functions for plant life. They
share some basic properties with yeast vacuolesyandomes of animal cells. They are lytic
compartments, function as reservoirs for ions amdabolites, including pigments, and are
crucial for detoxification and general homeostadibey are also involved in cellular
responses to environmental and biotic stress factarseeds and other specialized storage
tissues, they serve as storage sites for proteidssaluble carbohydrates (Taiz 1992; Wink
1993; Okita and Rogers 1996; Marty 1999).

Plant cells can have up to three different vacueléh different functions in a single cell:
The lytic vacuole (LV), the vegetative storage @n&l)l and the protein storage vacuole (PSV)
(Hoh et al., 1995; Paris et al., 1996; Di Sansddnastet al., 1998, 2001). Tonoplast intrinsic
proteins (TIPs, a family of aquaporins) have besgduas maker proteins for different types of

vacuoles (Paris et al., 1996; Jiang et al., 2000).
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The lytic vacuole (LV)

The LV is an acidic compartment that contains erey@nalogous to the lysosomal enzymes
of animal cells. This vacuole is important to maintturgor pressure, for the storage of
metabolites, and the sequestration of xenobiotropmunds (Taiz 1992). The membrane, or
tonoplast, of such vacuoles contains the aquapefiti® (Tonoplast Intrinsic Protein, (Hofte
and Chrispeels 1992; Marty-Mazars et al., 1995isRsral., 1996; Barrieu et al., 1998; Jiang
et al., 2000)

The Protein Storage Vacuole (PSV)

The PSV is found in cells from storage tissueseafds and fruits, where its major function is
the storage of proteins (Okita and Rogers 1996;tk898; Herman and Larkins 1999). This
vacuole was shown to store also defence proteise@d (Neuhaus and Rogers 1998). The
tonoplast of these vacuoles contains another disaquaporin, called-TIP (Paris et al.,
1996; Swanson et al., 1998).

The vegetative storage (neutral) vacuole

Di Sansebastiano et al., 2001 showed that LV amdral (probably vegetative storage)
vacuoles are regenerated by evacuolated protoghgibacco (Nicotiana tabacum) cells.
They are also accumulated in specialized vegetatlls in response to wounding or to the
developmental switches, and the membrane of thegetative storage vacuole contains the
aquaporing-TIP (Jauh et al., 1998; Neuhaus and Rogers 199&; & al., 2004).

Hybrids vacuoles

However, some vacuoles could be identified witlb thfferent TIPs (Jauh et al., 1999), and
on the other hand Murphy et al., (2005) showed Wian soybean plants were subjected to
changed physiological conditions, theTIP marker diminished while thé-TIP marker
became present in the paraveinal mesophyll vacimleating the conversion of a lytic
vacuole to a vegetative storage vacuole. This mike<lassification of vacuoles based on
TIPs more complicated. A fourth TIP-isoform callBdP (Dark Induced Protein) was also
identified which did not cross react with otherd?3land was found in root tip cells and

developing seeds (Culianez-Macia and Martin 1993).
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Seeds storage vacuoles with subcompartments

Developing seeds of castor bean accumulate |k storage proteins in their endosperm
(Jolliffe et al., 2004). The major storage proseame 7S lectin, 2S albumin and 11S globulins.
In seeds the protein storage vacuole is complexcanthins globoids and large crystalloids
within a soluble matrix. Globoids contain for exalmaleurain, the crystalloids are composed
of crystalline 11S globulin while the matrix compaent is a mixture of 7S lectins and 2S
albumins. In seed storage vacuoles DIP, a TIP2isafis associated with the crystalloid
membranes and the matrix is surrounded by a tosbpléh botha-ands- TIP (Jiang et al.,
2000).

Tamura et al. (2003) noticed different degradasotivity in vacuole. GFP was not stable in
acidic vacuoles under the light condition. The festence of a vacuole-targeted GFP was
stably observed in the vacuole of plants under dariditions and this fluorescent rapidly

degraded under light condition.

Due to the diversity of plants vacuoles, vacuolartisg seems more complex than in

mammalian systems since correct proteins need=satthreach vacuole type.

Vacuolar targeting in plants

Several vacuolar proteins are synthesized as m@cuwith a short peptide sequence (named
vacuolar sorting determinant VSD) necessary fouwkr targeting which is proteolytically
removed upon deposition of the protein in the vée@Neuhaus and Rogers 1998; Matsuoka
and Neuhaus 1999).VSDs have been identified iremdifft positions within the vacuolar
proproteins. The VSDs are divided into three mawugs: (1) “the sequence-specific’ VSDs
(ss-VSD), (2) C-terminal VSDs (ct-VSD), and (3) theernal or physical structure VSDs (ps-
VSD) (Neuhaus and Rogers 1998).

The sequence-specific vacuolar sorting determinan¥ SDs)

The best studied examples of ss-VSDs are in theridibal propeptides (NTPP) of sporamin,

a storage protein of the tuberous roots of swetttppand of barley proaleuraine, a protease
from barley.

The NTPP of sporamin was shown to be 16 aminosalcidg, and to be processed after

protein sorting (Matsuoka et al., 1990). When esged in tobacco suspension culture cells,

29



sporamin is sorted to the vacuole and expressioa ofutant lacking the 16 amino acids
propeptide results in secretion of sporamin, dernatisg that the propeptide contains the
essential VSD (Matsuoka and Nakamura 1991; Nakaetual, 1993). It was then shown that
the essential sequence for vacuolar targeting VRENPIR.. The point mutation Asn-26 to
Gly caused about 40% secretion, while the mutatible-28 to Gly abolished vacuolar
sorting of prosporamine (Nakamura et al., 1993pwshg that the sequence of such a
propeptide is more important than its position (&diatka 2000).

The second protein identified to contain an ss-W&3 barley aleurain which is synthesized
as a proenzyme and transported to an acidified;@olkgi compartment where it is processed
to the mature form. In barley aleurone cells, aeurwas localized by immunoelectron
microscopy in a vacuole that is morphologically ginysically distinct from PSV (Holwerda
et al., 1990). That is why aleurain was used asakemto define lytic vacuoles (Paris et al.,
1997). The deletion of SNPIRom its N-terminal propeptide lowered the sorteffjciency

of aleurain, suggesting that these residues apecaltscal for proaleuraine sorting.

Although the VSDs of both sporamin and aleurain &iin N-terminal propeptide, this
position appears less important than their speacfiquence, since the sporamin vacuolar
propeptide is still functional when transferredtibe C-terminus of the protein (Koide et al.,
1997). Comparison of the prosporamin and proalaarsiSDs demonstrated the presence of a
conserved central motif NPIR suggesting that tleiguence might be recognized by a very
similar sorting receptor in both plants.

In brazil nut, an ss-VSD was identified in the @xeal propeptide. Castor bean ricin has the
ss-VSD located within an internal propeptide. Tthien was shown to accumulate in the PSV
(Hara-Nishimura et al., 1998). It was found to hare internal linker SLLIRVVPNFN
which was required for vacuolar targeting and thetation of the lle to Gly led to the

secretion of the preproricin (Frigerio et al., 261

The C-terminal vacuolar sorting determinants (ct-VID).

The C-terminal propeptides of several vacuolar gnst have been shown to be both
necessary and sufficient for proper sorting of happrotein to vacuoles in plant: those of the
barley lectin (Bednarek et al., 1990; Dombrovskalet 1993) , tobacco chitinase A (Neuhaus
et al., 1991b) B-1,3-glucanase (Sticher et al., 1992) and phas€bligerio et al., 1998).

Deletion of these propeptides from the precursotgims resulted in a secreted form of the

protein. In the case of tobacco chitinase A, it waswn that the C-terminal propeptide
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(GLLVDTM) was both necessary and sufficient for walar targeting (Neuhaus et al.,
1991b), because all partial deletions strongly ceduthe percentage of intracellular
accumulation. The single most effective replacenvesd unexpected: while deletion of the
terminal Met or its replacement by Phe or Lys htle leffect, its replacement by Gly reduced
the sorting efficiency by more than 50% (Neuhausl.et1994).

In barley lectin, mutational analysis of the C-terah VSD confirmed that no common

structural determinant is important. Addition of awglycines at the C-terminus or

translocation of the glycosylation site to the @vimus disrupted the sorting (Dombrovski et
al., 1993).

Deletion of the last four amino acids AFVY of phalse, the 7S storage protein of common
bean, caused the complete secretion of the protdéinansgenic tobacco cells (Frigerio et al.,
1998).

In contrast to the ssVSD signals, no consensuseseguhas yet been identified for the ct-
VSD, but this domain was shown to be enriched idrtyphobic amino acids (Matsuoka and
Neuhaus 1999; Ahmed et al., 2000).
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The physical structure vacuolar sorting determinant(ps-VSD)

The third class of proteins do not have propeptsleh as those described for ss-VSD and ct-
VSD. If propeptides are present, they have beewshmot to be involved in vacuolar sorting.
The sorting determinant must be carried within rieture polypeptide. This third VSD has
been described for the phytohemagglutinin of comimean and for legumin-like proteins. A
targeting signal is located in different regionstloé polypeptide or in a single large portion
respectively, suggesting an important role for bigbrder structures (Tague et al., 1990;
Saalbach et al., 1991; Von Schaaewen and Chrish88I3; Vitale and Raikhel 1999). With
this type of VSD aggregation was shown to be aiptessnechanism of sorting (Vitale and
Chrispeels 1992). A form of aggregation is alsospnéed by cereals prolamins which
aggregate within the ER to form protein bodies {®lind Rogers 1996). Determinants for
aggregation are often associated with hydrophodggons on the surface of the molecule
formed by folding of their three-dimensional stuwet When isolated from ER and Golgi
vesicles, pea prolegumin is more hydrophobic amdsimore tightly to membranes than the
mature protein (Hinz et al., 1997). The sortingpbfaseolin may be similarly linked to a
transient membrane association mediated by itsopyahbic C-terminal propeptide (AFVY,
(Castelli and Vitale 2005).

A recent study showed that some proteins maggsssmore than one vacuolar sorting
determinant. The seed storage proteins of soybeanamposed mainly of glycinin, an 11S
globulin and of B-conglycinin, a 7S globulin. Glycinin possessesefimajor subunits:
Al1AB1lb, A1bB2, A2Bla, A3B4 and A5A4B3. The C-terrirstretch of 10 amino acids of
Al1AB1b was sufficient to direct another proteintte PSV, and functional inactivation of
this putative ct-VSD did not block PSV sorting. @ardimensional structure of this subunit
identified a candidate for sequence specific dateant on the same sequence, lle -297 which
seemed critical for sorting. Inhibition of the ¢ combined with a mutation of the lle297
to Gly, still did not abolish the vacuolar sortin§ A1AB1b, suggesting that there is a third
sorting determinant in addition to ct-VSD and ssb/aruyama et al., 2006).

Similar to yeast and mammalian cells, the transpdrproteins to the plant vacuole is
saturable, indicating the involvement of sortingagtors that might interact with these signals
at the TGN (Vitale and Raikhel 1999).
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Vacuolar Sorting Receptors in plant (VSRS)

From Golgi to lysosome in mammals, to vacuolesdasy or plants, clathrin-coated vesicles
(CCVs) are known to participate in this traffic. Mtegral membrane glycoprotein of 80 kDa
was purified from the membrane of pea CCV and phtein showed ability to recognize
barley aleurain and sporamine VSDs (Kirsch etl#194) and the C-terminal sorting signal of
Brazil nut 2S albumin (Kirsch et al., 1996). Thi®f@in was named BP-80, but later renamed
VSRes.(Vacuolar sorting receptor, fétisum sativum).

Another potential vacuolar sorting receptor of saee family was identified in Arabidopsis
and named AtELP. AtELP-related proteins have belentified from several plant species
(Paris et al., 1997; Shimada et al., 1997; Milleale 1999)

The prototype of the VSR family pea BP80 (3R is a typel membrane protein with a
large luminal domain, two hydrophobic regions, fingt corresponding to a signal peptide of
22 amino acids and the second to a TMD of 23 aramds, and ending with a cytosolic tail
domain (CT) of 37 amino acids. The luminal domaimtains a PA ( protease-associated)
domain, followed by a large VSR-specific domain3d8 amino acids and three Cys-rich
EGF (epidermal growth factor) repeats, one of whecpredicted to coordinate calcium ions.
Finally, a short Ser- and Thr-rich sequence prezéae TMD. Using antibodies raised against
a synthetic peptide representing the N-terminah@20no-acids of VSRs.; and a monoclonal
antibody raised against the purified VSR, its laalon was analyzed by confocal
microscopy (Paris et al., 1997). V&R was found in small punctate structures in pea tipot
cells (Paris and Rogers 1996; Paris et al., 1997).

The pumpkin seed-specific receptor PV72 was praptsesort seed storage protein to PSV.
PV72 boundin vitro the internal and C-terminal sequences from pumg8Bralbumin. It is
expressed at the seed maturation stage in associaiih the synthesis of storage proteins,
but not expressed in vegetative tissues (Shimadh, d997; Shimada et al., 2002). PV72 was
shown to bind as well to the NPIR motif of the pnesor of a cysteine proteinase (Watanabe
et al., 2004).

The RMR family

A new family of putative receptors was identifiegits homology to the PA domain of the
VSR proteins. These proteins are composed of aarmibal luminal domain restricted to a
PA domain, but lacking the EGF-repeats, a TMD, ardT with a RING-H2 domain and a
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serine-rich region (Jiang et al., 2000). They waamed ReMembR-H2 (Receptor Membrane
Ring-H2) or RMR family (Cao et al., 2000; Jiang at, 2000) Antibodies to one RMR
detected the same organelles as antibodies agam&tIP isoform DIP, i.e. the crystalloid
precursor compartment, Arabidopsis and tomato seeds (Jiang et al., 2000).

The luminal domain of the RMR proteins shares witie VSR proteins the PA domain
that is known to participate in ligand binding (Gatcal., 2000). This raises the possibility that
RMR proteins could be vacuolar sorting receptorsweler, whether these proteins could
have a role in sorting soluble proteins carrying/8D remains to be demonstrated. The
genome of Arabidopsis harbours 6 homologues (AtRMIR1
A new study on AtRMR1 showed that it was highly eegsed in protoplast and that
AtRMR1-HA (HA epitope-tagged AtRMR1) labelled a m#ate structure colocalized with
ST-GFP at the Golgi complex but different from theitern of phaseolin at the PSV in leaf
cells. AtRMR1 interacts with the CTPP of phaseddinacidic pH. Once the AtRMR1-
phaseolin complex arrives at the PSV, the neutkl gb this compartment favours the
dissociation of the complex. AtRMR1 function as gmrreceptor for PSV-protein by
interacting with the CTPP of phaseolin and was sheevcolocalize with phaseolin on the
way to the PSV (Park et al., 2005) .

Aim of the thesis

The aim of this study was to define the functiorthad different sorting receptors using GFP
as the reporter based on RNA interferences (géercsig).

RNA interference (RNAi gene silencing) has beencessfully used as a tool in many
organisms to silence individual genes and multiptanbers of a gene family (Hannon 2002;
Tijsterman et al., 2002). RNAi was shown to be ayst in tobacco plants (Voinnet and
Baulcombe 1997). It was possible to create a poipulaf transgenic plants with reduced
expression of the gene of interest in plants biitince of RNAI transgenes in subsequent
generations. In our study, we used both transiediséable assay.

Transient assays were used to silence both putativaolar sorting receptor families. The
vector used in this assay was the Cabbage Leaf @k belonging to the geminivirus
family. This virus was used first, because it wake do replicate through DNA intermediates
in plants instead of RNA like other which replicat@ugh RNA (Laufs et al., 1995; Nagar et
al., 1995; Hanley-Bowdoin et al., 1999). Secondlyvas used because it was possible to
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silence more than one gene at the same time. ¥iitallas possible to achieve systemic
silencing inA. thaliana plant without needing to go through meiosis andm®wgenesis,
avoiding problems of embryo lethality or germinatjgroblems.

A stable silencing assay was used to by pass téngérus symptoms, using Agrobacterium

—mediated transformation.

Outline of the thesis

This thesis is built around 5 chapters.

Chapter 1 is this introduction

Chapter 2 describes how the subfamily AtVSR 3 wived in proteins sorting to the Iytic
vacuole in plants.

Chapter 3 gives preliminary results on the fun@iaole of AtRMR after their transient and
stable silencing in transgenic Arabidopsis plants.

Chapter 4 describes material and methods impdidatiie experiments reported in the thesis.

Chapter 5 presents the general discussion of thdtseobtained
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Chapter 2

Vacuolar sorting receptors of the VSR subfamily 3 ee
responsible for vacuolar targeting to lytic vacuols in
plants

Jeannine Okmeni Ngueéewgland Jean-Marc Neuhaus

Abstract
Plant cells can possess at least two types of Veswath different functions. To visualize

these vacuole types in plants, we fused the greemekcent protein (GFP) to different
vacuolar sorting determinants (VSD). GFP was tadjéd a pH-neutral (vegetative storage)
vacuole when fused to the C-terminal VSD of tobachdinase A (Chi), whereas the N-
terminal sequence-specific propeptide of barleyral® (Aleu) targeted GFP to an acidic
lytic vacuole. Vacuolar sorting receptors (VSRsyéndeen proposed to mediate sorting of
proteins to the lytic vacuoles while RMRs would nagel sorting of proteins to the storage
vacuoles. To identify a possible specialisation R subfamilies in the recognition
mechanism leading to vacuolar sorting mediateditneeVSDs, we caused by gene silencing
a deficiency of whole VSR subfamilies in reportgpeessingArabidopsis thaliana plants.
Partial VSR sequences were cloned in tandem iig@enainivirus silencing vector, which was
introduced by biolistics into reporter plants exgsiag either Aleu-GFP or GFP-Chi to
visualize the effect of gene silencing. The inaatiimn of the subfamily VSR 3 in Aleu-GFP
transgenic plants caused the disappearance of e r@arker from the large lytic central
vacuole of leaf epidermal cells and its accumufatio small compartments. Fluorescence
could also be seen to disappear from roots. Inrastitthe joined silencing of subfamilies
VSR 1 and 2 showed little effect. In GFP-Chi plarsitencing of neither VSR subfamily 3
nor subfamilies 1&2 showed any marked visible dffébese results suggest that subfamily 3
VSRs are implicated in the sorting of proteins wadguence-specific VSD to Iytic vacuoles,
while subfamilies 1 and 2 have other functions.

Keywords: Arabidopsis thaliana, GFP, NPIR, vacuolar sorting determinants, vaajole

vacuolar sorting receptor.
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Introduction
Proteins of the secretory pathway are synthesizedhe rough endoplasmic reticulum

(ER) and then delivered by membrane-bounded transphicles to other cell compartments
such as Golgi, vacuoles, plasmalemma and the all (Madlington and Denecke 2000;
Jolliffe et al., 2005). Except for the bulk flow sbluble proteins to the apoplast, specific
signals carried by the cargo proteins are requicedtheir correct sorting to the different
compartments. These signals are found in the pptiges chain and, especially for vacuoles,
in propeptides which can be located at the N- der@iinal ends of precursors or internally
located (Neuhaus and Paris 2005).

Sequence-specific vacuolar sorting determinantsD)V®ere found first in N-terminal
propeptides (NTPP) of barley aleurain and sweedtpatporamin precursors, both having an
NPIR motif (Matsuoka and Nakamura 1991; Holwerdalgt1992), but they were later also
found in internal and C-terminal propeptides (Saeltbet al., 1996; Frigerio et al., 2001a). An
essential lle or Leu was identified in each cas¢éer@inal VSDs were first identified as C-
terminal propeptides (CTPP) in tobacco chitinase barley lectin (Bednarek and Raikhel
1991; Neuhaus et al., 1991b) and have no consenatifls, but must be accessible from the
C-terminus. These two types of VSD indicate thereethe existence of at least two different
mechanisms by which a soluble secretory proteinbeadirected to a vacuole. Two types of
vacuoles were immunologically distinguished by sara against tonoplast and soluble
proteins (Hoh et al., 1995; Guivarch et al., 1998)ese lytic and storage vacuoles are known
to have different functions because the former a@onthydrolytic enzymes and some
secondary metabolites (Wink 1993) while the lattentain storage proteins. In many cells,
these vacuoles may fuse to a hybrid vacuole (Dowsticet al., 1993; Jauh et al., 1999).
Vacuoles can convert from a lytic to a storage wdeuand back depending on the
physiological needs of the plant (Murphy et al.020 In seeds a third sorting mechanism
involves condensation in either the ER or the Gofgtorage proteins, which are transported
to seed storage vacuoles by precursor-accumuldf®gC) vesicles or dense vesicles,
respectively (Hoh et al., 1995; Shimada et al.,7J9%eed vacuoles can further become
organised in a complex storage vacuole with infecampartments (Jiang et al., 2001).

A vacuolar sorting receptor that binds to a segeepecific vacuolar sorting determinant was
first identified in clathrin-coated vesicles froneg cotyledons (BP-80, Kirsch et al., 1994).
Homologues were later identified and cloned inaf#ht plants such as pumpkin (PV72,
Shimada et al., 1997) atabidopsis (AtELP, Sanderfoot et al., 1998; Laval et al., 999
These vacuolar sorting receptors (VSR) are typgdgral membrane proteins with a large

37



luminal domain containing a PA (protease-assocjatiEanain and three EGF repeats, a
single transmembrane domain and a short cytosalic(Raris et al., 1997) containing an
adaptin-binding tyrosine motif (Happel et al., 2R0&orting to Iytic vacuoles was suggested
to depend on VSR binding a sequence-specific VSDpmtein propeptides. However, a
sequence-specific VSD was also identifiedama fide storage proteins such as 2S albumins
(Shimada et al., 2002). PV72, a pumpkin VSR, veeshiified in PAC vesicles containing
storage proteins (Shimada et al., 1997) and a koatkmutation of the gene for the
Arabidopsis AtELP1 caused a defect in protein gferan seeds (Shimada et al., 2003).
Different localisations of VSRs have been repoitedifferent systems, mostly in Golgi and
prevacuoles (Jiang and Rogers 1999), but also ail s:acuoles (Paris et al., 1997) and at the
plasma membrane (Laval et al., 1999). Proteomicfaationated Arabidopsis suspension
cells indicated a different localisation for one R/$soform than for three other isoforms
(Dunkley et al., 2006).

Furthermore, ligand binding was shown to be pH-ddpat for pea BP-80, but &a
dependent for PV72 (Hara-Nishimura et al., 1998is thus probable that there are different
functions and localisations for different VSRs.

The genomes oArabidopsis thaliana, poplar and rice encode seven, seven and six VSR
homologues, respectively. A phylogenetic analgdithese VSRs indicates that they can be
grouped into three subfamilies (Figure 1), whicle atso supported by cDNA and EST
sequences in legumes and grapevine. What are tlotidns of these subfamilies in plants?
Considering the redundancy of VSR genes and the dagphenotype of single knock-out
mutations in Arabidopsis (with the exception of A&fR1;1 in seeds, cf. Shimada, 2003 ), we
chose the strategy of silencing whole gene subfasdt once. To visualize the effects on
vacuolar sorting, we used transgenic plants exprgssther of two fluorescent reporters, the
soluble GFP fused with the C-terminal VSD of tolmacchitinase A (GFP-Chi, Di
Sansebastiano et al., 1998) or with the N-termsegjuence-specific VSD of barley aleurain
(Aleu-GFP, Di Sansebastiano et al., 2001). In plaists, these two reporters were found to
label neutral or acidic vacuoles, respectivelytrimsgenicA. thaliana the two constitutively
expressed reporters labelled different vacuolesepidermal cells, Aleu-GFP labelled the
large central vacuole while GFP-Chi labelled snpafipheral grains. In contrast, in the
mesophyll the central vacuole was labelled by GlPvidile Aleu-GFP was often not visible
(Fluckiger et al., 2003).

A silencing vector derived from a geminivirus alleavto observe the effects of silencing of

VSR subfamilies in whole plants without the needjdathrough meiosis and embryogenesis,
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which could be disturbed by the loss of VSR funttjbaval et al., 2003). We found that the

inactivation of the VSR subfamily 3 in Aleu-GFP nsgenic plants caused the loss of
vacuolar fluorescence in the epidermal cells oéttesleaves, while GFP was concentrated in
small compartments, while silencing of subfamilleand 2 appeared to have no effects. We
conclude that subfamily 3 VSRs are necessary fgpearsorting of proteins sequence-specific

VSD to lytic vacuoles in vegetative tissues.

Results

Phylogeny of VSR subfamilies

A comparison of VSR sequences from various plaet®aled the existence of conserved
subfamilies with more related sequences. All VSRjusaces from the genomes of
Arabidopsis, rice and poplar were aligned with ¥R sequences of pea (BP-80) and
pumpkin (PV72). The phylogeny of VSRs was determhinging the fastDNAML program
(Olsen et al., 1994Based on this phylogenetic tree (Fig.1), VSRs veettadivided into three
subfamilies VSR1, VSR2 and VSR3. Using a nomencdtatilased on this subdivision
(Neuhaus and Paris 2005), the Arabidopsis geneseammed AtVSR1;1 (AT3g52850) and
AtVSR1;2 (AT2G30290); AtVSR2;1 (At2gl4720) and AtR3;2 (At2g14740), and
AtVSR3;1 (AT4G20110), AtVSR3;2 (At2g34940) and AtRS;3 (Atlg30900). The same
three subfamilies are also found in rice and poplad are represented by abundant EST
sequences from legumes, solanaceae and grape. &fiEnses from pine support the
existence of at least two of the three subfamiliesgymnosperms. In contrast, moss
(Physcomitrella patens) VSR sequences do not particularly corresponchtosaibfamily, but
they allow placing the root of the family tree betm subfamily 3 and the other two. The
conservation of three subfamilies in angiospernts@obably also in gymnosperms suggests
that they reflect an ancient functional divergen®¥ithin subfamilies, there is some
redundancy, which may explain why there was nodiade phenotype in single knock-out
Arabidopsis plants, except for VSR1 (AtVSR1;1) whionly affected seed storage tissues
(Shimada et al., 2002). It should be noted tha Y¥$R belongs to the same subfamily 1 as
pumpkin PV72, which is also involved in storageteio sorting (Shimada et al., 2002), while

the original pea BP-80 belongs to subfamily 2.
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Fig. 1 Phylogenetic tree of VSR sequences from the thulbesequenced plant genomds thaliana,

rice and poplar. Pea BP-80 and pumpkin PV72 are amlsluded. The most likely trees were
determined by the FastDNAML program (Olsen et dl994). They only differ by minor
rearrangements within the subfamilies. The root plased by using moss sequences as out-group.
This analysis emphasizes the ancient divergenctheofthree subfamilies, suggesting a functional
divergence during the evolution of flowering planégabidopsis VSR1;1 and pumpkin PV72 are
involved in trafficking of seed storage proteins.

Expression of VSR in leaves and roots

Before silencing them, we verified by RT-PCR theression level of the VSR genes in
leaves and roots of Arabidopsis. All genes wereresged in leaves and roots except for
AtVSR 3; 1 which was not detected (Fig. 2). Theorsfyest expression was observed for
AtVSR1;1 and AtVSR3;2 while AtVSR1;2 and AtVSR3;acda lower level of expression

and the two receptors of subfamily 2, which arehhljighomologous and were not
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distinguished here (as also handled in microarraysje only detected at a low level. Laval
et al.(2003), presented similar results but theyntb a stronger expression in leaves of
AtVSR2;1 than AtVSR1;1. In microarray results, AtNS,2 is also the strongest expressed
isoform in leaves, while AtVSR1;2 and 3;1 are hamditected at all, while in roots all three

isoforms of subfamily 3 were detected (summarizeNeuhaus and Paris 2005).

L R kb
3,2 = 060 Fig. 2 Expression of VSR genes in leaves (L) and
roots (R) of A. thaliana. The expression was arealys
3:3 = 0.60 by RT-PCR from total RNA of the two tissues. Genes
2;1 and 2;2 were not distinguished. Actin was used
C = 025 control (C).

Silencing of VSRs with the geminiviral vector

Since the knock-out results for each single VSRegemggested that redundancy could
obscure the effects of a loss of receptors, weehosilence whole subfamilies at once. On
the other hand, an antisense AtVSR1;1 plant hadymed non-germinating seeds. In order to
avoid the need for plant regeneration and gernmanatwe chose the strategy of systemic
silencing in grown plants. For efficient systempreading in Arabidopsis we chose the
geminiviral vector pCbLCV007, which is derived fraime A genome of Cabbage Leaf Curl
Virus (CbLCV Turnage et al.,, 2002). PCR amplifieeng fragments for each member of
either subfamily 1 and 2 or subfamily 3 were clomedandem into the pCbLCV007 vector
and shot together with the CbLCV B genome into ésawef reporter Arabidopsis plants
expressing either Aleu-GFP or GFP-Chi (Flickigerakt 2003). General viral symptoms
were observed for all the bombarded plants in neaserging leaves between 3 to 4 weeks

post inoculation. They included yellow spots, leafrling, stunted growth, necrosis and
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variegation (Fig.3 A) as had been observed prelyansNicotiana benthamiana (Peele et al.,
2001) and Arabidopsis (Turnage et al., 2002). Tyrapgoms spread on young leaves until
they became completely yellow. This can be expthibg the enlargement and fusion of
yellow spots. Symptoms were helpful to follow thresading of the virus inside the leaf and
to the whole plant. The viral spread also affedtesl localization of the vacuolar marker in
trichomes (Fig. 3 B-D).

Fig. 3 Viral symptoms and changes in the localisatiornasfuolar GFP due to the vector. Visible
phenotype after bombardment with the vird3.(Homogenous GFP fluorescence in the trichome of a
non-infected plantR). Strongly labelled structures within trichomesptdnts infected with the empty

virus (39 dpi,C) and within trichomes of silenced leaves (49 @pi, Scale bars=100 pum.

Aleu-GFP redistribution upon silencing of the VSR sbfamily 3

Leaves of inoculated Aleu-GFP plants were excisednwiral symptoms became visible and
were analysed by confocal microscopy. Leaves fréantp inoculated with the empty vector
showed the previously described distribution of Gk®rescence (Flickiger et al., 2003).
GFP strongly accumulated in the large central viesuof epidermal cells (Fig. 4 A) and was
also visible as a faint diffuse fluorescence in istemoids(See arrow). Vacuoles from
mesophyll cells in very young le aves showed strlngrescence, which disappeared in
mature leaves (Fig. 4 A and B). This indicates that spread of the viral vector does not
markedly alter the vacuolar compartments of theedeaexcept in the trichomes (Fig. 3).
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Plants inoculated with the vector silencing subfasil & 2 showed the same pattern (Fig. 4
G and H).

Silencing of VSR subfamily 3 altered the patterrflobrescence in Aleu-GFP plants. At 39
d.p.i. (days post inoculation), the large centralcuwoles of epidermal cells lost their
fluorescence and GFP was concentrated in small admpnts near the plasma membrane
(Fig. 4C). This pattern resembles the pattern octiawlation of GFP-Chi in epidermal cells
or in elongating cells (Flickiger et al., 2003).tdrain infection, the GFP fluorescence
decreased in the peripheral compartments and a cootenuous fluorescence appeared as a

line around the vacuole (Fig. 4D). GFP remainecabSom mesophyll cells.

Fig. 4 Effects of silencing of VSR subfamily 3 on the déisation of Aleu-GFP, the marker for
Iytic vacuoles. A and B control plants inoculatedwthe empty vector. C and D plants inoculated
with the virus containing sequences of all subfgrBilgenes. E and F plants inoculated with the virus
containing sequences of all subfamily 1 and 2 gefidé® plants were examined by confocal
microscopy 39 dpi (A, C, E) and 49 dpi (B, D, and Arrow indicate the GFP fluorescent in cells
Scale bars= 100 um
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The silencing could also spread into the roots @uAGFP plants (Fig. 5 A). While after 39
dpi there still was a strong fluorescence in rqig. 5 B and C), after 49 d.p.i. silencing of
the VSR subfamily 3 had a massive effect, caugiegatmost complete disappearance of GFP
from root cells (Fig. 5 D) without affecting the npbology of the roots.Arrow: GFP in cells
Scale bar=100um
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Fig. 5 GFP distribution in roots of control and silen@ddu-GFP transgenic plants.
Roots showed fluorescent vacuoles 39 d.p.i. in bmhtrol (A) and silenced plants (B). GFP
disappeared from roots 49 d.p.i. in plants silent@mdsubfamily 3 (D) and still detected when
subfamilies 1and 2 were silenced (C). Scale bad®¢ i

Localization of vacuolar GFP-Chi is unaltered in pants silenced for VSR
genes

The GFP-Chi reporter is sorted by a different madma to vacuoles of a different type
than the Aleu-GFP reporter (Di Sansebastiano gP@01; Flickiger et al., 2003) . VSRs are
not thought to be involved in sorting of GFP-Chi & pH-neutral vacuole. GFP-Chi
accumulates in leaf epidermal cells of transgeménts in small peripheral compartments,
possibly neutral prevacuoles or small vacuoles. (& and B) but accumulates in the central

vacuole of mesophyll cells (Fig. 6 B) and stroniglyels guard cells. This distribution was not
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affected by the inactivation of the whole subfan@ly(Fig. 6 C and D) nor of the whole
subfamilies 1 & 2 (Fig. 6 E and F).

Fig. 6 Effects of silencing of VSR subfamily 3 on the dtisation of GFP-Chi, the marker for
neutral vacuoles. A and B control plants inoculatdtth the empty vector. C and D plants inoculated
with the virus containing sequences of all subfarBilgenes. E and F plants inoculated with the virus
containing sequences of all subfamily 1 and 2 gefié® plants were examined by confocal
microscopy 39 dpi (A, C, E) and 49 dpi (B, D, andArows indicate the GFP marker localisation in

cell. Scale bars= 100 pm
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Tissue and cell expression patterns of VSRs

The different effects of silencing subfamilies 1 Z or 3 could be due to differential
expression in leaf or root tissues. RT-PCR hadcatdid the abundant presence of mRNA
from one member each of subfamilies 1 and 3 in kemlies and roots and a lower abundance
of several other homologues (Fig. 2). To identigpression differences between tissues
within these organs, their transcripts were loeglibyin situ hybridization in leaves and in
roots.

The sections hybridized with antisense probes #&vVSR2, 3;1 and 3;3 were
undistinguishable from control sections (tissuesrityzed with corresponding sense probes).
The most strongly expressed AtVSR1; 1 and 3; 2 gldostrong signals in both leaves and
roots (Fig. 7). They were detected in epidermis medophyll cells of leaves and were found
to be expressed particularly strongly in trichor(ieg. 7 A and C). On root sections, mMRNA
signals of these receptors were also strong and pr&sent in epidermis, cortex, xylem and
phloem (Fig. 7 B and D). No signal was detectedafoy sample hybridizedith sense RNA.

In essence there was no differential tissue exjmedor these two strongly expressed VSRS,
indicating that the different effects of silencinlgeir respective subfamilies were most

probably linked to their different functions.
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Fig. 7 Tissue-specific location of major VSR transcriptaswdetected byn situ hybridization in
sections of leaves (A, C) and roots (B, D) from Bidapsis control plants. Detection of AtVSR1;1
with an antisense probe (A, B). Detection AtVSR3;1 with an antisense probe (C, D). Control
hybridization with a sense prol{&, F). e, epidermis; c, cortex ; m, mesophyll eV, vascular
bundle; t, trichome; Va , vacuole

VSR gene expression in leaves after silencing oftdamilies 3 or 1&2

In leaves of control plants all genes except AWWSR3;1 were expressed, as previously
reported. After transient silencing of each subfgihe expression of target genes was not
completed. It is possible that gene still detected came frbmrion silenced part of the leaf.
Since during RNA extraction, the whole leaf wasetaland it was not possible to separate
yellow spoted part from green part.
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Fig. 8 Expression of VSR genes in leaves after silenoihgubfamilies 3 or 1& 2. The expression
was analysed by RT-PCR from total RNA as in Figure

Expression was compared between plants shot wéttethpty vector (lane 1 and 3), with the virus
silencing subfamily 3 (lane 2) and with the virilerscing subfamilies 1&2 (lane 4). AtVSR3;1 was
not detected (not present in the picture). Actit@strol gene was unaffected by the silencing @sus

().

il

Fate of vacuolar GFP in silenced plants

To determine what happens with the vacuolar Alelr@Men its receptors are missing due to
the silencing of their genes, we extracted totategns from leaves of control and silenced
plants. Immunoblot analysis indicates that the regpqrotein is degraded when its normal
targeting has been suppressed (Fig. 9). This whs &xpected, as it has been described that
GFP rapidly disappears when secreted into the appbpff Arabidopsis. Plants used in the
experiment were the same plants used for the RT-&@Rcame from the same clone.

A B C D

TR

Fig. 9 Fate of vacuolar Aleu-GFP in leaves silencedlier¥SR genes
Immunoblot analysis of GFP extracted from E. c@ligfA), control leaves (B), leaves silenced for

subfamilies 1 & 2C), and leaves silenced for subfamily 3 (D).
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Discussion
BP-80 was the first VSR protein identified andifieid by affinity chromatography from pea

cotyledons using as affinity ligand the sequenazeic VSD from the propeptide of barley
aleurain. Soon after the cloning of BP-80, a VS&trfrpumpkin was cloned (Shimada et al.,
1997) and a homologue from Arabidopsis was idatiby several groups (Sanderfoot et al.,
1998; Laval et al., 1999). The antibodies produegdinst these proteins were used to
determine their intracellular localisation. The wwewnce-specificity of VSRs was tested
systematicallyn vivo in tobacco (Matsuoka and Neuhaus 1999) while tfiaitst for various
VSD motifs of VSRs solubilised from several planigs testedin vitro by affinity
chromatography. The completed genomic sequencealfidopsis revealed the existence of a
small gene family, which could result in functionadundancy, hiding the effect of gene
knock-outs. Indeed the systematic analysis of krmdk mutants for each individual
Arabidopsis VSR revealed no phenotype, except lier knock-out of AtVSR 1 (AtELP)
which caused surprisingly a partial defect in protorage in seeds (Shimada et al., 2003).
Comparison with other plant genomes and EST databas the other hand revealed the
existence of VSR subfamilies, opening the possybitif more specialised functions. We
chose an experimental approach which addressedrédtindancy and divergent subfamily
functions.

GFP as reporter protein was used to better undherstee mechanism of proteins sorting in
different organisms. In our lab, GFP was used tmgovacuoles distribution in a single plant
cell.

We took advantage of the previously reported difiedocalisation in transgenic Arabidopsis
of two different vacuolar GFP reporters addressithere to Iytic or neutral (vegetative
storage) vacuoles. A geminivirus-derived silenciegtor provided the possibility to produce
and spread at once dsRNA specific to several VIBshge et al., 2002) without the need to
go through embryogenesis risking embryo lethalitynon-germinating seeds.

In this paper, we analysed the GFP redistributiter anactivating the VSR subfamilies 1, 2
and 3 in Aleu-GFP and GFP-chi reporter plants.n8ileg of the four genes of subfamilies 1
and 2 had no effects on the vacuolar localisatiositber reporter GFP while silencing of the
three genes of subfamily 3 caused the disappeaddtieu-GFP from the central vacuole of
epidermal and root cells. The reporter is presugnabtreted into the apoplast, where GFP
fluorescence has been reported to disappear. Vaclogalisation of GFP-Chi in mesophyll
cells was unaffected. This clearly implicates onéwm VSRs of this subfamily (the third is
expressed at very low level if at all in our plgnas receptors for vacuolar sorting to lytic
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vacuoles in these tissues. On the other hand, tasepf the other two subfamilies are not
implicated or not essential for this process, palérly AtVSR1;1 (AtELP) which is strongly
expressed in the same tissues as AtVSR3;2. No s@ap or microscopic phenotype was
reported for the knock-out of any of the subfandlyeceptors, but no specific reporter was
used to test their function, except for the conéichaffinity of AtVSR1;1 for the precursor of
AtAleu (Shimada et al., 2003). This last resulesses that there is little if any difference in
sequence specificity between at least membersdaubfamilies 1 and 2.

Laval et al., (2003) demonstrated using an antseosistruct for AtVSR1;1 that VSRs are
involved in making seeds able to germinate. No krma of any single VSR gene had been
reported to have this effect. However, the RT-PQRilysis of germinating and non-
germinating seeds revealed that the antisense esgpn had affected both genes of
subfamily 2 in addition to the targeted AtVSRI;wthile the other four genes were not
expressed in either category. Thus there is anvewtent of at least two of these three genes
in normal seed development. We observed the sarfsetde germination of seeds from
plants silenced for subfamilies 1& 2. This confirthe value of our strategy to silence whole
subfamilies at once. Seeds obtained from plarésc@d for subfamilies 1 and 2 at once were
found by SEM to lack the columella and had thug tbsir mucilage (results not shown).
Debeaujon et al.(2000) isolated mutants with relatiesta defects and showed that the
mucilage is implicated in the germination proc@3se receptors of subfamilies 1 and/or 2 are
thus implicated in the morphological change tramafog epidermal cells into columella and
the secretion of mucilage (Western et al.,, 2000hwever, attempts to rescue non-
germinating seeds indicated that the embryo itsdtile looking normal, also has problems
and cannot be rescued by dormancy-breaking treasnfleaval et al., 2003).

How can receptors with a very similar binding sfieity and a similar tissue distribution
have different functions? Immunolocalisation of \&SRevealed their presence in two
compartments, TGN and PVC (Li et al., 2002). Thssvinterpreted as reflecting a steady-
state distribution of one family of receptors betwehe two compartments. It could however
also be interpreted as reflecting the superpositbnthe distribution of two different
subfamilies, one being localised in the Golgi ahd other in the PVC. Indeed, there are
indications of different localisations. Anti-peptidantibodies directed against AtVSR1;1
detected the receptor in the plasmalemma fractforpuarified membranes from suspension
cells (Laval et al., 1999), while immunolocalisatiby polyclonal antibodies had not been
reported for this compartment. A proteomics analysf membranes derived from

Arabidopsis suspension cells detected 4 differé®RY (Dunkley et al., 2006). In a Principal
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Component Analysis AtVSR1;1 clustered with ER meskehile the other 3 were found at
the periphery of the Golgi cluster, AtVSR2;1 anbeing close together while AtVSR3;1 was
at some distance. This indicates that AtVSRs haJeast two but possibly three different
distributions within the secretory pathway. There also at least two modes of binding
regulation: binding of a cognate peptide to pea8BRsubfamily 2) was found to be pH-
dependent, while it was &aconcentration-dependent for pumpkin PV72 (subfanii.
Neither binding specificity nor release mechanisas heen tested for any VSR of subfamily
3.

We thus come to a model where different VSRs reizegsimilar VSDs but mediate their
transport along different routes (Neuhaus and PA@5). According to the results presented
here, subfamily 3 VSRs mediate transport from tinang-)Golgi to the lytic prevacuolar
compartment in leaves and roots while subfamilySR¢ could mediate anterograde transport
from the ER or retrieval from ER-derived comparttsesuch as PAC vesicles (in pumpkin
seeds, Shimada et al., 1997) to the Golgi and/sreval of escaped proteins from the
apoplast to the Golgi (in Arabidopsis seeds, Sharetdal., 2003). It is not clear yet what the
function of subfamily 2 VSRs could be, but BP-80swhe major isoform in clathrin-coated
vesicles from pea cotyledons and the two isoforfnérabidopsis are strongly induced in
senescent leaves, where they could contribute édbibgenesis of a senescence-associated
vacuole (Otegui et al., 2005). The VSRs share anoommembrane-proximal part of their
cytosolic tails including a tyrosine motif that ¢dumediate convergent transport to the Golgi
but differ in the distal end of the tail which cduiarbour divergent Golgi- exit signals.

Further clarification of the function of the VSRbdamilies will require the production of
stable silenced transformants free of viral symga@md the separate silencing of subfamilies
1 and 2, although in Arabidopsis the single knoak-@f AtVSR1;1 could well suppress the
whole subfamily except in flowers and mature pall€omparative analysis of the trafficking

signals will also clarify the picture.
Materials and methods

Plant material

Seeds from Aleu-GFP and GFP-Chi expressing tramsglrabidopsis thaliana ecovar.
Wassilewskaja (Flickiger et al., 2003) were suHstegilized and plated on Murashige and

Skoog (1962) agar medium containing kanamyciniaadbated in a growth chamber with 8
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hours of light at 20°C. Seedlings were transfemedoil in pots and returned to the same

growth chamber.

Silencing constructs

Fragments of approx. 150 bp were amplified for e&tSR gene and assembled in tandem
for simultaneous silencing. Each fragment contaiaesingle restriction site at each end for
later recombination. One tandem sequence was aksgrds the 4 genes of subfamilies 1
and 2 and another for the 3 genes of subfamilyh& grimers, their restriction sites and their
annealing temperatures are indicated in Table 1.

Each fragment was first amplified by PCR ( 3’ demation at 94°, then cycles of 45" at 94°,
45" at the annealing temperature and 1’ at 72° arfthal extension at 72° for 10’) from a
corresponding cDNA clone, using first 5 cycle wiitle lower annealing temperature Tm1l and
then 30 cycles at the higher annealing temperdtm2.

To assemble the fragments in tandem we amplifieal smgle PCR reaction 1ul of each PCR
product (AtVSR3;1, 3;2 and 3;3 ) using the AtVSR3;land AtVSR3;3 3’ primers . The
same amplification program was used with anneaiamgperatures Tml= 56°C and Tm2=
62°C. The resulting DNA was cloned into a pGEM-Tsyeaector (Promega,Wallisellen,
Switzerland) and sequenced. The plasmid was didestin Kpnl and Bglll and the VSR
tandem fragment was cloned into the corresponditeg ©f the pCbLCV007 genome A

vector (Turnage et al., 2002).

Plant transformation

The reporter Arabidopsis plants were transformedguthe particle bombardment technique.
Vectors CbLCVA containing each subfamily were mixeidh the CbLCV B genome and
bombarded into three weeks-old plants as deschlyadiemtrup et al. (1998) or Turnage et
al.(2002), using the Particles Delivery System (PD&0 He Particle gun (Bio-Rad). Gold
particles of 1um in size (Bio Rad) were used agontarriers and their coating was done as
described by the manufacturer: 3 mg of gold weratemb with 5ug each of the CbLCVA
clone and of the CbLCVB component followed by additof 50ul of 2.5M CaG| 20ul 0.1

M spermidine. The rupture disks, stopping screeacrocarriers and microcarriers holders
were sterilized by soaking in 70% ethanol.10 uthaf coating suspension was used for each
transformation. Plants were bombarded three timeswere then grown under 8h of light at

20°C until yellow spots were observed on leaves.
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Confocal Laser Scanning Microscopy

Leaves from control and silenced Aleu-GFP and GRPlants were examined in water
under glass cover slips using a confocal laserrsngmmicroscope with the TCS 4D operating
system (Leica). The Argon laser line at 488nm wsadufor excitation. GFP was detected
with the filter set for FITC and the chloroplastghthe filter set for TRITC.

The stored images were pseudocolored as red an gregyes using Adobe Photoshop 7.0 in
correspondence to the real red and green colotwseb@erging.

RNA isolation and RT-PCR analysis

Leaves from control and silenced plants were fmoreliquid nitrogen and stored at -80°C
until extraction. Total RNA was extracted from gndueaf powder using an extraction buffer
(2M Tris-HCI pH8.0; 0.5M EDTA pH 8.0; 20%SDS), extted with an equal volume of
phenol/chloroform/isoamylalcool (24/1/1 v/v) ancegipitated with one volume of 6M LiCl.
First strand cDNA was synthesized from 2ug total ARNith the Improm-Il Reverse
Transcription System from Promega using oligo (¢Tas primer according to the
manufacturerThe PCR reaction was performed using gene spquificers (Table 2). The
amplification conditions were: pre-denaturatio®atC for 3’; 35 cycles of 45" at 94°C, 45”
at Tm (56°C for all VSR except 50.2°C for the suily 2 and 54° for actin), 1’ at 72°C and

a final extension step of 10’ at 72°C.

Protein extraction and western blotting

52 days after bombardment (dpi), two leaves weoeirgd in an Eppendorf tube containing
50 pl 0.5M phosphate buffer (pH7.0) and a smallngjtya of quartz beads. Leaves were
ground with a pestle on ice. The solution was dkegged at 14,000 rpm at 4°C for 10'. The
soluble fraction was mixed with the same volume2df loading buffer containing3-
mercaptoethanol and incubated at 95°C for 5. SB&P and blotting followed standard
procedures (Laemmli 1972). Anti-GFP serum was deedmmunodetection at the dilution
1:5000.

In situ RNA hybridization

A partial cDNA sequence of each VSR was amplifigdRCR and cloned into pGEM-T
vector (Promega) and sequenced (Microsynth). Dapgnof the insertion of the sequence

different restriction enzymes were used for theseeand the antisense. Sense and anti-sense
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probes were generated with the riboprobe transonipkit according to the manufacturer
(Roche, Mannheim, Germany). After transcription, Rprobes were treated with RNAse-
free DNAse (Roche) and precipitated with 20ul 10Mn@onium acetate and x puml absolute
ethanol and dissolved in 50ul DEPC water. Deionfseshamide was added and probes were
kept at -20°C. Before hybridization, probes weraalared at 80°C for 2 min. The anti-sense
probes were used as specific probes while sendéepnwere used as controls for background
hybridization.

Samples were taken from plant roots and newly gimgrleaves. The tissues were cut into
about 1 cm sections and fixed overnight in freghigpared 4% formaldehyde, then rinsed
with cold PBS and subsequently dehydrated in ctidrel series (10, 30, 50,70, 85, 90, and
100%) at 4°C. In the final dehydration step 0.1%iravas added to visualize samples in the
paraffin. Samples were washed in a series of Hsan@t different concentration (25, 50, 75
and 100%), then they were heated at 60°C and wakitedne hour with a solution of
histoclear/paraplast (1/1 v/v). Two more washingparaplast 100% (Sigma, Germany) were
performed and finally the samples were embeddedaunlds and kept at 0°C.

The paraffin-embedded tissues were cut into 7unticsec using a microtome (Leica
Microsystems, Nusslo Gmbh, Germany) and mounteBAKO microscope slides (Menzel-
Glaser, Germany). Sections were hydrated as desciily Jackson(1991). Sections were
incubated with a proteinase K solution (1pg/ml nmsFEDTA buffer) for 30 min at 37°C and
treated sequentially with solutions of glycine @.2n PBS), 4% Para-formaldehyde and
acetic anhydride (0.5%) in triethanolamine (0.18gctions were dehydrated in ascending
concentrations of ethanol as described by Jacks®®l).Sections were hybridized for more
than 12 hours at 50°C with a DIG-UTP RNA probeth@i sense or anti-sense) in the
hybridization solution (50% deionised formamidéd} salution: 3M NaCl,100mM Tris pH 8,
10mM EDTA; 10X dextran sulphate, 50X Denhardt'susioin, 100ug/ml tRNA). After
several washings in 0.2X SSC (0.03M NaCl, 3mM Naai), single stranded RNA was
removed with a preheated (55°C) solution of TNEtammng 20pg/ml RNAse at 37°C for 30
min. For the detection of DIG labelled hybrids,dsk were first incubated in a blocking
solution, then in another solution containing 1%AB®.3% Triton X100 . A blocking
solution containing 1.25 units/ml of alkaline phbapase-conjugated anti-DIG Fab fragments
was added on the slides. The reaction was inculsteadom temperature for 1 hour. Slides
were washed three times with the same blockingtisolicontaining BSA and Triton X100.
Finally the staining buffer containing LevimasolanM) and the NBT/BCIP substrates for
the phosphatase (5ul of NBT 75mg/ml in dimethylfamde 70% and 3.75 pl of BCIP
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50mg/ml in pure dimethylformamide) were added oe #lides and left overnight for
development. The staining was stopped and slides aiedried and mounted with faramount
(DAKO). Pictures were taken with a camera (Leiarected to a light microscope (Leica).

Table 1. Primers for amplification of VSR fragmeatsd their assembly in tandems

Primer Sequence R_estriction Tml|Tm2
AtVSR3;1 |GGGTACCTAGTCAACGGGAGAGCTTC SIl(tre)nl

i&VSRB;l GACCACTCGAGGTGCTTCGACCTCATCTC Xhol S47 | 65°
itVSRB;Z AGCACCTCGAGTG GTC AAC GGG TTT TCATC| Xhol

2tVSR3;2 TTATGTCTAGA GACCA AAA GTT TGC TAT GG | Xbal 527 | 60°
itVSRS;S TGGTCTCTAGACA TAA AGG AGC CAC CTT| Xbal

> CEC 56° | 62°
AtVSR3;3 |AAGATCT GGC TGC GTC GTG CTT AGA Balll

itVSRl;l GGAGTGTCGACGGCTTTTCACTCTCTCGTTTC | Sall

i&VSRl;l CAAACTCTAGA CTCCGAAATTACCAATGGCAC | Xbal 587 | 65°
itVSRl;Z GGGTACCACGACGAATGTATGGT Kpnl

i&VSRl;Z AAGCCGTCGACACTCCTCTGATGGACTC Sall 50° | 61°
itVSRZ 5 | CGGAG CTAGAGTTTGTCGGTGACGTCG Xbal 500 | g1°
AtVSR2 3’ | AAGATCT CGGATAAACCACCGTACCA Balll

56




Table 2. Primers for RT-PCR

Primer Sequence

AtVSR1;1 5’ CCTCGAGGGCTTTTCACTCTCTCGTTTC
AtVSR1;1 3 GGTACACTTATTTCTGTTTGTGGC
AtVSR1;2 5’ CCCATGGACGACGAATGTATGGT
AtVSR1;2 3’ TTATGCAAATGTCGTGTTCTCTTATG
AtVSR2;1and 2 5’ GATCAGAGCCATAATGGCAC

AtVSR2;1 and 2 3’ TTCTCCGAAGCTACATCGAAG
AtVSR3;1 5’ GTCTCTGGT TTG TGATTG AGC
AtVSR3;1 3 TGTAAAGCCGGTCACCAGA

AtVSR3;2 5’ GCT TTG AAG ATATGG AAC GG
AtVSR3;2 3’ GTA TAG ACT CAC TCC AAT CCATC3
AtVSR3;3 5’ GCA TTA AAG GTATGG AAC GGT C
AtVSR3;3 3 GAC TCA CTC CAG TCT ATC TTC AGG
Actin 5’ ATATGGAGAAGAATCATGGCATCATCAC
Actin 3’ GTTTCAGTGAATTACCTAGCT
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Chapter 3

Preliminary results on the biological function of AtRMR
receptor in Arabidopsisthaliana

Jeannine Okmeni Nguemelieu, Sophie Marc-Martin Jeah-Marc Neuhaus.

Summary

Vegetative plant cells contain both lytic vacuoled avegetative protein storage vacuoles
(PSV). Proteins reach vacuoles because they cowtainolar sorting determinants that are
recognized by corresponding sorting receptors preté/NVhile vacuolar sorting receptors
VSRs (such as pea BP-80) sort proteases to lytigola via a lytic prevacuolar compartment
(PVC), relatively little is known about receptorer fPSV. Receptor homology region-
transmembrane domain-RING-H2 (RMR) is a putativeeptor for the PSV pathway in
tobacco and Arabidopsis. Park et al. (2005) shothiat one gene of this familatRMR1,
may function as the sorting receptor of phaseamntt trafficking to the PSV. Here we study
the functional roles of all six Arabidopsis RMRtRMR). Toward this goal, we cloned in
sense and antisense orientation the six RMRs fraabidopsis in pCAMBIA vector and
generated transgenic Arabidopsis plants missing rheeptors. Confocal microscope
observations demonstrated that stable silencifgMRs affects the localization of vacuolar
GFP reporters. In GFP-Chi plants, GFP was foundbdolocalized faintly in the central
vacuole of epidermal cells but was also detectetienapoplast. Vacuoles of mesophyll cells
lost their strong fluorescence compared to therobnin Aleu-GFP plants, GFP was also
present in apoplast and the epidermal vacuoles m@more strongly fluorescent. Therefore

we conclude that RMRs are involved in the sortmbath PSV and Iytic vacuoles.
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Introduction
Lytic and protein-storage vacuoles seem to be moidts of the plant secretory pathway

(Vitale and Hinz, 2005; Jolliffe and Frigerio, 200%hile soluble proteins can reach the
apoplast by a default pathway, vacuolar proteiredrte be sorted to vacuoles in a receptor
mediated manner. To be specifically sorted andctireto their final destination, proteins
must possess vacuolar sorting determinants thatresegnized by vacuolar receptors.
Proteins are first translocated into the ER ana tin@vel through the Golgi complex. From
the Golgi complex there are at least two pathwaysacuoles: The first pathway involves
protein-sorting to Iytic vacuole via PVC/MVB (pr@suolar compartment or multivesicular
bodies; Tse et al., 2004). In this route, a vaaustating receptor (initially called BP-80) is
thought to mediate the sorting by recruiting clethcoats through binding of clathrin
adaptator complexes (Paris et al., 1997; ParisNewhaus 2002). The second pathway is
possibly not receptor-mediated and uses denselegsitara-Nishimura et al., (1998) showed
that a third pathway can exist by passing the Gdlgis was shown in developing pumpkin
cotyledons where 2S albumin accumulated in ER-ddrigrecursor-accumulating vesicles
that directly fused with PSV. In plant cells, lyamd storage vacuoles can coexist and can
fuse to form a hybrid vacuole (Di Sansebastiara.eR001).

Up to now two types of protein-sorting receptorsown as VSRs (Vacuolar Sorting
Receptors) and RMRs (Receptor Membrane RING-H2)ehbeen identified. Several
publications have provided information on VSR fumies in Arabidopsis (Laval et al., 2003;
Shimada et al., 2003). In contrast, the RMR recaefatmily is not well known and less
information is available. The RMRs were first idéat as a new putative receptor family by
homology to the first domain of the VSRs; this dameonstitutes the whole N-terminal
luminal domain of RMRs and is followed by a transmbeane domain, and a cytosolic
domain with a RING-H2 and a serine-rich region r{giset al., 2000). Antibodies against
RMR1 detected the same organelles as antibodiessaghe TIP isoform DIP, i.e. the
crystalloid compartment ifrabidopsis and tomato (Jiang et al., 2000). The luminal PA
domain, also found in VSR proteins is known to ipgrate in ligand binding (Cao et al.,
2000). This raised the possibility that RMR progeifunction as vacuolar receptors.
Coexpression of AtRMR1 mutants with altered localian inhibited the trafficking of
phaseolin to the protein storage vacuole and cotinoprecipitation indicated a direct
interaction between the two proteins (Park et24lQ5). The genome of Arabidopsis harbours

6 homologuesAtRMR1-6, while rice has two. No functional subfamdican be identified.

59



To obtain additional information on the biologicalle of these receptor proteins, an
investigation of loss-of-function mutations on wiglants was used. To visualize the effects
on vacuolar sorting, we used transgenic plantsesgang either of two fluorescent reporters:
the soluble GFP (green fluorescent protein) fusgkewith the C-terminal VSD of tobacco
chitinase A (GFP-Chi, \Di Sansebastiano, 1998) a@h whe N-terminal sequence-specific
VSD of barley aleurain (Aleu-GFP, \ Di SansebastjaP001). In protoplasts, these labels
were found in neutral or acidic vacuoles, respetyivin transgenicA. thaliana the two
constitutively expressed reporters labelled diffiéreacuoles: in mesophyll cells, Aleu-GFP
labelled the large central vacuole while GFP-Chelked small peripheral grains (Flickiger et
al., 2003). In contrast, in the mesophyll, the ntacuole was labelled by GFP-Chi while
Aleu-GFP was often not visible.

Two strategies were developed: transient silenasigg a silencing vector derived from a
geminivirus and stable transformation of reportants with a silencing construct.

In GFP-Chi plants, silencing of genes of tABRMR family most strongly affected
mesophyll cells GFP being absent from the largd@rakmacuole while accumulating in the
apoplast. We also found that the inactivation af RIMR family in Aleu-GFP transgenic
plants caused the loss of vacuolar fluorescenceome epidermal cells of leaves, and a
concentration of GFP in the apoplast of mesophgllsc We conclude that thA&tRMR
receptor family is involved in the sorting of priote both to the lytic and storage vacuoles.

Results

Expression of AtRMRs in different plant organs

Multiple RMR isoforms may be linked to differentigéne expression in different tissues. An
analysis of 2507 experiments with Affimetrix 22Kays using Genevestigator (Zimmermann
et al., 2004) indicates however that the relatixpression levels are rather constant in
different tissues, witiAtRMR1 being the strongest expressed isoform (45-6@8ikpwed by
AtRMR2 and AtRMR4. AtRMR3 and AtRMR5+6 (not distinguished) have the lowest
expression level. Only in seedERMR5+6 are second in abundance.

We determined gene expression level of RMR genefRDYWPCR inA. thaliana ecovar
Wassilewskaja in fresh siliques, flowers, leaved dned seeds (Figure 1AtRMR1 showed
the strongest expression in all tissues, followgdAIRMR4 expressed in siliques, where
AtRMR5 have a higher expression level. In fresh sdg all RMR genes were strongly
expressed whil&tRMR3, 5 and 6 had low levels of expression in lsaRMR3 and 5
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have similar patterns of expression. We can corchhadt all RMRs are expressed in most

plant tissues. They could however have differentfions within the cells.

AtRMR1

AtRMR2

AtRMR3

AtRMR4

AtRMR5

AtRMR6E

Fig 1. Expression of RMR genes A thaliana. The expression was analysed by RT-PCR from total
RNA of fresh siliquesA), flowers ), leaves C) and dried seed®j.

Patterns of fluorescence in leaves of reporter plas

As described previously (Fluckiger et al., 2008 marker for Iytic vacuoles, Aleu-GFP, is
visible in the central vacuole of most epidermadlscie A. thaliana (Fig.2A). In contrast, for
GFP-Chi, the marker for neutral storage vacuolbs, fluorescence was restricted in leaf
epidermal cells to the ER and small peripheral cantmpents which were proposed to be
neutral prevacuoles or small vacuoles (Fig. 2B)tHar, the guard cells also have their ER
labelled by GFP.

In mesophyll, the pattern is very different: stro@¢P-Chi fluorescence is visible in the
central vacuoles of most cells (Fig. 2C), whileAileu-GFP expressing plants most vacuoles
are non-fluorescent (Fig. 2D, Fig. 6B).

The distribution of the two markers in differenttaells types has been described previously
(Fluckiger, 2003). In fully elongated root cellspst central vacuoles are labelled by Aleu-
GFP (Fig. 2E), while in most cells GFP-Chi is rieséd to small peripheral compartments
(Fig. 2F) with occasionally a small vacuole.

61



Fig 2. GFP distribution in non inoculated reporternpda Aleu-GFP distribution in epidermi&;
mesophyll C) and roots E). GFP-chi distribution in epidermi®), mesophyll D) and roots
(F). Scale bar= 100um

Phenotype of virus-silenced plants

General symptoms were observed in all bombardetl&iral symptoms were observed in
new emerging leaves between 3 to 4 weeks postdaimu. These symptoms include yellow
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spots, leaf-curling, stunted-growth, necrosis aadegation. They were observed previously
in Nicotiana benthamiana by Peel et al., (2001)or iArabidopsis by Turnage et al., (2002).
These symptoms progressed in young leaves untl lleeame yellow. A general yellow
colour can be explained by the fact that yellowtsgmecame bigger until they fused. These
symptoms were helpful to visualize the spread efwtinus inside the leaf or the whole plant
(Fig. 3). With stable silencing, all transformants gerneaa grew and reproduced normally

and did not show any visible phenotype (not shown).

Fig3. Viral symptoms caused by the vector for gerensihg. Visible phenotype after bombardment

with the vector containing the whole RMR familygednes.

Silencing of AtRMRs in transgenic Arabidopsis plans expressing the

marker for neutral vacuoles

Despite the viral symptoms the empty vector did afbect the distribution of GFP-Chi in
epidermis or mesophyll (FigA4& B). Epidermal cells were not strongly affected ansient
silencing of the whole RMR family, however, a fa@BEP fluorescence was observed in some
epidermal cells. Strong labelling at the cornerggest apoplastic accumulation (Figui€ 4
andE). In contrast, vacuoles of mesophyll cells werergjly affected by the silencing of
RMRs, which reduced the fluorescence in these Jasuo undetectable levels (FigurP 4
and 4F). When observing the cells 39 days post-inocutafa.p.i), GFP fluorescence was
sometimes detected in the intercellular space lmtwae few mesophyll cells (FigureDi
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Later no GFP fluorescence was observed anymoigeimesophyll, not even in the apoplast
(Figure &).

Fig 4. Effects of transient silencing of the AtRMR filymon the localisation of GFP-Chi, the marker
for storage vacuoles. Control plants inoculatechwiite empty viral vecto(A andB), plants
inoculated with the silencing construct analyze®@td.p.i C andD) and 49 d.p.iE andF).
Scale bar= 100 um
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Similarly changed patterns were observed when affaomozygous stably silenced GFP-
Chi plants were excised at different stages (ay®d2 weeks and 4 weeks after germination)
and were analysed by confocal microscopy (FigCentral vacuoles of mesophyll cells were
strongly affected as no GFP fluorescence couldebected, nor in the intercellular space
(Figure5 B,E and H). In young leaves, GFP-Chi veamil to strongly label approximately
20% of central vacuoles of epidermal cells (Figh#¢ but 2 weeks after germination, GFP
was also detected in peripheral compartments wapgear to be the apoplast ( Figu 5

This was less visible two weeks later (Figure 3@Yoots of young seedlings GFP-Chi
distribution was not affected by the inactivatidndRMRs (Figure 5C), but after two or four
weeks the green spots were fewer and at two weastsgermination they were also bigger

(Figure D). Transient and stable silencing thus gave simdaults.

Fig. 5. Stable silencing of AtRMRs in GFP-Chi plantsGFleaf stage of development: epidernfg,(
mesophyll B) and roots €). 4 weeks old plants epidermiB)( mesophyll E) and rootsK). 8
weeks old plants: epidermi&), mesophyll H) and rootsl(). Scale=100pum
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Silencing of AtRMRs in transgenicArabidopsis plants expressing the
marker for lytic vacuoles

Leaves from virus innoculated Aleu-GFP plants weteised when viral symptoms became
visible and analysed by confocal microscope. Le&was plants inoculated with the empty
vector showed the previously described distribudbGFP fluorescence (Fig. 6A; Flickiger
et al., 2003). The large central vacuole of epiagrrells in leaves from these control-plants
showed strong GFP accumulation, and the markeraigasvisible as a faint diffuse
fluorescence in guard cells. While GFP fluoreseemas present in the central vacuole of

mesophyll cells in very young leaves, it was usuatit detected in mature leaves that
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appeared non-fluorescent (Figur8% The Aleu-GFP plants inoculated with the vector f
AtRMR silencing altered the pattern of Aleu-GFP fesmence in leaf cells at 39 d.p.i. (Figure
6C). In the epidermis, many cells did not have allabdecentral vacuole but GFP was instead
concentrated in small unidentified compartments treaplasma membrane (Figur€)6

These small compartments became more visible laftger incubation in a pattern
resembling GFP-Chi accumulation in epidermal cdllee remaining epidermal cells only
showed a faint fluorescence (Figui€)6In the mesophyll cells vacuoles remained non-
fluorescent with some GFP accumulation was obsarvéte apoplast 39 d.p.i (Figur®Pp

but not 49 d.p.i. (Figurer.

Fig. 6. Effects of transient silencing of the AtRMR fignon the localisation of Aleu-GFP, the marker
for Iytic vacuoles. Control plants inoculated wikle empty viral vectofA andB), plants
inoculated with the silencing construct analyze@8%d.p.i C andD) and 49 d.p.iE andF).

Scale bar= 100 um
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In stably silenced reporter plants, Aleu-GFP disttion was affected in young leaves with
faint fluorescence in central vacuoles of epideroadls and brighter peripheral small
compartments (FigureAj. But the central vacuole later lost any fluorescearue the
labelling appeared to concentrate in the apopkigt ¢ D andG). In mesophyll cells no

significant fluorescence change was observed caedgarthe control plants (Figure 7B, E, H

see arrow).
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In roots Aleu-GFP distribution was also stronglfeafed by AtRMR silencing. GFP
fluorescence was detected in vacuoles of youngs r¢ag 1C) in small compartments in four
weeks old plants (Figure 7F) while later GFP waslized as a continuous line around the

cells (Figure 71).

Fig. 7 Stable silencing of AtRMRs in Aleu-GFP plantsio-leaf stage of development: epidermis
(A), mesophyll B) and roots ). 4 weeks old plants epidermid)( mesophyll E) and roots
(F). 8 weeks old plants: epidermiS), mesophyll ) and rootsl(). Arrow indicated the GFP

marker localisation in leaf. Scale bar= 100 um
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RT-PCR analysis of AtRMR genes after their inactivéion

In leaves of control plants all genes exceptihi*MR6 were strongly expressed, as
previously reported. After transient silencing lo¢ tvhole AtRMR family, the expression of
all target genes was suppressed excepatRMR 5, for which a faint band still could be
detected by agarose electrophoresis (figur@i@s result confirmed the efficiency of the
silencing technique
FEFLEY ¢
Qr Q¥ <
- +

-+ -+ -+ - 4+

Silencing -+ -+

Figure 8: Expression of AtRMR genes in leaves aflencing of the whole family. The expression
was analysed by RT-PCR from total RNA. Gene expwads plants inoculated with the empty

vector (-) and in inoculated leaves .(

Immunodetection of GFP in control and in silenceddaves

Proteins were extracted from control Aleu-GFP fd4Rigure @) and from transgenic Aleu-
GFP (Figure B) and GFP-Chi plants (Figur€® with silencedAtRMRs. GFP is still
detected by western blot in all samples; howeVer signal was weak in silenced transgenic

plants (Figure €).

A B C

Fig.9: Immunoblot analysis of GFP extracted from cdnaves (A), leaves silenced for &lRMRs
in Aleu-GFP plantsg), and in GFP-chi plant<y.
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Discussion
Protein storage vacuoles were found in cells fréonage tissues of seeds, they were marked

by the presence af-TIP (Mintz, 1998; Paris et al., 1996).Vegetatiterage vacuoles are
found in leaves, petals, tubers and are markedifgdly by o-TIP (Jauh et al., 1998). A
putative receptor family, the RMRs, was proposedbaoinvolved in the protein sorting to
these two types of vacuoles.

Up to now results obtained in seeds by Jiang.g(200) and in leaves by Park et al., (2005)
suggested that RMRs are receptors for storage lexua fact Park et al., 2005 demonstrated
that AARMRL1 interacts with the C-terminal VSD of phaseaimd when HA-taggedtRMR1
deletion mutant (a deleted lumenal domain ) wasp@ssed with this protein, the trafficking
of phaseolin to the storage vacuoles was inhilatetithus it was secreted into the medium.
Considering that A. thaliana has 6 RMR genes tiy &ire expressed in most tissues and that
phylogenetic analysis does not support the existefidunctional subfamilies (in contrast to
the VSR subfamilies), we hypothesized these gereesedundant and decided to silence the
whole family at once with a single construct. Thesttplants used for this study were
transgenic plants expressing GFP fused to diffevacuolar sorting determinants, derived
either from tobacco chitinase for storage vacuales$ barley aleurain for lytic vacuoles. The
GFP-Chi marker labelled the central vacuole of mpbagb cells and was detected in small
grains in the epidermal cells. The Aleu-GFP maikas detected in the large central vacuole
of epidermal cells and also appeared in centralioas of mesophyll cells of plantlets, but
was not detected there when the plants became en@liickiger et al., 2003). This change of
nature of a vacuole type was not surprising siheeas described that paraveinal mesophyll
of soybean vacuoles can reversibly convert fromgtia to a vegetative storage vacuole and
back depending on the metabolic demand for nitr¢lygmrphy et al., 2005).

Our results on silencing of the whoRMR receptor family showed that sorting of GFP-
Chi was strongly affected. This corresponded toexyoectation that the marker would not be
detected in the vegetative storage vacuole anymioreather seemed to be transiently
accumulated in the apoplast, where it then disappdea

In contrast, our results obtained with Aleu-GFPnfdawere more puzzling, because in
contrast to our expectation, Aleu-GFP distributavas as strongly affected as GFP-Chi

distribution, meaning tha&tRMR receptors are somehow implicated in proteitirsgpto both
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of these different vacuoles. Based on these resdts models have to be proposed and this
will be discussed in the next chapter.

Note added in the last momentWe have just realized that the numberingAtRMRs by
Park et al. (2005) is different from the one usedhis work. We will correct our numbering
in the revision of this thesis. TheMRMR1 is ourAtRMR2 and reverse.

Materials and Methods

Plant material and Growth conditions

Seeds from transgenfrabidopsis thaliana ecovar Wassilewskaja expressing Aleu-GFP or
GFP-Chi (Fluckiger, 2003) were surface-sterilized alated on MS (Murashige and Skoog,
1962) agar medium containing kanamycin (50 pg/md) imcubated in a growth chamber
with 8 hours of light at 20°C. Seedlings were tfarred to soil in pots and returned to the
same growth chamber.

Plants were grown under standards conditions oty chamber under the light-dark
regime of 16:8h (20°C) provided by fluorescent 8jlf#hilips TL-D 36w. For selection of
transgenic plants, seeds were sterilized in eth@mdlbleach, rinsed with 100% ethanol, and
germinated on MS medium containing 30 g/ml Bashiafdgginate ammonium). Basta

resistant plants were transferred to soil.

Silencing constructs for transient silencing

Fragments of approximately 250bp from ea&tRMR gene were generated using PCR (3min
denaturation at 95°C, then 30 cycles of 45s at 9456 at the annealing temperature and 1m
at 72°C and a final extension at 72°C for 10minjrfra corresponding cDNA clone, using
first 10 cycles at the lower annealing temperalurd. and then 30 cycles at the higher
annealing temperature Tmz2.

The primers and the restriction sites are indicatetie table I:

All genes were assembled in tandem for simultansdescing using a PCR reaction where 1
pl of each amplification reaction and primers ATRfKS’ and AT2rBgl 3’ were used in 50ul
of reaction mix. A similar PCR program was usedoashe first amplifications, using two
different annealing temperatures, Tm1=60°C and T882€. The resulting DNA fragment of
approximately 1500bp was subcloned into pGEMT-Eaa®y sequenced (Sanger et al., 1977).
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The plasmid was then digested with Kpnl and Bgtld éhe fragment was cloned into the
corresponding sites of the pCbLCV007 genome A veddtornage et al., 2002)to obtain
CbLCVO07+RMR.

Silencing constructs for stable transformation

The tandem sequences from each AtRMR gene weredlovice into an intermediary vector
pPpGEM-PIT containing the 35S promoter, adequateictisin site pairs flanquing an intron
and the OCS terminator. The inverted repeat inp¢ediby the intron was then transferred
into the binary vector pPCAMBIA 3300.

The binary vector pHELLSGATES was first modified temoving both copies of the ccdb
gene using sequentially Xbal and Xhol digestiotofeed each by a ligation. The resulting
plasmid was digested with Notl and the fragmenta&iomg the promoter, the intron, the
restriction sites for sense and antisense inseatmoithe terminator was cloned into Notl-
digested pGEMT-Easy vector (Promega). The resulteagor named pGEM-PIT allowed the
insertion of the AtRMR gene fragments in sensearigense orientations. For this purpose,
the AtRMR gene fragments were amplified from CbLCARMR by PCR using a forward
primer RMRClal-Kpnl (5'CGATCGATGGTACCATGGCAGGT 3introducing Clal and
Kpnl sites) and a reverse primer RMRXbalEl (5°
TCTAGAATTCAGATCTGCATCTAACCZ3' introducing Xbal and &R sites). The PCR
product was digested with EcoRI and Kpnl and clonéal pGEM-PIT pre-digested with the
same enzymes. The resulting plasmid was digestd@ial and Spel and used to clone the
Clal and Spel digested PCR fragment in the othentation, producing the plasmid pGEM-
PIT-RMR2X. Finally the fragment from pGEM-PIT-RMR2ontaining the promoter 35S,
the AtRMR fragments in sense and antisense orientahe intron and thecs terminator,
was obtained by digestion with Notl and insert@d ia Notl-digested Pcambia3300 vector to
obtain pPCAMBIA+RMRS.

Biolistic transformation

The Arabidopsis reporter plants were transformegdnyicle bombardment. Vectors
CbLCVA containing sequences from each AtRMR wereaadiwith the CbLCV B genome
and bombarded into three week-old plants, as destiy Kjemtrup et al., (1998) or Turnage
et al.(2002), using the Particles Delivery Syst&D$) 1000 He Particle gun (Bio-Rad). Gold

particles (Bio Rad) were used as micro carriersthait coating was done as described by the
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manufacturer: 3mg of gold was coated with 5ug df @Q6A+RMRs and CbLCVB

component followed by addition of 50ul of 2.5M Cg@0ul 0.1 M of spermidine. The
rupture disks, stopping screen, holders for maaraers and micro carriers were sterilized by
soaking in 70% ethanol. Ten pl of the coating sosig® were used for each transformation.
Plants were bombarded three times and were groder@h of light at 20°C until yellow

spots were observed on leaves. Leaves were themmea using a confocal microscope.

Agrobacterium-mediated transformation

Transgenic Arabidopsiglants expressing either Aleu-GFP or GFP-Chi asthéeaves stage
were transferred to soil and grown in a green hatn&9°C under continuous light for one
week, transferred to growth chamber with 16hourggbt and irrigated with water every four
days until inflorescences appeared. The main flsteah was cut to induce more stems which
were used for the inoculation wifgrobacterium.

The pCAMBIA+RMRs plasmid was mobilized into tAetumefaciens strain GV3101 by the
freeze-thaw method. Agrobacteria were grown ovéitradg 28°C in 5 ml of YEB medium

with antibiotics rifampicin, gentamycin, and kanasmyat concentrations of 50, 25, and 50
png/ml, respectively. 300 pL of the overnight cuttuwwere added to 300 ml of fresh medium
with the same antibiotics and grown at 28° to tiatianary phase (OD600 ~2.0). Bacteria
were harvested by centrifugation at 4000 rpm form2@ at room temperature. The pellet was
resuspended in infiltration medium (5% sucrose5%h@bilwett L-77) to obtain the desired
density (ORyoof 0.8 -0.1). Plants were inoculated by submersifigrescences in the
agrobacterial suspension for 10s (Clough and B&€$83).

Seeds were spread on soil and kept for 2 day<atl4fey were then incubated at 20°C with
16 h light and 8 h darkness for approximately 1¥sdantil plants reached the 4-leaf stage,
then Basta ( Glufosinate ammonium, 50 pg/ml) waaysdl twice a week on plants to ensure
Basta resistance. Transformed plants remained gve#e& non-resistant plants turned white
and died.

Confocal Laser Scanning Microscopy and Data collein

Images were taken with a confocal laser micros¢bpéR, Leica Microsystems, Heidelberg,
Germany) using the TCD 4D operating system. GFPdetected with the filter set for
fluorescein isothiocyanate (FITC), whereas chlogtiftuorescence was detected with the

filter set for trimethylrhodamine isothiocyanateR[TC).
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The stored digital images were pseudocolored asmrgdeen images using Photoshop CS2

(Adobe system) in correspondence to the real reptemn colour.

RNA-isolation and RT-PCR analysis

Leaves from control and silenced plants were framdiguid nitrogen and stored at -80°C
until extraction. Total RNA was extracted from gndueaf powder using an extraction buffer
(2M Tris-HCI pH8.0; 0.5M EDTA pH 8.0; 20%SDS), reteacted with an equal volume of
phenol/chloroform/isoamylalcohol (24/1/1 viv) an@g@pitated with one volume of 6M LiCl.
First strand cDNA was synthesized from 2ug totalARMth the Improm-Il Reverse
Transcription System from Promega using oligo (g3 primer according to the
manufacturerThe PCR reaction was performed using gene spgwifiters (Table 1l). The
amplification conditions were: pre-denaturatio®atC for 3 min; 30 cycles of 45s at 94°C,
45 s at Tm (60°C for altRMR 1 and 2; and 62°C fé&RMR 3,4,5 and 6), 1min at 72°C and

a final extension step of 10 min at 72°C.

Protein Extraction and western blotting

Leaves from control and silenced plants were grotmgowder in liquid nitrogen and
resuspended in extraction buffer (1x TBS containpngtease inhibitor). The mixture was
then centrifuged at 14000 rpm for 10min at 4°C. Eb&uble fraction was diluted with 2X
loading buffer, then incubated at 95°C for five otes and loaded on a SDS-PAGE gel and
electrophoresed under standard conditions. Aftected-transfer of the proteins to a

nitrocellulose filter, anti-GFP serum was usechatdilution of 1:10000 for immunolabelling.
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Table 1. Primers for amplification of RMRs fragmeand their assembly in tandems

Primer Sequence Restriction| Tm | Tm
site 1 |2

AtlfKpn |GACGGTACCATGGCAGGTAACTCTGGAGGTATAAGG |Kpnl 54° | 65°
AtlrXho | CCCCCCATCTCGAGAGGACCGAGATGTCCGCCTTCTT Xhol
At3fXho |TCGGTCCTCTCGAGATGGGGGGAGACTCGGACGGTATXhol

AAAG 52° | 60°
At3rBam | CGCTCCATGGATCCGGCACATCCCATTGAATTGAGAT|BamHI

GTAGAGT
At5pfSal | TATGCCAAGTCGACATGGCAGGAAATTCATCTGGTGT| Sall

CTATATAC 56° | 62°
At5prNhe | ACCTTCATGCTAGCTTGGCATACGAGAATGTCCTTGGMNhel

C
At2fNhe | TATGCCAAGCTAGCATGAAGGTGAACCCTCAGGACAT]| Nhel

TAC 58° | 65°
At2rBgl GTCAGATCTGCATCTAACCTGATGGTCCTGGTG Bglll
AtdfBam | GATGTGCCGGATCCATGGAGCGAAACCCCTCTGGTG| BamHI
AtdrXba | CCTCCATTCTAGATGGGCATACGATGAAAGTCATTGC | Xbal 50° | 61°

C
At5fXba | TATGCCCATCTAGAATGGCAGGAAATTCATCTGGTGT |Xbal

GG o [}
At5rSal CCTGCCATGTCGACTTGGCATACAAGAAAGTCCTTGG| Sall 52° |61

CC
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Chapter 4

Material and methods

Bacterial strains.

The bacterial strains used were:

» Escherichia coli XL-1 Blue:recAl, endAl, gyrA96, thi-1 hsdR17 (rk-,mk+),supE44,
relAl, A-, lac- . This strain was used to multiply plasmid. Ae 8train is resistant to
tetracycline, it could not be used for plasmidstaonng a tetracycline marker.

» Agrobacterium tumefaciens strain GV3101 was described to be the most efficie

infect Arabidopsis thaliana ecotypeéWassilewskaja.

Plasmids and vectors

Plasmids and vectors used for this study are ligietthe table according to their relevant
characteristics and references.

Table 2.1Plasmids and vectors

Plasmids/vectors Relevant characteristics referense

pGEM-T-Easy Amp, Sp6 and T7 promoter Promega

CbLCVAO007d Amp, 35S promoter angdTurnage etl., 2002
terminator

CbLCVB Amg, 35S promoter andTurnage etl.,2002
terminator

CbLCV008 Amp, 35S promoter andTurnage etl.,2002
terminator. Contain gene for
the magnesium chelatase

pCAMBIA Kan', Basta

r: resistant

Primers

Primers used in this work were from Microsynth Gfh@Balgach, Switzerland) as indicated

in the table below.
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Table 3.1 Primers for VSR amplification

Names Sequence(5'3’)

Length
VSR AMPLIFICATION
SATib GGAGTGTCGACGGCTTTTCACTCTCTCGTTT C 32
RATb CAAACTCTAGACTCCGAAATTACCAATGGCAC 32
SAT,b CGGAGTCTAGAGTTTGTCGGTGACGTCG 28
AAT, AAGATCTCGGATAAACCACCGTACCA 26
SAT; GGGTACCTAGTCAACGGGAGAGCTTC 26
RAT;3b GACCACTCGAGGTGCTTCGACCTCATCTC 29
SAT4b CCCATGGACGACGAATGTATGGT 23
RAT b AAGCCGTCGACACTCCTCTGATGGACTC 28
SATsb AGCACCTCGAGTGGTCAACGGGTTTTCATC 30
RATsb TTATGTCTAGAGACCAAAAGTTTGCTATGG 30
SATeb TGGTCTCTAGACATAAAGGAGCCACCTTGGC 31
AATg AAGATCTGGCTGCGTCGTGCTTAGA 25
Table3.2:RMR amplification
AtlfKpn | GACGGTACCATGGCAGGTAACTCTGGAGGTATAAGG 36
AtlrXho | CCCCCCATCTCGAGAGGACCGAGATGTCCGCCTTCTT 37
At3fXho | TCGGTCCTCTCGAGATGGGGGGAGACTCGGACGGTATAAAG 14
At3rBam | CGCTCCATGGATCCGGCACATCCCATTGAATTGAGATGTAGAG | 43
AtbpfSal | TATGCCAAGTCGACATGGCAGGAAATTCATCTGGTGTCTATAAC | 45
At5prNhe | ACCTTCATGCTAGCTTGGCATACGAGAATGTCCTTGGCC 39
At2fNhe | TATGCCAAGCTAGCATGAAGGTGAACCCTCAGGACATTAC 40
At2rBgl GTCAGATCTGCATCTAACCTGATGGTCCTGGTG 33
AtdfBam | GATGTGCCGGATCCATGGAGCGAAACCCCTCTGGTG 36
AtdrXba | CCTGCCATTCTAGATGGGCATACGATGAAAGTCATTGCC 39
At5fXba | TATGCCCATCTAGAATGGCAGGAAATTCATCTGGTGTGG 39
AtbrSal CCTGCCATGTCGACTTGGCATACAAGAAAGTCCTTGGCC 38
SCb007-7| CCAATCACATGCCGCCTGACAAGGT 25
ACbo07-7| CTTCGATGAGAGCTTCTGGGCGGAC 25
SCb007-8) CCAATCACATGCCGCCTGACAAGGT 25
ACbo07-8) CTTCGATGAGAGCTTCTGGGCGGAC 25
Table3.4:RT-PCR
SATIN TGGATGCGGAAATTAGAGGG 20
AATIN GGTACACTTATTTCTGTTTGTGGC 28
SAT2Nb | GATCAGAGCCATAATGGCAC 20
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AAT2N TTCTCCGAAGCTACATCGAAG 21
SAT3N GTCTCTGGTTTGTGATTGAGC 21
AAT3Nb | TGCATTTGTATCCACCCCATG 21
SAT4N AGATGTGAATGAGTGTGAGGAGAA 24
AATAN TTATGCAAATGTCGTGTTCTCTTATG 26
SATSN GCTTTGAAGATATGGAACGG 20
AATSN GTATAGACTCACTCCAATCCATC 23
SAT6N GCATTAAAGGTATGGAACGGTC 22
AAT6N GACTCACTCCAGTCTATCTTCAGG 24

Antibiotics used in selective media

Antibiotics used in this study are listed in thbléabelow

Table 4.1: Antibiotics used

Antibiotics Working concentration | Stock solution(mg/ml)
(Hg/ml)

Ampicillin 50 50

Kanamycin 50 50

Tetracyclin 50 50 in 70%Ethanol

Rifampicin 50 50 in DMSO

Gentamycin 25 25

Glufosinate ammonium(Basta30 30

herbicide)

Enzymes, chemicals and Kits

Enzymes

Enzymes Buffer used Manufacturer

Xbal D/2 Promega/Biolabs

Kpnl J promega

Xhol D promega

EcoRl E promega

Bglll D promega

Sall D promega

Nhel B promega

Acc65 | D promega

T4 DNA Ligase 10X ligase buffer Promega

Taq polymerase 10X Taq buffer Promega
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Chemicals and other materials

Chemicals/Materials Manufacturers
Agarose Gibco BRL
Coomassie Brillant blue Serva
dNTPs Promega
Ethidium Bromide Fluka
Chloroform Acros Organics
Phenol/chloroform/isoamylalcohol Sigma
Ethanol (HPLC) Romil
Isopropanol Reactolab
Kits

* Plant RNA purification reagent (Invitrogen, Lucern8witzerland) for RNA-

extraction:

* Improm-ll Reverse Transcription System (Promegalligeédlen, switzerland) for

RT-PCR

» pPGEM-T and pGEM-T easy vector system(Promega,V\diiis, switzerland) for

subcloning

Media, solutions and Buffers

Most of media and solutions were prepared witloised milli Q water and were autoclaved

20 min at 120°C for sterilization. Solutions anaheiques were used according to the

Molecular cloning book (Sambrook et al.,2001).Artilzs were added after autoclaving.

Table 6.1 Media for bacterial culture

LB-medium

0.5% NaCl; 0.5%(w/v) yeast extract, 1
(w/v) bacto tryptone in H20

LB-Amp-medium

LB-medium with 50pg/ml Ampicillin

LB-Kan-medium

LB-medium with 50pg/ml Kanamycin

LB-medium-plates

1.6% bacto agar was added to the lig
medium

YEB-medium

0.5% beef extract, 0.1% yeast extract, O.
peptone, 0.5%sucrose, 2mM MgSO4

YEB-medium plates

1,6% Agar was added to the liquid medium

%

uid

5%

YEB-Kan-Gent-Rif-medium

YEB-medium with 50ug/ml kanamycif

=]
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25ug/ml gentamycin, 50ug/ml rifampicin

YEB-RIif-Gent-medium

YEB-medium with 25ug/ml gentamycir
50ug/ml rifampicin

—

Table 6.2 Other media for seeds selection

MS- medium

0.22% MS salt, 0.05% MES,1%sucrose,the
pH was adjusted to 5,8 using a solution aof 1
M KOH

MS-medium plates

0.8% agar was added to the liquid medium

MS-Kan-medium

9%
o

MS-medium with 50ug/ml Kanamycin add
after autoclaving

MS-Basta-medium

MS-medium with 30pg/ml Basta(Glufosinate
ammonium) added after autoclaving
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Table 6.3 Buffers and solutions

Buffer | 25.0 mM Tris/HCI pH8.0; 50mM glucose; 10mM EDTA pla8
Buffer Il 0.2N NaOH, 1%SDS

Buffer IlI 3M potassium acetate, 5M acetate solution

TE-buffer 10mM Tris/HCI, ImM EDTA,pH8.0

Bromophenol blue-mix

0.25% bromophenol blue, 0.25% xylene cyanol FF, Facoll

Ethidium Bromide

0.5ug/ml

0,5X TBE buffer

45 mM Tris base, 45 mM boric acid, 1 mM EDTA pH 8.0

KOAc 3.0 M K Acetate , pH 5.5

RF-1 Buffer 100mM KCI;30mM MnCly; 30mM KOAC pH 7,5; 10mM Cagl|l
15% glycerol; adjust the pH to 5.8 with 200mM acedcid and
filter sterilised

RF-2 Buffer 10mM MOPS pH 6.8; 10mM KCI; 50mM CaCl2; 15% glyder
was adjusted to pH 6.8 with 1M NaOH and filter riéiteed

RNA 2X Loading | 3% Ficoll; 0.05% Xylene cyanol; 0.05% bromophenakb

buffer

RNA extraction Buffer

1Vol of 2M Tris pH 8.0; 2 Vol of EDTA pH 8.0; 1 V&0% SDS

6M Lithium Chloride

70% EtOH 70ml of 100% ethanol diluted in 30ml of DEPC water
DEPC water 500ul of DEPC in 11 of water stir very well and aciaved.
Protein 196mM glycine / 0.1% SDS / 50mM Tris-HCI pH 8.3

Electrophoresis buffer

0,5M Tris-HCI pH6,5

60,57 g was dissolved in water then the pH wasgon6.5 using
a solution 2N HCI. Autoclaved for sterilisation

1.5M Tris-HCI pH 8,8

181.71 g was dissolved in water then the pH wasgbto 8,8
using a solution 2N HCI. Autoclaved.

10% SDS 10g of SDS in 100ml of water

10% APS 10g of APS in 100ml filter sterilized

Protein Transfer | 3.03 g Tris —base; 14.4 g Glycine; 200ml Methanol

buffer

2X protein loading | 125mM Tris-HCI pH 6.8, 10% 2-mercaptoethanol, 1086510%
buffer glycerol

PBS buffer NaCl : 8g, KCI: 0.2g, N&HPQO,: 1.15g, KBHPQO,: 0.21g, pH wag

adjusted to 7.4

Blocking buffer

8% skimmed milk in 1 x PBS

Buffer for antibodies
dilution

8% skimmed milk, 0, 2% Tween ,1 x PBS

Washing buffer

1x PBS containing 0.2 % Tween

Stripping buffer

2%SDS, 50mM Tris pH 6.8, 100mM,-mercaptoethanol

Protein extraction
buffer

50mM Tris-HCL buffer pH7.6 supplemented with 150nNIACI,
5mM EDTA, 0.1% SDS, and 0.1@smercaptoethanol
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Bacterial culture

Freezing and storage oE.coli strains.

200p! of sterile 87% glycerol was added to 800pd&mwE.Coli culture mixed and was frozen
at -80°C.

Standard growth conditions for E.coli

E.coli bacteria were grown in LB-medium at 37°C. Liquidtares were shaken at 280 rpm.

Depending on the resistance of plasmids antibietee added to the media.

Heat-shock competen€.coli XL1-Blue cells

5 ml LB medium containing Tetracycline (50mg/ma antibiotic was inoculated with a
single bacterial colony and incubated for 16 hair87°C and 250 rpm. This preculture was
diluted 1:100 into 100 ml LB-medium and incubated 2 to 3 hours at 37°C and 250 rpm
until the OQyoo reached a value of 0.5. Soon after, the culture thvan chilled on ice for 15
min, and the bacteria were pelleted for 15min & 4hd 5000 rpm in the Sorvall GSA rotor.
The pellet was resuspended in 32ml of RF1 bufferaas left for 20min on ice. Following a
centrifugation step of 15min at 4°C and 5.000 r.mrnthe Sorvall GSA rotor, the pellet was
taken up in 8ml RF2 and incubated for 20 min on itlee Eppendorf tubes for freezing
aliquots of competent bacteria were precooled ild coom. The bacteria suspension was
portioned in aliquot of 100ul and was frozen iruldynitrogen. Tubes were stored in a -80°C

freezer.

Transformation of competentE.coli cells by heat-shock

This protocol was used for E.coli strains and pidsmwhich showed good transformation
efficiency by means of heat-shock.

First, competent cells were thawed on ice and Lpldfied DNA sample or 5ul of a ligation
mixture were added. After mixing, an incubationddf min on ice followed. The heat-shock
was performed by placing the cells for 2 min intbeating block at 42°C. Then the mixture
was placed on ice for 10min. At the end, all of Heeterial suspension was plated on LB-

plates with the corresponding antibiotics and wasvg overnight at 37°C.
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Isolation and purification of DNA
Isolation of plasmid-DNA from E.coli

Small scale or mini-preparation (Birnboim and Doly1979)

For mini-DNA preparations, a single teai@al colony was transferred into 5mL of LB
medium containing appropriate antibiotic in a Idgseapped 12ml tube. The culture was
grown overnight with shaking at 37°C and 250 rpnmed, 1.5mL of this culture was
centrifuged for 5min at 4°C and 16000 rpm in aediop centrifuge and the bacterial pellet
was resuspended in 100uL of ice-cold solution k hixture was kept in ice for 10min. After
this step, 200uL of a freshly prepared solutiowdk added into the tube and the content were
mixed well by inverting tube rapidly five times urhe lysate became clear and then kept on
ice for 10 min. After incubation on ice, to theaasis cell lysate was added 150uL of ice-cold
solution lll, the tube was mixed by votexing andswacubated on ice for 15 min.

After centrifugation at 4°C, 12 000 rpm for 10mnithe supernatant was added with 2
volumes of phenol: chloroform and mixed by vorteximhe mixture was centrifuged for
10min at RT and at 12000 rpm. 400ul of the uppesphwas transferred to a fresh tube and
400ul chloroform was added to it and was mixed dyexing. After centrifugation for 10min
at RT and at 12000 rpm, the supernatant was tnaedfeto a new tube.

To the supernatant, 2 volumes of 96% ice-coldrethaere added and the mixture was kept
at RT for 10 min to precipitate the double-strand@NA, which was followed by a
centrifugation for 20 min at 4°C and at 14000 r@he pellet was washed with 1 volume of
70%ethanol ice-cold and was dried for 5 min at 63*i@ally the pellet was dissolved in 30
ul of distilled water and was digested with 0.3ftRNase A for 5min at 65°C or 30min at
37°C. The DNA solution can be stored at -20°C totHer investigations

Small scale concentrated DNA extraction: modified nmipreparation

The bacterial pellet of 3ml culture, grown overrtigh37°C and 250 rpm, was resuspended in
100ul of ice cold solution | by vigorous vortexingtil the pellet was dissolved completely.
200ul of the freshly prepared solution Il was adtiethe tube and the contents were mixed
well by inverting the tube rapidly five times amtubated on ice for 15 min. After incubation
on ice, 150ul of ice-cold solution Il was addedthe mixture and mixed by vortexing and
kept on ice for 10min. The mixture was centrifuged°C for 10min and the supernatant was
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transferred in a new tube mixed with 1 Vol of phiéstdoroform /isoamyl alcohol. After a
short centrifugation for 5 min, at 8000 rpm the epphase was added with 1 vol of
chloroform. After another centrifugation for 5 mah 8000 rpm, the supernatant was added
with 1 vol of isopropanol and KOAc (final concertioam of 0.2M), vortexed and incubated at
RT for 20 min. After centrifugation (RT, 12000 rp@&0min) the pellet was washed with 1 vol
of 70% ethanol and dried at 65°C for 5 min. DNA w&solved in 30ul water and stored at -
20°C.

Maxi-preparation of DNA from E.Coali

400mL litres of LB medium containing the appropeiantibiotic was inoculated with a
single colony of cells with the desired plasmidd gmown for 24 hours at 37°C and 250 rpm.
The cells were sedimented from the above two 40@umiture at 15000 rpm for 15 min at
4°C. The pellet was resuspended in 8ml of solutiorhen, 16 ml of Solution Il was added,
and mixed by inverting tubes several times unté guspension became translucent and
viscous; and tawn on ice for 10 minutes. 8 ml ouSon 11l was added and the mixture was
vortexed chilled on ice for 10min then centrifug@dter centrifugation at RT, 15000 rpm for
10min (Beckman centrifugator). The supernatant txassferred into a new tube and was
treated with 2V of chloroform. DNA in the aqueousape was precipitated by adding 16 ml
of isopropanol and the mixture was incubated af®TL.Ominutes.The pellet was rescued by
centrifugation at 15000 rpm for 15 minutes at R™ awas washed with 70% Ethanol, was
resuspended in 2mL of TE, and 2mL of 5M LiCIl. Thetwre was centrifuged at 3700 rpm
for 10 minutes and 4 ml of isopropanol was addetthénsupernatant. After a centrifugation at
3700 rpm for 10 minutes, the pellet was washed @ittL. of 70% Ethanol, was dried, was
dissolved in 500 pl of TE containing the RNAse A{g/ml) then was kept at 37°C for 2
hours. DNA was precipitated by adding 1mL of 99%dfiol. 5 minutes later, DNA was
collected by centrifugation at 12000 rpm for 5 ntesuand was rinsed with 70% EtOH .Then
was dried 15 minutes at RT and resuspended in 4850 at 65°C for 5 minutes.

Precipitation of DNA for concentration enrichment

The DNA-solution obtained after the inactivation wdstriction enzymes should be
concentrated for further cloning. 0.1 volume of 3ddium acetate pH 6.8 was added to
increase the salt concentration. Then 2.5 volumeooted (-20°C) ethanol was added and
after mixing well the tube was placed at -20°C #&brleast 30 min for precipitation. The
precipitated DNA was centrifuged at 4°C and 1608 for 20min. The ethanol was aspired,
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70% ethanol was added and after the following degition step of 5 min the supernatant
was removed completely and the DNA was dried aCa®t 5min. The dry DNA was taken
up in sterile water (10 to 20 pl in case a digesfioOul-digestion had been performed)

Characterisation of DNA molecules
Restriction of plasmid DNA

Analytical digestion of plasmid DNA

In order to verify DNA preparations, digestions lwitestriction endonucleases were
performed. Usually 0.1 to 1 pg DNA were incubated 2 hours with 2U of each
restriction enzyme in a total volume of 30ul. Theéfér and the temperature were chosen
according to the enzymes and the manufacturersmaeendations. In order to perform a
digestion in a total volume of 30ul, 1ul of congateéd mini-preparation or 8ul of mini-
preparation DNA was used.

Preparative digestion of plasmid DNA

This type of digestion was used to prepare eitimealized plasmids or fragments with
“sticky end” for further cloning. The reaction wasrformed in 30ul volume and 3 to 6ug

of DNA were used.

Agarose gel electrophoresis

Agarose gel electrophoresis was used to analysesatate DNA fragments of digested
plasmid and PCR-products in the presence of etfmidiwomide. The agarose concentration
varied from 0.7 to 2.5% depending on the size efdkpected DNA fragments. The agarose
was weighted in a flask and was suspended in OBEK and dissolved by heating in a
microwave oven for 3min. 2 ul of ethidium bromidasvadded to 50 ml of agarose, the gel
was poured in a tank and a comb was inserted. Afétrpolymerisation, the comb was
removed and the gel was placed into an electropi®rehamber. The fragments were
separated at 90 to 95 V for 15 to 35 min (120 Vdduig gel). DNA bands were visualized on
a GEL DOC system from Bio-Rad. Under UV light, thesired band was eluted directly with

a pipette or was cut out with a blade.
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Estimation of DNA concentration with a spectrophotoneter

1 or 2 ul of DNA were diluted in 500 pl of waterdathe absorption at 260nm was
measured in a quartz glass cuvette. Any§Df 1 corresponds approximately to 50ug/mL
DNA and to 33 pg/ml for a ssDNA (oligonucleotides).

Sequencing

The sequencing reaction was performed accorditigetalideoxynucleotide method described
by Sanger [1977].Thigxperiment needs primers labelled at their 5’endabspecial dye.
Primers were labelled with the IRDye800 or IRDye7TBese primers were synthesised by
MWG Biotech (Germany).35 cycles of PCR were carioed in a Tgradient thermocycler
(Biometra, Gottingen). In a Thermo Sequenase k&, gnzyme (Taq Polymerase), reaction
buffer and nucleotides are pre-mixed and foundour fseparate tubes called A reagent, T

reagent, C reagent and G reagent, each with theaqpgte terminators.

Cycle sequencing-Reaction
First step: Reaction beginning

The DNA template and the primers were combine@l smL tube

e 1ul of 500-700 ng template( ds-DNA)

e 1ul of IRD700 forward primer (1.0 pmol/ul)
e 1ul of IRD800 reverse primer (1.0 pmol/ul)
o 3ul of Distilled water

e 1 drop of mineral oll

The components were mixed well by pipettihg teaction up and down several times

with the same tip.

The next step consists of labelling a micro pldt®@®wells and labelled a set of four 0.2ml

constituting the plate by A, T, G, C for each teatelprimer combination.

In each well was added: 1ul of the A reagent toAhebe(s), T reagent to the T tubes(s), G
reagent to the G tube(s) and C reagent to the €gub

Then was added in each tube 1ul of the appropestglate/primer combination to the A, T,

G, and C and mixed well
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The micro plate was put in the thermal cycler fax PCR reaction.

Second step: PCR-program:

Tablel: PCR program for cycle sequencing

Process Reaction Temperature Time Cycles

Denaturation 95°C 2min 1
Denaturation 95°C 40sec

Synthesis Annealing 55°C 45 sec 30
Polymerization 72°C 4 min

Complete 72°C 10 min 1

synthesis

When the cycling program was completed, 1 ul ofsts@ple loading buffer was added to the

mixture and it was denatured at 95°C for 5 min a&ad placed on ice.

Depending on the comb used, 1.0 to 1.5 ul of sanplere loaded onto a 33cm 7%
polyacrylamide gel (25-cm length and 0.25-mm irckhiess). The gel was run using 1X TBE
buffer. The apparatus used to achieve this prosessthe LI-COR 4000L sequencer (LI-

COR Biosciences).

The data images were automatically collected anghulsaneously recorded during

electrophoresis.

Following electrophoresis the image file was amadiyuusing LI-COR Gene image IR

software.

Cloning

Isolation of DNA from agarose gel
For DNA fragment isolation, two techniques wereduse

Direct DNA extraction from the gel.

This technique did not need special material. Téleangs put under a UV lamp and a 1000l
pipette was used to isolate the DNA. The tip watsipside the gel where the desired DNA
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was found and the DNA was sucked out. To maxintieeextraction, 10ul of 0.5XxTBE was
added in the slot before suction.

DNA isolation using Wizard SV gel and PCR clean-Ugystem (Promega)

For the purification of DNA fragment which could tnioe extracted with pipette under UV
light, the corresponding band was cut out andON&A was extracted using Wizard® and
Gel and PCR clean-Up System Kit (protocol:” Wizardf@dd Gel and PCR clean-Up System
protocol”. Handbook, 1/05, p.6-7).

The gel slice was weighted and put in an Eppenttite. 10l of Membrane binding solution
per 100mg of agarose gel slice was added. Themikiire was vortexed and incubated at
65°C for 10 min to melt the gel. The melted gel wemsferred to a SV Minicolumn
assembly and incubated at RT for 1 min. A centafian followed at 16000rpm for 1 min,
and the column was washed twice by adding 700 Membrane Wash Solution. Between
each washing step, the column was centrifuged fonirbat 16000rpm. The resulting DNA
was collected in a new tube by adding 20ul of rasde free water followed by a
centrifugation for 1 min at 16000 rpm. 5ul of th&l® was analyzed on a gel and DNA was

pure enough for sequencing and further cloningriegles.

Dephosphorylation of DNA fragments

All enzymes manipulations were carried out accaydmthe recommendations of enzymes
providers. To prevent self-ligation of a linearizegttor or a vector fragment, the DNA was
dephosphorylated. In the case of double digestan @oint9.1.3or after precipitation of the
DNA, 1ul of CIP (Calf Intestinal Mucosa Phosphajasas added to a volume of 20ul and
the mixture was incubated 1 hour at 37°C. Followamgymatic treatment, CIP or restriction
endonucleases was inactivated by incubating thetiomamixture at 75°C for 5 min. The

dephosphorylated DNA fragment can be used immdgitdeligation (10.3

Ligation of DNA fragments

The ligation was usually performed with T4 DNA Lsgain a total volume of 15pl.

Ligation mixture:

e 4,5 ul of DNA fragment
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e 1pl of linearized vector
» 7,5ul of 2x rapid ligation buffer / 1,5 pl of 10X TLigase buffer
o 1pl of T4 ligase(1U/ul)

e Water in the case 10x T4 Ligase buffer was used

Vector and DNA fragment were used in the ratio Mith 2x rapid ligation buffer, the
reaction was performed at RT for 1 hour or ON & 4hile, with 10x ligation buffer the
reaction was achieved at 16°C (ON).The ligationdpod was transformed into XL1-Blue
competent cells ( as in4).

Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is used to ingpkegment of DNA that lies between
two regions of known sequence. A thermostable DN#ymerase purified from the
thermophilic bacteriunThermus aquaticus was used to extend the annealed oligonucleotide
primers [saiki et al., 1988]The primers typically have different sequences amd
complementary to sequences that first lie on opposirands of the template DNA and
secondly flank the segment of DNA that is to be ked. First, the template DNA in the
presence of a large molar excess of each of the proers and the four dNTPs was
denatured by heating. Then the mixture was coabed temperature for annealing of the
primers to their target sequences, after which aheealed primers were extended with
polymerase. The cycle of denaturation, annealirdy@otymerization was repeated for many
times. The major product of this exponentiahation was a segment of double stranded
DNA whose termini are defined by the 5’-terminitioe oligonucleotide primers and whose

length is defined by the distance between thegns.

To amplify any DNA template, the PCR program shdwddmodified by altering temperature,
time, and number of cycle dependent on the DNA seges. PCR was performed using

Biometra Tgradient (Biometra, Goettingen) with star programs.

Most PCR reactions were made in a final volumeQgfl5or 25ul for PCR on colonies.

Table 2: Typical PCR reaction mixture
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Components volume

10x reaction buffer (100mM KClI, 5ul

dNTPs mixture 5ul (stock 2mM)

DNA X ul (approxirabt 0.1 pg)
1*' PCR primer 5 ul (stock 10uM)

2"Y PCR primer 5 pl(stock 10uM)
Tag-polymerase 1U

H.O complete to 50ul

Total volume 50 ul

PCR-Program

Depending on the required type of DNA-amplificatidifferent PCR protocols were used.

General program
This program was used each time restriction sy added to the PCR fragment.
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Table2: General program used to link receptor secpgein tandem

Process

Denaturation

Synthesis

Complete
synthesis

Synthesis

Complete
synthesis

Reaction

Denaturation
Annealing

elongation

Denaturation
Annealing

elongation

Temperature

95°C

95°C

Tml

72°C

72°C

95

Tm2

72

72

Time Cycles
2 min 1

40 sec

45 sec 10

1 min

5 min 1

2 min

45 sec 30

1 min

10min

Table 3: Annealing temperature for each VSR primers

2S

AtVSR Tm1(°C) Tm2(°C) Restriction site
added

AtVSR1;1 58 65 Sall/Xbal
AtVSR1;2 50 61 Kpnl/Sall
AtVSR2 52 61 Xbal/Bglll
AtVSR3;1 54 65 Kpnl/Xhol
AtVSR3;2 52 60 Xhol/Xbal
AtVSR3;3 56 62 Xbal/Bglll

PCR program used to group genes from the same famil

Program for the AtVSR 3;1, 3;2, and 3;3

1ul of PCR product oAtVSR3;1lamplification

1pl of PCR product oAtVSR3;2amplification

1pl of PCR product otVSR3;3amplification

5 pl of DNTPs (stock 2 mM)
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5ul sense primer SATstock 10uM)
5ul antisense primer RATstock 10uM)
5ul 10x Tag polymerase buffer with MgCL2
1 pl Tag polymerase
26l water
The PCR reaction were performed as previoustywith annealing temperature of
54°C and 61°C
Program for the AtVSR 1;2, 1;1 andAtVSR 2.

1pl of PCR product oAtVSR1;2amplification

1pl of PCR product oAtVSR1;1lamplification

1pl of PCR product oAtVSR2amplification

5 pul of DNTPs (stock 2 mM)

5ul sense primer SAT(stock 10uM)

5ul antisense primer RATstock 10uM)

5ul 10x Tag polymerase buffer with MgCL2

1 pl Tag polymerase

26l water

Annealing temperatures were 52°C and 59°C.

The same strategy was performed for RMR receptors.

Table 4 Annealing temperature for each RMR primers

AtRMR Tm1(°C) Tm2(°C) | Restriction sites added
AIRMR ; 60 70 Kpnl/Xhol

AIRMR; 60 68 Nhel/Bglll

AtRMR3 63 70 Xhol/BamHI

AtRMR, 60 69 BamHI/Xbal

AtRMRs 60 70 Xbal/Sall

AtRMRs 62 68 Sall/Nhel

Tm1 (°C) corresponds to the annealing temperattitheofirst part of the primer while Tm2
(°C) is for the whole primer
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Program for AtRMRs.
1l of PCR product oAtRMR1amplification
1l of PCR product oAtRMR2amplification
1ul of PCR product oAtRMR3amplification
1ul of PCR product oAtRMR4mplification
1pl of PCR product oAtRMR5amplification
1l of PCR product oAtRMR5’ amplification
5 pl of DNTPs (stock 2 mM)
5ul sense primer At1fKpn (stock 10uM)
5ul antisense primekt2rBgl (stock 10uM)
5ul 10x Taqg polymerase buffer with MgeL

1ul Tag polymerase

13ul water.
AtRMR5
AtRMR1 . ARMRS 3
> .o <
*  ARMR2 ©  AIRMR4 | AtRMR6
> > >
<« : ; — :
: * z
>
4_
Kpnl Xhol BamHI Xbal Sall Nhel Bglll

PCR on colony.

This protocol was used to rapidly detect succedsfmsformations by using standard

primers for the determination of correct ligatiawgucts by size screening.

This experiment was realized using bacterial c@snas template and available

primers (M13 forward and M13 reverse when the pGEMector was used for the

subcloning).
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A PCR master mix which contained dNTPs, Taq pohase buffer with MgCl2,

forward and reverse primers, Taq polymerase enzmaewater was prepared. This

master mix was aliquoted into 25ul into PCR tubdse following volumes are for

five PCR reactions:

12,5 pl M13 forward primer (stock 10uM)
12,5 pl M13 Reverse primer (stock 10uM)
12,5 ul dNTPs (stock 10uM)

12,5 ul 10x Taq polymerase buffer

14, 6 pl H20

12,5 pl Taqg buffer containing MgClI2

Tubes were heated at 95°C and 0.4ul of Taq (1 $)adaed. The reaction program as

follows:

Table 5. Colony PCR program

Reaction Temperature Time Cycle
Denaturation 95°C 3min 1
Denaturation 94°C 30sec
Synthesis Annealing 56°C 45 sec 35
Polymerization 72°C 1 min
Complete 72°C 10 min 1
synthesis
10°C ©
Cool down

PCR products were run in an agarose gel &2n
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Reverse Transcriptase-Polymerase Chain Reaction (RPCR).
Small scale RNA extraction.

All material used in this experiment was treatethvi.5M NaOH in order to be RNase-free
and to avoid RNA degradation. Also, all solutionsrevprepared with DEPC water and were
autoclaved 20 min at 160°C. During each step offipation hand gloves were used.

» Mortar, Eppendorf tubes, spatula and pestle weoded in liquid nitrogen.

 Plant material was frozen and was ground thorlyuighthe precooled mortar. The powder

was then transferred into the precooled Eppendb# tvith a precooled spatula.

* 500ul of an extraction solution 1:2:1(1 Vol of ZMis pH 8.0, 2 Vol of 0.5M EDTA pH 8.0
and 1Vol 20% SDS) was added to the ground planemahtand was vortexed for 30 sec at
RT

* Then, the mixture was centrifuged for 3 to 5 @iri6000 rpm at RT

*The supernatant was transferred to a new Eppendoife and 500ul of

phenol/chloroform/isoamylalcohol was added. Theetwlas thoroughly shaken.

*The preparation was centrifuged down for 10 miR& and 16000 rpm and the supernatant
was transferred to a new Eppendorf tube. 500uhédroform was added and the tube was

centrifuged again.

*The water phase was transferred to a fresh tuliigy|%f 6M lithium chloride was added and

the solution was kept ON at 4°C.
 The following day, the sample was centrifugedZ0min at 4°C and 16000 rpm.
* The pellet was resuspended in 200! of DEPC watdfC for 15 min.

 The RNA was precipitated by adding 20ul of 3M Nafate and 600ul of precooled
99%Ethanol

* The tube was centrifuged and the pellet was wahsghth 500ul of precooled 70% Ethanol.
RNA was air dried at 4°C for 5min, and finally wessuspended in 30ul of Nuclease-free

water.
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RNA isolation with Tri Reagent
TRI Reagent® is a patented reagent for the simetitas isolation of RNA, DNA and

proteins. The reagent is an improved version ofpthygular single-step method for total RNA
isolation [Chomczynski, 1987]. It is a solution taning phenol, guanidine thiocyanate and
chloroform. RNA isolation is complete in less thare hour.

This protocol was used when we were dealing witlalsquantity of material. Leaves were
frozen in liquid nitrogen and were ground in a paed mortar. They were transferred into
an Eppendorf tube and 500ul of Trizol was addee. ixture was vortexed for few seconds
and was allowed to stand for 5 min at room tempegatAfter spinning down at 4°C, 14000
rpm for 10min, the resulting supernatant was trametl into a new Eppendorf tube and 200l
of chloroform was added. The sample was vortexedgetOand was kept at room temperature
for 3 min then was centrifuged at 4°C and 14000, fam20minutes. The agueous phase was
transferred into a new tube and 500u! of isopropams added. The tube was kept at room
temperature for 25 min and then centrifuged at 44D00 rpm for 15 min. Finally the pellet
was washed with 1ml of 75% Ethanol (made with DERer) and was resuspended in 15ul

of nuclease-free water.

DNase treatment of RNA

For the RT-PCR reaction it was necessary that ti& Bhould be free from DNA, to avoid
amplification from residual DNA alone. 1pl of DNAsvas added to the RNA extract and the
reaction mixture was completed to a final volume26fil and incubated 1 hour at 37°C.
Following enzymatic treatment, the DNAse was inated by incubating the reaction
mixture at 75°C for 10 min.

Quiality test of RNA in agarose gel

The quality of the RNA isolation was examined in@amal 1.5% agarose gel. Each slot was
loaded with 1 pl of RNA diluted into 1ul of Bromogtol blue. For running conditions 1x
TAE buffer was used. With good RNA preparations 1S rRNA and 23 rRNA must be

visible.

Photometric determination of the RNA concentration

The RNA concentration was determined by measuhegktinction at 260nm against®iin
a photometer (Gene Quantum, Pharmacia). An extimaif 1 corresponds to a concentration
of 40pg/ml RNA.
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Reverse transcriptase Reaction

The Reverse transcriptase reaction copies mRNA ad®NA. The ImProm-ll Reverse
Transcription System from Promega was used fociefit synthesis of first—strand cDNA in
preparation for PCR amplification. The system eeslull-length cDNA synthesis for a

reproducible analysis starting with either total RBF poly (A)+mRNA.

The reaction was primed by the oligo (d¥)primer contained in the kit. This primer initiates
first-strand synthesis by annealing with the 3’ eh@ny polyadenylated RNA molecule. The
synthesized cDNA was used directly for PCR amgifmn or was kept at -20°C for further
experiments.

The experiment was divided in two parts:

Combination of oligo (dT)5 primer on target RNA and Denaturation

All following steps were done at 4°C (or on icBRNA was thawed on ice.

Experimental reaction:

1pl RNA (2ug/ul)

1ul oligo(dT)s (O,5ug/ul)

3ul Nuclease-free water

Final volume: 5ul

* The tube containing the mixture was tightly ckhssd was placed into a preheated 70°C
heating block for 5min.

* Then the tube was centrifuged at 4°C, 800 rpnbfsec.

» The reaction was immediately chilled on ice férriin.

During this time the reverse transcription reactitin was prepared
Reverse transcription

This step was prepared in a sterile PCR tube an ice
Experimental reaction:

4ul Nuclease free water

4 ul ImProm-11 5x Reaction buffer
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4ul MgChL (25mM)
1 ul dNTP mix (10mM)
1ul RNase inhibitor (20U)

1ul ImProm-Il Reverse transcriptase

Final volume: 15ul

Then 5pul of the RNA-oligo(dT3 mixture was added to the 15ul RT cocktail and whikg

pipetting up and down, and was centrifuged briefly.

For the reaction a thermocycler for PCR was uséd.fdllowing program was used:

Reaction Temperature Time
Anneal 25°C 5 min
Extend 42°C 2 hours
Reverse transcriptase inactivation 70°C 15 min

1 pl of the first strand cDNA was directly usedHER reaction in a final volume of 50ul.

The reaction condition was the same as in typiCGR Peaction mixture (seel PCR).

Protein techniques

Protein extraction

We extracted proteins from small quantity matanghe simplest way. 0.1g of leaves was cut
and put into an Eppendorf tube and 30ul of 50mM7H phosphate buffer was added. A
small spoon of glass beads and a pestle were wsepound leaves. The mixture was
centrifuged at 4°C and 12000 rpm for 10min. Theesnatant was transferred into a new
Eppendorf tube, 1 vol of 2x protein loading buffeas added and the sample was heated at
95°C for 5 min. The protein extract was used forSSPAGE. Proteins obtained were

sufficient for one western blot
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SDS-PAGE

SDS-PAGE was performed according to Laemmli (19T®)o gels could be cast at once in
the gel casting chamber “Mini protean IlI"(Bio-Rad) Gels with 15%
acrylamide/bisacrylamide were used. After pourihg separating gel, it was overlaid with
water. After polymerisation, the water was remowaed the stacking gel was poured. 20ul
sample in protein loading buffer were loaded peelaGel electrophoresis was performed at
25 mA until the dye front reached the bottom ofdgleé The gel was then blotted.
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Component Separating gel (15%) Stacking gel (4%)
H20 1,88 ml 3,02 ml

1,5M Tris pH 8, 8 2,00

Protogel 4,00 ml 6850ml

0,5M TrispH 6,5 Sl

10% SDS 8, 0,05ml

APS 10% a,ral 0,025m

TEMED 0 14] 0,015ml

Final volume 8ml 5ml

Protogel stock: 30% Acrylamide/Bisacrylamide. Sd#d 3 for media preparation.
Electrophoretic transfer of proteins

After SDS-PAGE, the proteins were transferred friita gel onto a Millipore membrane
(Immobilon™-PSQ 0.2um Membrane).

The Mini Protean Il system (Bio-Rad) is a fast waytransfer proteins and the material

supplied with the system makes the transfer easy.

The membrane was prepared by being soaking in 96%n&l for few seconds and then

submerging in transfer buffer in order to equilierthe membrane.

The next step was to assemble the sandwich. Tisettasised in the transfer has two sides,
black and white.

One sponge was placed on the white side followed biptting paper (mini trans-blot paper),

the membrane, the gel, another blotting paper exradlyf another sponge on the black side.

[ ] «—— Anode — — Spong

=nmn Fjlter pape

000060006 OCGOIOS L Ge‘

SR — — Nitrocellulose
I < Cathod membrane
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The transfer direction is from black side (gel)vtbite side (membrane). The sandwich was
rapidly submerged in the tank which was filled withnsfer buffer, the black side facing the
anode.

The transfer was done at 30V and 122mA for 1 t@@rfr After this time the blot could be
used for probing.

Western Blot

The chemiluminescence substrate from Bio-Rad wasl &g detect immunolabeled protein

bands which had been electrophoretically transteto a membrane.

In order to block unspecific antibody-binding sjtése transfer membrane was incubated in
blocking buffer (8% skimmed milk, 1 x PBS) for 1 2chours at RT. The blot was incubated
with buffer containing the primary antibody (in 8kimmed milk, 0. 2% Tween, 1 x PBS)

(1:10,000) for 16 hours at 4°C on a shaking platfoffter this step, the blot was washed 4
times for 10 min (in 8% skimmed milk, 0.2 and 2%¢éem, 1 x PBS). Then, the secondary
antibody coupled to peroxydase (in 8% skimmed nilkR% Tween, 1 x PBS at a the dilution

of 1:10,000) was added followed by gentle shakmglf to 2 hours at RT and the blot was
washed again 4 times in 1x PBS containing 0. 2% ween.

After the last wash, the blot was placed betweem lastics sheets, 800ul of substrate was
added and the air bubbles were gently smoothedTiat.blot was kept darkness for 10min
and then moved to an X-ray film cassette. The blas exposed to a chemiluminescence-
sensitive film in this cassette for 5 s to 15 mime film was developed by an automatic

machine.
Western blot stripping

This method was used to remove antibodies fronblbigby denaturing proteins.

The stripping buffer was heated at 50°C in a wdath .The blot was incubated in the
stripping buffer in a water bath at 50°C for 153tamin with shaking every 5 min. Then, the
blot was rinsed 10 times for 10min each with 1x PBfier the washes, it was blocked and
probed as described 118.4.
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Plant handling and plants transformation techniques

Plants used

During my thesis, three lines @dfrabidopsis thaliana plants ecotype Wassilewskaja were
used: (1) the wild type, (2) the transgenic lin@ressing the Aleu-GFP in the lytic vacuoles
and (3) the transgenic line expressing the GFPuCHhe storage vacuoles (Fluckiger et al.,
2003).

Seed sterilisation

Seeds were poured in Eppendorf tubes, and thewabdilled with 70%EtOH. The mixture
was well hand-shaken for 1 min, and then was inagbat room temperature for 30 seconds
to 3 min. Under a hood, EtOH was pipetted awaysaetls were washed in sterile water and
were drained immediately. 1 ml of a solution comitag 2% bleach water, 0.005% triton X-
100 was added and seeds were shaken vigoroushbfarin using a bench top shak&he
solution was removed with a Pasteur pipette, tleexls were washed four times with ethanol
100% (Schlesier et al., 2003). After the final waseds were left under the hood to dry. A
tooth pick was used to distribute seeds one byaneolid Murashige & Skoog medium
(Murashige and Skoog, 196Rjcluding Gamborg B5 vitamins.l&es contained kanamycin
or Basta as selective agent when adequate. Pstiegliwere sealed with parafilm and
incubated for 48 h at 4°C( stratification) in coetel darkness, then transferred to a growth
chamber with a 16h/ 8h dark photoperiod at 22°C.

Germination conditions

Plant germination was carried out in growth cabeted temperature of 22°C. Lighting was
provided byfluorescentlamps (PHILIPS, Holland) withl16h/ 8h dark photoperioder day
with a light intensity of 12QE s* m?,

After 3 to 4 weeks in Petri dishes plants weredfamed individually in to the soil and were
put in a growth chamber with 8h of light. They wersed 3 weeks later for transformation by
biolistics and were observed 36 days or more pastiulation.

Plant transformation

The biolistic technique was as described by Bio-Riathg the PDS 1000/He gene gun
delivery system.
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Plant inoculation by biolistic

Conditions and settings.
Parameters used to optimize the results were chasen

« Microparticles Size : 1,0um gold
« Target Distance : 9cm

+ Helium Pressure : 1,100 PSI

« Vacuum ( Inch Hg): 25

Particle preparations

Gold particles as microcarriers were prepared axrideed by Bio-Rad and used a final

concentration of 60mg/ml:

Gold micro particles (60 mg) with a diameter sk lum were weighted into 1.5ml
microfuge tube and were mixed with 1 ml of EtOH 70Phe suspension was vortexed for 5
min and the particles were allowed to soak in 709%Efor 15 min. The micro particles were
pelleted by briefly spinning at 16000 rpm for 1 mifhe supernatant was removed and
discarded. The gold particles were washed withlsterater (MilliQ and autoclaved). This
step was repeated three times and after each vgaiensuspension was centrifuged at RT
and 16,000rpm for 1 min. Then the gold particlesemesuspended in 1 ml sterile 50%

glycerol and were kept at room temperature unéytivere used.

Preparation of DNA-coated gold particles

The following procedure was used for 12 shootinfise microcarriers prepared in 50%
glycerol were vortexed for at least 10 min on adbetop vortexer. In each 1.5ml centrifuge
tube 116.7 pl of microparticles were added andgwhere held on the bench vortexer under
continuous vortexing. While vortexing, 12ul of @ifent plasmid DNA (1ug/ul) containing
the sequence to be silenced were added and theamnaty of the CbLCVB (1ug/ul) was
added too (this plasmid was used for virus sprepdiside the plants). Under continuous
vortexing, 116ul 2.5 M CaCl2 ( 3.86 g CaCl2.2H201bml distilled water, filter sterilized)
and 46,7 ul of 0.1 M spermidine ( 145mg spermidim&Oml autoclaved milliQ water) were
added and tubes were vortexed at maximum spee&drfon. Then tubes were kept at RT for
30 minutes, then vortexed again at RT and 800 gmimin.The supernatant was discarded
and the pellet was resuspended in 150 ul of 70%nettHPLC grade), then recentrifuged
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again at RT and 800 rpm for 1 min. The supernatastremoved again and the gold particles
were resuspended in 150ul of 100% ethanol (HPLGIgraA final centrifugation was
realized, the supernatant was removed and thet pake resuspended in 140ul 100% ethanol

(HPLC grade).Finally tubes were sealed with parafihd kept on ice.

Shooting

Stopping screens and macrocarriers were sterilizé8% ethanol and left to dry before use.

10ul of the suspension was pipetted as evenly asilde onto the centre of a macrocarrier
sheet. Then, the macrocarrier with the mixture wepgt under a sterile bench to let the
ethanol evaporate. The gold particles were shdtX0 psi with a vacuum at 22 inches Hg
onto plants. Plants had been grown in small pat8@oto 40 days in short day light before

bombardment.

Plant transformation of Arabidopsisthaliana by floral dip

Transformation of Arabidopsis thaliana was perfatrbased on the protocol of Clough et al.,
(1998). Plants were grown for three weeks undertstay conditions (8h light, 16 hrs dark)
and transferred to long day (16 hours light, 8 badeirk). After three weeks, the emerging
bolts were cut to induce growth of multiple secandbholts. Floral dip of plants witlA.
tumefaciens culture was done one week after clipping. Bactegae grown until D@ys> 2.0,
harvested by centrifugation and were resuspendedenvolume of infiltration medium (5%
Sucrose with 0.005% of silvett), at a DO of appnaoiely 0.8. Entire shoots of the plants
were submerged into thtumefaciens suspension in a baker for 5 seconds. After flomgeri
and siliques formation, seeds were sterilized byhiaochlorite as described i#.2. before
plating on MS selection medium containing 30mg/ktda After two weeks, Basta-resistant
plants were transferred to soil, grown and theadsewere collected.

Preparation of competentAgrobacterium tumefaciens cells.

An overnight culture of &robacterium tumefaciens in YEB medium was diluted with fresh
medium 1:100 (final volume 400ml) and was grow2&tC until Oy reached the range 0.5
to 0.8. Cells were collected by centrifugation & 4and 3000 rpm for 20 min and were
washed twice in 10ml of cold sterile TE. After agflaigation at 3000 rpm for 5 min, the cells
were resuspended in 20 ml of cold sterile YEB. 10fljguots of the cell suspension were

stored in -80°C freezer.
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Cold Shock transformation of competentAgrobacterium tumefaciens cells.

One to two mg of plasmid DNA was mixed with an ab¢ of competenA.tumefaciens cells
which were then frozen in liquid nitrogen for 5mifhen cells were transferred to the 37°C
water bath and were incubated for 5 min. One MBB medium was added to the cells. The
cells were mixed and incubated for 2 to 3 h at 2&fth shaking. Then they were centrifuged
for 5s and resuspended in 200ul of YEB, and cellgpension were spread onto selective
YEB plates and were incubated at 28°C for two daysrder to receive visible colonies for

further propagation.

Characterization of transgenic plants

Characterisation of transgenic plants by RT-PCR

RT-PCR on plant leaves was performed as deschib&2l.

Characterisation of transgenic plants by western Rit analysis

Leaves or seeds of plants were extracted with draaion buffer. Protein extracts were

centrifuged at 12000 rpm for 10 min. The proteimeantration of the supernatant was
measured according to Bradford (1976). Western dratlyses were carried out as described
in13.2

Confocal Microscopy

Imageswerecollected with a Leic§Wetzlar, Germany) confocal laser scanning micrpsco

using the Leica TCS 4D operating system. FITC ofTIRsettings were used to detect GFP
and chloroplasts respectively. Digital images wpseudocolored using Adobe Photoshop
version 7.0, and green was attributed to GFP atidorehloroplasts. Images with transmitted

light were also collected using the same confodataacope.
Scanning Electron Microscopy
Seeds were mounted on a stub with adhesive Lgu€ and air dried. They were coated

with 23nm gold layer in a Baltec SCD 005 sputtggaaptus and observed with a Philips FEG
ESEM XL40 at the acceleration of 10-20kV .
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RNA-RNA in situ hybridization using Dig-Labelled probes to sectioad

plant tissues

This technique was used to determine VSR gene ssipre patterns in leaves and in roots.
Plant materials were fixed, embedded in parafilactisned, placed on slides and hybridized
with DIG probes. Hybrids were detected by applysugfi-digoxigenin antibodies to the
tissues. The antibody (Roche) used was conjugatatkaline phosphatase which produced a

coloured precipitate.

Tissue fixation, dehydration and embedding of tisses

Tissue fixation

Leaves or roots were cut in small pieces with a@dland were fixed under vacuum in freshly
prepared 4% formaldehyde in PBS during 30 min. rAfeefixation, tissues were left

overnight in fresh fixative at 4°C.

Dehydration and embedding in paraplast

Fixed tissues were washed with cold PBS for 1 lamar were dehydrated in an ethanol series
(10%, 30%,50% 70%, 85% and 100% containing 0,l0%tn¢ at 4°C. Eosin was used in the
experiment to stain the sample in pink colour s the sample will be visible in the paraffin.
Tissues were kept overnight at 4°C in ethanol 1@0%aining 0, 1% eosin.

Dehydrated tissues were embedded in a histoclei@s9@5% histoclear: 75% ethanol, 50%
histoclear: 50% ethanol; 75% histoclear: 25% ethasad 100% histoclear) at room
temperature for 1 hour. Tissues were then moveal 8°C oven and a solution containing
1vol histoclear/1 vol paraplast was added and ke@0°C for 1h. A solution of paraplast
100% (60°C) was then added to start embedding &C Gfyernight. The next day, the
embedding was continued by replacing twice the pasa solution. Between the
replacements, samples were kept at 60°C for 3 imalllyi tissues were moulded in small

aluminium moulds and kept at 4°C.

Sectioning

For this step DAKO slides were used needing nati@@ment. Slides were placed on a slide
warmer at 40°C and DEPC water was put on slides.
Samples were cut to 7um thick sections using aatame. In order to get tissues flat, Paint

brushes were used to float tissues on a watercaurt&ater was removed carefully to avoid
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tissue bubble. Slides were kept on the slide waowernight so that tissues adhered tightly to

the slides and were stored at 4°C.

Preparation of RNA probes forin situ hybridization

Purification and linearization of plasmid DNA

150 bp of DNA sequence was amplified by PCR, warad into the pGEM-T vector, which

was purified and sequenced (Microsynth).Ten mia@ogr of DNA was linearized using the
appropriate restriction enzyme (in a total voluniel@Opul at 37°C). The restriction enzyme
site was chosen according to the type of probeiredjsense or antisense). To verify the
correct linearization 2 pl of the mixture were leddon an agarose gel 1% in 0.5X TBE
(80V). Then the linearized DNA was precipitatedngsphenol/ chloroform as described in

8.2and was solubilized in DEPC treated water (finalcamtration 0.5ug/ul).

Preparation of digoxygenin (DIG) labelled RNA-probes.

RNAs were labelled during the transcription reattising DIG-UTP 1h at 37°C as described
by the manufacturer (Roche, Mannheim, Germany). RN@& was detected afterward using
specific antibodies. RNA polymerase used in thigegxnent was supplied with the kit and
whether sense or antisense probes were needed, SP6polymerase was used. Then the
mixture was treated with DNAse in the presenceRMA for 15 min at 37°C. After DNAse
treatment, RNA probes were precipitated by addingequal volume of 4M ammonium
acetate and 2 volumes of 100% ethanol and incubatin-20°C for 30 min. They were
centrifuged and the resulting pellet was rinsedhwid% ethanol, air dried in a speed vac, and
resuspended in 50ul of DEPC-treated water.

In situ hybridization and detection.

The paraffin-embedded tissues were cut into 7unticsec using a microtome (Leica
Microsystems, Nusslo Gmbh, Germany) and mounteBAKO microscope slides (Menzel-
Glaser, Germany). Sections were hydrated as descitily Jackson(1991). Sections were
incubated with a proteinase K solution (1pg/ml msIEDTA buffer) for 30 min at 37°C and
treated sequentially with solutions of glycine @.2n PBS), 4% Para-formaldehyde and
acetic anhydride (0.5%) in triethanolamine (0.18gctions were dehydrated in ascending
concentrations of ethanol as described by Jacks®®l).Sections were hybridized for more
than 12 hours at 50°C with a DIG-UTP RNA probeth@ sense or anti-sense) in the
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hybridization solution (50% deionised formamidéd} salution: 3M NaCl,100mM Tris pH 8,
10mM EDTA,; 10X dextran sulphate, 50X Denhardt'susioin, 100ug/ml tRNA). After
several washings in 0.2X SSC (0.03M NaCl, 3mM Naai), single stranded RNA was
removed with a preheated (55°C) solution of TNEtaming 20pug/ml RNAse at 37°C for 30
min. For the detection of DIG labelled hybrids,dsk were first incubated in a blocking
solution, then in another solution containing 1%AB%®.3% Triton X100 . A blocking
solution containing 1.25 units/ml of alkaline phbafase-conjugated anti-DIG Fab fragments
was added on the slides. The reaction was inculzteasom temperature for 1 hour. Slides
were washed three times with the same blockingtisolicontaining BSA and Triton X100.
Finally the staining buffer containing LevimasolanM) and the NBT/BCIP substrates for
the phosphatase (5ul of NBT 75mg/ml in dimethylfarmde 70% and 3.75 pl of BCIP
50mg/ml in pure dimethylformamide) were added oe #lides and left overnight for
development. The staining was stopped and slides aredried and mounted with faramount

(DAKO). Pictures were taken with a camera (Leiarected to a light microscope (Leica).
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Chapter 5
General discussion

It has been proposed that a plant cell can posgess three types of vacuoles with different
functions linked to their different contents: thyid vacuole, the vegetative storage (neutral)
vacuole and the protein storage vacuole (Hoh e1885; Paris et al., 1996; Di Sansebastiano
et al., 1998, 2001). They could be distinguishethgusonoplast intrinsic proteins (TIPs, a
family of aquaporins) as markers (Paris et al.,6198ang et al., 2000).

The lytic vacuole (LV) is an acidic compartmentttbantains lytic enzymes analogous to the
lysosome of animal cells. The membrane, or tontplas such vacuoles contains the
aquaporiny-TIP (Hofte and Chrispeels 1992; Marty-Mazars et B995; Paris et al., 1996;
Barrieu et al., 1998; Jiang et al., 2000).

The second type of vacuoles was identified in Isapetals, roots or tubers as a vegetative
storage vacuole (VSV). It may contain specific tagee storage proteins (VSPs) and its
tonoplast typically contains-TIP (Jauh et al.,, 1998). They were shown in spieeid
vegetative cells to form or disappear in responsedunding or to developmental switches,
such as the transitory storage of nitrogen in Isaudil tubers or seeds start to accumulate
proteins (Jauh et al., 1998; Jiang et al., 2000k lea al., 2004; Murphy et al., 2005). Di
Sansebastiano et al. (2001) showed that LV andrale@probably vegetative storage)
vacuoles are regenerated by evacuolated protogfgibacco Kicotiana tabacum) cells.

The protein storage vacuole (PSV) is found in cieben storage tissues of seeds, where its
major function is the storage of proteins (Okital &ogers 1996; Mintz 1998; Herman and
Larkins 1999). The tonoplast of these vacuolesainatanother typical aquaporin, called
TIP (Swanson et al., 1998). In seeds, the proteonage vacuole is often complex and
contains internal compartments, globoids and largestalloids within a soluble matrix.
Globoids contain lytic enzymes, e.g. aleurain; ¢hestalloids are composed of insoluble 11S
globulins while the matrix compartment contains iatore of 7S lectins and 2S albumins. In
seed storage vacuoles DIP, very similad-{DIP, is associated with the crystalloid membranes
while the matrix is surrounded by a tonoplast vatith a-andé- TIP (Jiang et al., 2000).

Three different types of targeting sequences haen lidentified in proteins that are targeted
to vacuoles through the Golgi complex. Sequence#spevacuolar sorting determinants

(VSD) were found first in N-terminal propeptidesTRP) of barley aleurain and sweet potato
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sporamin precursors, both having an NPIR motif @daka and Nakamura 1991; Holwerda
et al., 1992), but they were later also found ternal and C-terminal propeptides (Saalbach
et al., 1996; Frigerio et al., 2001b). An essentmlor Leu was identified in each case. C-
terminal VSDs were first identified as C-terminabpeptides (CTPP) in tobacco chitinase
and barley lectin (Bednarek and Raikhel 1991; Nastet al., 1991a) and have no conserved
motifs, but must be accessible from the C-termifie psVSD type has been described for
the phytohemagglutinin of common bean and for leigdike proteins. A targeting study
with legumin indicated the spread of sorting infatiman over several sequence elements,
suggesting an important role for higher structu(@aalbach et al., 1991). Vitale and
Chrispeels (1992) proposed aggregation as a pessiBchanism of sorting . These three
types of VSD indicate therefore the existence déast three different mechanisms by which
a soluble secretory protein can be directed tocaola
Evidence for at least two different mechanisms tfe transport of soluble proteins with
different VSDs to the vacuole in plants was preseériEach route is believed to end up in a
different vacuolar compartment with either lyticsiorage character. The route for the LV is
associated with soluble cargo proteins carryiny SBs, which are sorted into CCVs by
VSRsat the TGN (Kirsch et al., 1994; Paris et al., Z94ihz et al., 1999). The ctVSD and
the psVSD are required for the transport to thestedye (neutral) and seed storage vacuole,
respectively (Tague et al., 1990; Neuhaus et @B1h). The differential inhibition of protein
sorting of proteins with ssVSD or ctVSD by wortmanralso supports the existence of
distinct sorting mechanisms (Matsuoka et al., 1$961pl et al., 2006)
In order to explain such signal-based sorting,esponding receptors were proposed to select
the vacuolar protein precursors.
Pea BP-80, the first identified plant VSR, was i)y isolated from pea CCVs and was
showed to bind the ss-VSD from barley proaleurainitro (Paris et al., 1997; Kirsch et al.,
1994).A. thaliana harbours seven homologous genes for whftdrent nomenclatures have
been used (Laval et al., 1999; Hadlington and Diem&2000). Neuhaus and Paris (2005)
proposed to rename them based on the differenasulids defined by phylogenetic analysis
which groups VSRs from different plant species ititeee subfamilies (AtVSR 1, 2 and 3).
The existence of the same subfamilies in sevemitpdpecies suggests that they might be
involved in different vacuolar pathways and/or flimie at different stages of the plant
development (Paris and Neuhaus, 2005).

Another family of putative receptors was identifieg its homology to the PA (protease

associated) domain of the VSRhis luminal PA domain is known to participate igand
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binding in VSR proteins (Cao et al.,, 200@ntibodies against RMR1 detected the same
organelles as antibodies against the TIP isoform, Dk. the crystalloid compartment in
Arabidopsis and tomato seeds (Jiang et al., 2000). The gerairdgabidopsis harbours 6
homologuesAtRMR1-6 and in contrast to VSRs no functional subfasilcan be identified
by phylogenetic analysis.

The main goal of this thesis was to study the fioned role of each receptor family in
protein sorting to vacuoles. In our study, we weot interested in the special situation of
seeds, but concentrated on vegetative tissues,ewtnay types of sorting systems must
coexist.

To investigate the role of both receptors famil®SRs and RMRs), we used reporter
transgenic Arabidopsis plants expressing eitheruA&P or GFP-Chi (Fluckiger et al.,
2003). We silenced these receptors in whole plants observed the GFP redistribution.
AtVSRs were silenced according to subfamilies, a/tfile whole AtRMR family was silenced
at once. For the silencing two strategies were .usest we used a geminiviral vector, which
can spread easily iA. thaliana and was useful to silence more than one geneeasame
time. This vector is introduced into plants by therticle delivery system with gold micro
carriers. This system allowed us to observe thectffof silencing in whole plants avoiding
meiosis and embryogenesis, which could be distubyetie loss of AtVSR function (Laval et
al., 2003). As a control of the effect of the vius the secretory pathway, we silenced one
component of the magnesium chelatase (necessarthdobiosynthesis of chlorophyll) in
Aleu-GFP and in GFP-Chi plants (Turnage et al.,220We found that the vacuolar targeting
was not modified and that the vacuoles remainedrédiscent. This indicated that the viral
vector was adequate for transient tests of vacwaldng receptors. The second strategy was
to obtain stably silenced receptors ushggobacterium-mediated transformation by the floral
dip method. This strategy was used to avoid thal \8ymptoms developed in transient
silencing (Kjemtrup et al., 1998; Turnage et alQ2) and to better study receptor function in
the whole plant.

Assuming that AtVSRs are subdivided into three aoffies and that each subfamily has a
different role, our main goal was to transientlgctivate them.

Several plant biologists have attempted to demmatesthe function of the VSRs by reverse
genetics. Laval et al. (2003) used an antisenseoapp to inactivate the AtVSR1;1 gene.
Transformed plants appeared normal and producedrepiy normal seeds which were
however not able to germinate. Embryos could noteseued by adding hormones into the

medium or by removing the seed coat. Shimada é2@0D3) tested knock-out mutants of each

112



of the seven VSRs, where the gene had been digrbptensertion of transfer DNA. None of
the mutants had any visible phenotype, nor wasetlary germination problem. In the
knockout mutant of AtVSR1;1, they observed thatlevmnhost storage proteins were in the
PSV in storage tissues in dry seeds, there wadaormal accumulation of protein in the
intercellular space. Shimada et al. (2002) alsonsldoin pumpkin seeds that PV72 was
involved in the sorting of storage proteins and \waslized in the precursor accumulating
(PAC) vesicles which mediate direct protein tramsfrom the ER to the PSV. It should be
stressed that PV72 also belongs to the subfamiliRNS9n our experiment we silenced
subfamilies AtVSR1 and 2 in one construct and wiiokd normal plants which produced
seeds unable to germinate and with abnormal sestd.cbhe results from Laval et al., 2003
suggested that these receptors are important fonigation while our results suggest that
they are involved also in seed formation, partidulan maternal tissues. In fact, their anti-
sense approach caused silencing of all three esguleatVSRs in seeds, belonging to
subfamilies 1 and 2. Since none of the knock-outamis of Shimada et al. (2003) had
germination problems, and the AtVSR1;1 knock-oatnplonly had partial sorting problems
for storage proteins in seeds, this suggests tlegetthree genes could be have a functional
redundancy in seeds. Based on the different resbtaned in A. thaliana and pumpkin, we
can suggest that the subfamily 1 is implicated ratgin sorting to seed protein storage
vacuoles, while subfamily 2 is necessary to fornmeocompartment necessary for the
germination ability. To better define the functiohsubfamilies 1 and 2 it will however be
necessary to silence them separately. It will Blsmecessary to test protein sorting in every
knockout plant using both Aleu-GFP and GFP-Chi reeskand to check the acidity and
morphology of vacuoles using Neutral Red.

Some studies support functional redundancy inAitMSR family. daSilva et al. (2005) used
B-amylase as marker to quantify protein secretiothenmedium using enzymatic reactions.
They fused it with the ssVSD of sweet potato spanaf@my-spo) to study VSR functions in
tobacco leaf protoplasts. They expressed this mavkk truncated VSR receptors where the
luminal part had been replaced by GFP and founidaimg-spo was strongly secreted into the
medium. They tested four AtVSRs representing theetlsubfamilies and obtained the same
results. In this experiment truncated receptors pmim with the endogenous tobacco
receptors. Overexpression of a wild type AtVSR aed vacuolar targeting of amy-spo,
indicating that the retrograde, not the anterogtaaesport of the receptor is limiting. They
concluded that all VSRs play the same role andredandant due to the common tyrosine

motif present in all VSRs (daSilva et al., 2006)e Wink that these results are not sufficient

113



to support the full redundancy in the AtVSR famiWhile the cytosolic tails of the AtVSRs
share a tyrosine motif known to be involved in latat-mediated transport they also differ at
the C-terminus. It is possible that the truncatddP&/SR proteins compete for factors
necessary for their retrograde transport to thegiGblut we think that others motifs could be
involved in the anterograde transport from the Guglifferent compartments.

Is there redundancy between subfamilies 1+2 an@WB?esults in leaves do not support this
hypothesis, as silencing of subfamilies 1+2 didaftect GFP distribution, while silencing of
subfamily 3 strongly affected the GFP distributionmesophyll. Receptors AtVSR1;1 and
AtVSR3;2 are both strongly expressed and are ptésehe same tissues in leaves. Therefore
it appears that AtVSR3;2 is necessary but AtVSRi%;Inot. Our results do not allow
determining the redundancy between subfamily 2taedother two, as its two members are
more weakly expressed in leaves.

The analysis of 2507 experiments with Affimetrix K22arrays using Genevestigator
(Zimmermann et al., 2004), indicated that all AtV§Bnes are expressed in most tissues,
even the AtVSR3;1 gene that we detected neitheRBYCR nor byin situ hybridization.
This discrepancy could be due to the differentgued, as we used Wassilewskaja while most
array experiments were done with the Columbia gmotiiowever, Laval et al. (2003) did not
detect expression of this gene either, even thtluigyused Columbia.

That subfamilies 1 and 3 could have different fioms is also suggested by the
observation of Dunkley et al. (2006) who detectedifferent VSRs in a global proteomics
study of fractionated membranes derived from Arapgis suspension cells. In their Principal
Component Analysis AtVSR1;1 clustered with ER meskenhile the other 3 VSRs were
found at the periphery of the Golgi cluster. AtVBR and 2 clustered close together while
AtVSR3;1 was at some distance. This indicates #t¥SRs have at least two but possibly
three different distributions within the secretpathway of these suspension cells.

The route to the PSV apparently involves differgygtems depending on the cell type. In
cotyledons of legumes, the storage proteins aranaglated in dense vesicles (DV), which
bud from the TGN. The sorting of these proteins #r&ikr concentration in lateral buds by an
unknown condensation mechanism already beginsemithGolgi (Hillmer et al., 2001). In
pumpkin and castor bean seeds storage proteinngasported in PAC vesicles budding from
the ER and bypassing the Golgi. Condensation séerhe an important part of the sorting
mechanism in this transport type. In vegetativeugs such a condensation has not been
described except when seed storage proteins weopieally expressed. Evidence for a role

of RMRs as receptors for this type of sorting confresn studies on the biogenesis of
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complex storage vacuoles in seed tissues of namdagus plants, where an RMR was
identified in the DIP organelle within the complpsotein storage vacuole (Jiang et al., 2000;
Jiang et al., 2001). The DIP organelles are betidoebe equivalent to the PAC or to the DV
vesicles. The RMRs have been proposed to act asditieg receptors for PSV-destined
proteins (Jiang et al., 2000). It may also partitgpin protein sorting to vegetative storage
vacuoles in vegetative tissues: Park et al. (2806ed first that AtRMR1 was expressed in
all tissue. They then showed that coexpressionnofAERMR1 deletion mutant (deleted
luminal domain) inhibited the trafficking of phadsieoto the VSV in A. thaliana leaf
protoplasts. AtRMR1 was immunolocalized mainly ke tDIP-positive organelles but was
also found at a lower level in the Golgi complex.

Our experiments on transient and stable silenofr§tRMRs in transgenic plants showed
that sorting of GFP-Chi (a marker for vegetativerage vacuole) was strongly affected and
was not detected anymore in the vegetative stovagaoles in mesophyll cells. This result
corresponds to those of Park et al. (2005). Thensihg unexpectedly also affected the
marker of lytic vacuoles (Aleu-GFP) in leaves ahe marker was not present anymore in the
central vacuole of epidermal cells but was deteatdthe apoplast, meaning that the protein
was secreted. This effect on lytic vacuoles wasempected as our starting model was based
on the idea that AtVSRs are the sorting receptordytic vacuoles while AtRMRs are the
sorting receptors for storage vacuoles. AtRMRs seam to be involved in both pathways.

How can we explain the results obtained by thensihg of AtVSRs and AtRMRs? Do
AtRMRs interact with AtVSRs? Or do these receptek in a sequential manner? To

answer question on sequential manner, we compaegdssible models with our results.

1 LV

Apoplast

Model 1 is our initial model, where sorting to @ifént vacuoles implicates different

receptors working at the same location. It is futtation model. According to this model, if
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RMRs are silenced, sorting of Aleu-GFP to LV shorddhain unaffected, which was not the
case.

The other four models are based on a sequenti@gagrocess. The sorting sites (SS1 and
2) remain to be defined (cis- or trans-Golgi orva@ioles). Models 2 and 3 propose that

VSRs perform a first selection followed by RMRs.
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In Model 2, RMRs select among the proteins preseteby VSRs. Silencing of RMRs
would cause both types of fluorescent proteins douaulate in LV, which thus should
remain fluorescent. This model is incompatible vathr results.

In Model 3, RMRs select among the proteins thatewsstfirst selected by VSRs. In this
case GFP-Chi would be secreted when RMRs are sifehat Aleu-GFP would still go the
LV, which should remain fluorescent. This modehisompatible with our results.

In Models 4 and 5 the RMRs perform the first setegtfollowed by VSRs. In Model 4,
VSRs select among proteins that were firgt selected by RMRs. In this case, the GFP-Chi
would be secreted when RMRs are silenced but AIER-@ould still go the LV, which
should remain fluorescent. This model is incompatith our results.
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In Model 5, VSRs select among proteins alreadycseteby RMRs. In this model, when
VSRs are silenced Aleu-GFP and GFP-Chi are bothedoto VSV, which remains
fluorescent, but when RMRs are silenced fluoreseetan be detected neither in the lytic
vacuole nor in the vegetative storage vacuole.ld@tier consequence fits with our results, but
in VSR-silenced plants, the Aleu-GFP did not enthenVSV.

This discussion of models means that receptorsatapust function sequentially with
RMRs working at the first stage of protein selettiollowed by protein recognition by VSRs
or the reverse.

Another explanation is that some proteins need betkptors for sorting while others are
sorted by AtRMRs alone. It this case another ma#el be added to include a possible
interaction to form heterodimers between both rewsprhere are examples in animal cells of
receptors forming heterodimers, e.g the Wnt pngtaiteract with their receptor Frizzled and

a coreceptor Lrp (Lodish et al., 2004).
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Our results on silencing of different VSR subfaeslshowed that the VSR3 isoforms were
the main receptors for protein sorting to lytic wales in leaves. Therefore we can propose
that they interact with RMRs for protein sorting Y&V in leaves. At the same time, we
cannot decide if the same RMRs are needed for fatthways, as we have silenced them all
at once.

In this model, when RMRs are silenced both typesamuolar proteins are secreted, but
when VSRs are silenced only Aleu-GFP is secreteitewiegetative storage vacuoles remain
fluorescent. This is compatible with our resultslitect interaction between VSRs and RMRs
IS necessary to sort proteins to lytic vacuolesjnumunoprecipitation could reveal it.
However, it is not necessary for RMRs to interaotatly with VSRs but only that they are

needed for the formation of the VSR-containing clesi.
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Such a model could mean that VSRs appeared latevatution than RMRs, to allow a
differentiation of vacuoles from ancestral singlpd. VSR sequences have been found only
in land plants (including mosses), while RMRs mhet more ancient. Indeed, a protein
related to RMRs was found in animals (Jiang et 2000), supporting this hypothesis.
Differentiation of VSRs into subfamilies occurreatdr, after the separation of higher plants
form mosses. This opens the possibility for furtéierenciation of VSR-dependent sorting
pathways, as for which we present some evidence.

It is difficult to define the exact sorting site§§) in these models. We know from
immunolocalisation that VSRs are mainly found ie ®VC, but also in the TGN (Li et al.,
2002), but there may be different localisations foe different subfamilies. RMRs are
abundant in seeds and were detected both in DIBneligs and in the Golgi (Jiang et al.,
2000; Park et al., 2005). DIP compartments are déormfter the sorting event and the first
selection by RMRs has occured during the trangpoough the Golgi. In seeds, it is known
that storage proteins start to be sorted lateraillgin the Golgi and become concentrated at
the rim in the cis-Golgi. If RMRs were involved the sorting of storage proteins in seeds,
their action would already start there, precedimgadction of VSRs, which were not localised
before the trans-Golgi. In animal cells, secretgrgnules also form in the Golgi involving

protein condensation, but the homologues of RMRevmaver implicated in this mechanism.

During this thesis, different strategies were ugsediry to define the function of AtVSR
subfamilies and AtRMR family irArabidopsis thaliana. The results presented here do not
allow proposing a very clear model of the two difat sorting mechanisms. Further research
will be needed to clarify several points.

When we started this project, we used transieansihg to avoid disturbing the meiosis
and embryogenesis by the loss of VSR function (Latal., 2003). While we confirmed this
problem for subfamilies 1+ 2, there was no suchblem when the AtRMR family was
silenced. We discovered that VSR subfamilies seerhave different functions in protein
sorting to vacuoles. For future experiments it vii# interesting to stably silenced each
AtVSR subfamily.

Silencing of receptors affected the GFP distributamd the marker was observed in the
intercellular space. It would be informative to foem intercellular fluid extraction from
silenced and control plants to quantify the seoretA more readily quantifiable markes-(

amylase B-glucuronidase) would allow more precise quantifara Other additional analysis
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will be to use specific antibodies against well wmnolytic or storage vacuole proteins to
perform western blotting and see if endogenouseprstare also affected. It will also be
interesting to develop HA-tagged proteins, to tfams stably silenced plants and to
determine the protein distribution by immunolocatiisn.

Another experiment that can be performed is tosclusmozygous knock-out plants and
then to transform the resulting double or tripl@ékrout plants with Aleu-GFP and/or GFP-
Chi.

Stably silencing of receptors allows to study tbaction of each gene by reconstitution
assays.

In conclusion, we are still far away from undensiag the mechanism of vacuolar
targeting in plants.
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ANNEX

1)Sequence ofAtVSR1;1 (AT3g52850)

ATGAACGCT

TGGEECTTTTC
TGAGAAGAAC
CATTGGTAAT
TAAATCCAAT
ACCTGGACCGA
AGCATGGATA
GCCATTGATT
CATTACCATT
TTCCGGTGGT
TGAGCGAGTA
TACTCAGATT
GCATACTCAG
TAAACAGTGT
GGATTTTACG
TGTCTACAGA
CTTTGCTATC
TATTAAGTCC
AGATGTGGAG
TGGAGACGT G
GGAAAAGCGEEG
TATCTGICTT
GCAAGACAAA
GI'GCCCTACT
TGGAGCTTTG
CACTTACTCT
GGGCGATGEA
GI'GCCCAGAG
TTTGCTTTAC
ACTCACGCTGG
ATATGCAGTC

ACTCTCTCGT
AATCTCAAAG
TTCGGAGTTC
CAGAAACCTT
TTACCAACTT
GCTCAACAAG
ACAATGGATA
CCTTCTCCTC
GATATGGITA
GAGTATGAAC
GAGITTCTCA
TTCACGCCAC
AAGTCTCAGT
AAAGGGTATG
GIGATGAATG
CGGTGICCAA
CTTGGECATTG
AACCCAGITC
ACTATACTCC
GCAGTGCTTA
ACTGAAGATT
GCTGCCAACA
GITCAAGGTG
CATTGTGGTA
GCTTGCGTAG
GITGAAGAACT
TGTAAATGTA
ATGCGTGAGC
AGCTTTTTGT
TACAAATACA

TTCTTCTGAT
TTACATCACC
CTCAATACGG
GTAAAACCTA
TTGICCTTAT
CTGGAGCAGC
CACCTGAAGA
TCATTACTAA
ACATGAACCT
TGTGGACTAA
AGAATTTTAA
ATTATATTAC
GCATCAACCA
ATGGAAAGCGA
ATACCGGTAA
TGAAGGAGAA
ATCTCAAAAA
TTAAAGCAGA
CCECTCTTGT
AGCCTATGIG
TGGAAACTAA
TTACTGCATG
TTAAATTCGT
TCAACAATGCG
ATGATCATTC
GIGAAGATGT
AAAACACTTG
ACGACACTTG
GGATCCTTAT
GAATCAGGAG

CTTGAATCTA
TGATTCGATC
TGGTACTTTA
CTCCGATTTC
CGATCGTGGA
AGCGATACTT
AGATAAATCT
AACATTGGGA
AGATTGGACT
TAGCAATGAC
AGGAGCTCCT
TTGGTACTGT
TGGAAGGTAT
TGITGITGIT
GCCGTEEGTC
GAAGTACACC
GGTGGACAAG
GCAGGAGTCA
CGTGAACAAC
TTCCGEGTTTT
TGAATGITTG
CAGGGATACT
TGGTGACGGT
AGGATCCTGG
AAAGGATTGC
GGACGAGTGC
GGGAAGITAT
CATAGGITCA
AATCGCCEGTG
TTACATGGAT

GGCACAGTAC ATGCCATTGG AAAGTCAACC ACCCAACACA

ATGA

2) Sequence of AtVSR 1;2 (AT2g30290)

ATGAGGACCGA
TGCACAGGGA
AGAGGAGTCT
TCCGGTGCGG
GAGATTTCTT
GATTGITACT
GIGGCGGATA
GATGCAGATT
AGTGCCATCA
GAGCCTCTTC
GAATGCGGAT
CAGATTCTTG
CCTGAAGCGT
TGTGCTCCCG
CAGAATTTAC
TGGTGGGATT
AAGAAATGTG
TGCATCGGAG

CGAATGTATG
GGITCGITGT
ATGAATGTCGC
TGGITTATCC
TCAGATCCAG
TTACTTTGAA
ACAGACCCCGA
ACCTACAAAA
AAACGGCCAT
CACATCCAAA
CCAAATGTGA
AGAAAGGAGG
TTCTGGCAAG
ACCCTGAGCA
GCCAACCTTG
ATGTCACCCGA
CTGATCAAGT
ACATTGACCC

GITAGTTGTA
GGAGAAGAAC
CCTCGGAAAT
TAAAACTAAT
AGTCCCTGGA
GCCGTGGAAT
GCAACTCATC
TATCACAATT
AGCTCATGCEC
CGATCGAGTA
TGCACAGATC
CTACACTCGC
TAGACAATGT
AGATTTCTCC
CTTCTTTAGA
CTTCGCCATT
CATTCAATCT
AAATGCTGAA

ATAGTATGCGEG
AACCTCCGAG
TTTGECGTCC
CAGAAACCTT
TTGCCCACAT
GCGCAACGAG
ACCATGGACG
CCTTCAGCAT
GATCCCGITC
GCTTACGAGT
CGGITTCTTA
TTCACTCCCC
AAAACACAAT
AGAGGATACA
GIGACTAATG
CGTTGTCCCA
CTTGGAGI TG
AATCCTGITC

GCAATGGGTA
AAAGGTATTT
GTI'CGGECACCG
GATATCTCCT
GATTGITACT
GTAGCTGATA
GATGCGGATT
GACAGTATAA
GAGTCGGTTC
GAGTGTGGGA
CAGATTCTTG
CCTGAAGCGT
TGTGCCCCTG
CAGAATCTAC
TGGTGGGACT
AAGGAATCCG
TGTATCGGAG
CAGATAGGCA
AGACAATACA
CAAGAGTCAA
GAAAACAACG
TTTAGGGGAA
TACACTCACT
AGAGAATCCC
AAATGCCCAC
AAAGAAAAAA
GAATGCAGCT
GGCAAAGT TG
GGTGITGCAG
GCGGAAATTA
AGTGGTCACC

TAACGGTGCG
TGACTTCGCC
CTCAATACGG
GCAAGAACTT
TCGTTCTTGT
CTGGTECCEC
CACCAGAGGA
TAGTGAGCAG
ATATAAGTCT
TATGGACCAA
AGAGGTTTAA
ATTACATCAC
GCATTAATGG
ATGGAAAAGA
AAAGTGGAAA
TGAAAGAGCGA
ATGTGAAGAA
TTAAAGAAGA

GATTCGITGT
ACGAATGTIGC
TCGTCTATCC
TCAAATCCAA
TCACTTTGAA
GTAAACCTGA
ATCTTCAGAA
AGTCTGCTCT
CACATCCTCGA
AGAAGTGTGA
AGAAAGGT GG
TTACGITGAG
ATCCTGAGCA
GICAGECTTG
ATGTGACTGA
CAGATGGAAT
ACCCTGAAGC
AAGGTTCCCG
GAGGTAAATT
CGGAACCAGC
GIGGATCCTG
GATTGIGTGA
GCAAAGCCTC
GAGGTGCCTT
TTGGGTTCAA
CGGTGIGCCA
GCAGCAACGG
GAACCACAAA
GICTTTCTGG
GAGGGATCAT
ATATGGATAT

GIGGAGITCA
GGAGTCCATC
CGGAAGCATG
TGACGATTTT
GGATCGAGGA
AACCATCTTG
TGAGACGTCA
ATCTCTAGGG
AGACTGECGEG
CAGTAATGAT
AGGAGCTCCT
CTGGTATTGT
TGGAAGGTAT
CGTAATTATT
GCCTTGCCTT
GAAGTACAAC
AATTGACAAA
ACAAGTTGCA
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CAAGTTGGGA
AGACAATATA
CGTGAGACCGA
CAAAACAATG
TTCAGAGGAA
TATACACATT
AAACAAACTC
AAATGTCCTC
GAGGAGAAAA
GAATGTAGTT
GATGCAAGAG
GCTCCTTTAG
ATAAGAGCTA
TCTCAACTAG

AAGGCTCGAG AGGAGATGIG ACGATACTAC CAACTATTGT
GCAAAGATCG GCCGTGCTTA AGGCCCTTTG
CATTTGITTA ACCGAAGACA TAGAAACCAA
GGAAGATAAA ACAACCAACA TTACAGCTTG
ATGTCCCATT GITCAAGGTG TCAAGITTCT
GGGGGCACTA CGTTGTGGECA TAAACAATGCG
AACATATTCC GCTTGCCGIG ATGATCATTC
AGGGGATGGA CTCAAAGAGT GCAAAGATGT
ATGTCCCGAT TGCAAATGCA AAAACACATG
CTTGCTTTAC ATAAGAGAAC ACGACATTTG
TTGGGGAGTG ATATGGATAA TAATAATGCGG
TGTTTATAAA TACAGAATTC GGACATATAT
ATACATGCCT CTTGATAATA ATCCCAATAC

GAGGGAAATT
CGGAGCCACC
GAGGGIGITG
GAGTATGICA
GIGAAGCTTC
AAATGGGAAA
CTGGATTCAT
CAGCGTGCCA
GCAGCGGAAG
GAGATTTCAG
GAGCTTACAC
TAATGGCACA
AGTTGTAA

3) Sequence of AtVSR2 ;1 (AT2g14720)

ATGAAGCA GCTTCTGIGI TATCTTCCAT GGCTGCTTCT TCTCTCTCTT

GIGGTTTCCC
GIGACGTCGC
CCTCAATACG
TGTAAGGAAT
TTCCTCTTAG
GCAGGTCCTT
ACACCTGAAG
CTTGITACTA
AACTTGAATC
TTGTGGACTA
AAGGATTTTA
CATTATATTA
TGTATCAATA
GATGGAAAAG
GAAACCGGCA
ATGAAGGAGA
GATAGCAGAA
TTAAAGGAAG
CCTACCTTAG
AAGGCTCTAT
ATGGAGACAA
ATAACTGCTT
GIGCGATTCA
ATCAACAATG
GACAAGGACA
TGTGAAGACA
AAGAACACCT
CATGACACTT
CTTATAATGT
TTGAGGCAAT
AGCCAACCCG

CTTTTAGCGA
CGGAGAGTAT
GIGGAAGTAT
TTAGCGATTT
TTGATCGTGG
CTGCTGITCT
AAGATGTITTC
AAGGTTTTGG
TTGACTGGAG
ATAGTAATGA
AGGGAGCGCEC
CTTGGTATTG
AAGGAAGGTA
ACGTGGTTGT
AACCTTGGEGT
AAAAATACAA
AAATTGACAA
AACAAGATCC
TTGTCAACAA
GCTCTGGITT
ACGAGTGCTT
GCAAGGATAC
AAGGAGATGG
GAGGITGITG
GIGTGAAATG
TCAATGAGIG
GGGGAACGCTA
GCATCAGCAA
TATCATTGGG
ACATGGACTC
AGGTCCCGAA

GGCTAGATTC
AAAAGGAACA
GCCTGGTACG
CTCGATTTCG
AGATTGITTC
TGTGGECTGAT
TTCTGCAAAG
TGAAAAGCTG
AGAGCCTGIT
TGAATGT GGG
GCAGATTCTT
TCCTCATGCT
CTGITGCTCCT
GGAAAATTTG
CTGGTGGGAT
CAAAGATTGT
GIGTATGGGA
TCAAGTTGCEC
CAGACAGTAC
TGAGGAGTCA
AGATAACAAT
GITTCGTGGA
TTACAGCCAC
GCATGAAGAG
CGAGTGTCCT
CAAAGAGAAG
TGAGTGCTCT
GACGGGITCA
ACTTGCACGCT
AGAGATCAGA
CCACACGAAT

GITGTGAGTA
CATGATAGTG
GIGGITTATC
TTCAAGICTC
TTCCCTTTGA
AATGTTGATG
TATATCGAGA
AAGCAAGCTA
CCACATCCTG
GITAAGIGTG
GAGAAAGGECG
TTCACGITGA
GATCCAGAGC
AGACAGCTTT
TATGITACTG
GCTGAGICTG
GACCCTGATG
AAGGGTACAA
CGAGGCAAGT
ACTGAACCAG
GCCGGTTGTT
AAAGTATCCG
TGTGAGCCAA
AGAGATGGAC
CCAGGATTTA
AAAGCATGTC
TGTAGCGEEG
CAAGTGAAAT
GCTGGTGCAT
GCCATAATGG
GATGAACGTG

4) Sequence of AtVSR2;2 (AT2914740)

ATGAAGCACGC
TTAAACGACG
ATAAAAGGAA
ATGECTGGTA
TTCTCGATTT
GGAGATTGIT
CTTGTACCTG
TCTTCTGCAA
GGTGAAAAGC
AGAGAGECTG
GATGAATGTG
GCCCAGATTC
TGTCCTCATG
TACTGIGCTC

TTCTGTGITA
CTCGATTCGT
CTCATGATAG
CGGTGGITTA
CGITCAAGTC
TCTTCCCTTT
ATAATGITGA
AGTATATTGA
TGAAGAAAGC
TTCCGCATCC
GGGITAAGTG
TTGAGAAAGG
CTTTCACGTT
CTGATCCAGA

CCTTCCATGG
GGTGGAGAAG
TGCAATTGGT
TCCGAAAGAG
TCAGCCTGGT
GAAGGTATGG
TGAACCTTTG
GAATATTACT
TATTAGTGGA

CTGCTTCTCC
AACAGITTGT
AACTTCGGGA
AATCAGAAAT
GCTTTACCTA
AACGCACAGA
ATTACAATGG
ATACCTTCTG
GGAGATATGG

ATGAGAAGAA
CAATTGGTAA
CGAAAGAGAA
AGCCTGGTCGC
AGGTATGGAA
AGCCTTTGAT
ATATTACTAT
TTAGIGGAGG
ATGACCGTGT
ATATGITGAT
GITTTACGCA
GICGACAGTG
AGGACTTTAG
GIGITTACAA
ATTTCCAGAT
TAATCAAATC
CTGACTTGGA
GCGGTGATGT
TGGAGAAGAG
CTATATCCCT
GGCAAGATAA
TGTGICCTAT
GCGGECCAGG
ATCCGITCTC
AAGGAGACGG
AGTGCCCGGA
ACCTTCTCTA
CAGCGTGEEC
ACCTCGTTTA
CACAGTACAT
CCTAA

TCACTCTTCT
CCGTGACGTC
TTCCTCAATA
CGTGTAAGGA
CTTTCCTCTT
AAGCAGGTGC
ATACACCTCGA
CTICTTGITAC
TTAACTTGAA

TGATGACCGT GITGAGTATG AGITGIGGAC
TGATATGITG ATGGAGITTG TGAAAGATTT

CGCGTTTACG
GAGTCGACAG
GCAGGACTTT

CAGITTAGAC
TGTAAGICTC
AGCTCGGGAT

CTCATTATAT
AGTGTATCAA
ACGATGGAAA

GATAAACAAC
CTCAGGGITT
TGAGIGITTA
CAGGGACACT
CGGTGACGGT
AGGATGTTGG
GAAAGGCTGEC
GAATGAGTGT
GGGAAGCTAT
CATAAATAGA
ATTAGGTGCA
GGACTCAGAG
TCAACTTTCT

TAGTTTGTCG
CTTCGGGATT
TCAGAAATCG
TTTACCTACT
CGCACAGAAA
TACAATGGAT
ACCTTCTCCT
TGATATGGIT
TGAGTATGAG
GGAGTTTGTG
GITTAGCCCT
TAAGTCTCAG
CTCGGGATAC
GGTGGCGAAT
CAGATGICCA
TCTTGGAATC
CAATCCAGTT
TACCATATTG
TGCAGTACTC
CAGCACAGAT
ATCAGCCAAC
AGTTGATGGT
GAGATGTACA
TCGCTTGIGIG
TGTTAAGAAA
ATGTAGCTGT
CATGAGAGAC
GGCCGITTGG
CAAATATAGA
GCCACTGGAC

GGTTTCCCCT
GCCGGAGAGT
CGGTGGAAGT
ATTTAGCGAT
AGTTGATCGT
TTCTGCTGIT
AGAAGATGTT
TAAAGGTTTT
TCTTGACTGG
TAATAGTAAT
TAAGGGAGCG
TACTTGGTAT
TAAAGGAAGG
AGATGIGGTC
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GIGGAAAACT
GICTGGTGEG
AATAAGGAGT
AAGTGTATGG
GCTCAAGT TG
AACAGACAGT
TTTGAGGAGA
TTAGATAACA
ACTTTTCGIG
GGITACAGTC
TGGCATGAAG
TGCGAGIGIC
TGCAAAGAGA
TATGAGTGCT
AAGACCEGTG
GGACTTGCAG
TCAGAGATCA

TGAGACAGCT TTGIGITTAC AAGGTGGCGA
ATTATGITAC TGATTTCCAG ATCAGATGIC

GIGCTGATTC
GAGACCCTGA
GCAAGGGTTC
ACCGAGGAAA
CCACTGAACC
ATGGTGGITG
GAAGAGTATG
ACTGITGAACC
AGCGAGATGG
CTCCAGGATT
AGAAAGCATG
CTTGTAGCGG
CACAAGTGAG
CTCCTGGTGC

CGTTATCAAA
TCCTGACTTG
AAGGCGTGAT
GITGGAGAAG
AGCGATATCC
TTGGCAAGAT
CGAGTGTICCT
AAGCGGGECCA
ACATCCGITC
TAAAGGAGAT
CCAGTGCCCA
GGACCTTCTC
ATCAGCATGG
ATACCTCGIT

TCTCTTGGAA
GACAATCCAG
GITACCATAT
AGTGCAGTAC
CTCAGCACAG
AAATCAGCCA
ACAGTTGATG
GGGAGATGCA
TCTGCTTGIG
GGTACTAAGA
GAGTGTAGCT
TACATCAGAG
GCGECCGTTT
TACAAATATA

GAGCCATAAT GGCACAGTAC ATGCCATTGG
AACCACGTGA ATGATGAACG CCCCTGA

5) Sequence of AtVSR3;1 (AT4g20110)

ATGGGTTTAG TCAACGGGAG AGCTTCGTTG ACCTTTCTCC

GCTATGGTCG
GAGGAGATCGA
GGGITTTTAA
GGTAAAACCT
TGCTACTTTG
GCGGATAATG
GATGGITTCA
GACTTAAGAC
TCTGIGCCTC
TGTGGTGCAC
ATACTCGAAA
TTTCAGITTA
GCTCCTGACC
AATCTGAGAC
TGGGATTATG
GATTGICCTG
ATTGGITGATC
ATTGGCCGAG
CAATATCGAG
GAAACATCGG
AACAATGGTG
AGAGGAAGAC
ACTTCATGTA
GACACAAGGA
TGTCCTGAAG
GAGCGTTCGG
TGCAGCTGIT
GGATCCAAAA
TTAGCTGGIT
ACGATCATGT
GCCGAGCCTT

TCGAGCCTAG
GGTCGAAGCA
TCGGGTCAGT
TCAAGCCCAA
CCTTAAAAGC
TAGACGAGCC
TAGAGAAGCT
AAGGGTITTCA
ATCCTGATAA
GGTGTGATGA
AAGGCGGTTA
TAAACAGTCC
CTGAGGATAA
AGCTTTGIGT
TTACCGATTT
AGAGTGTCAT
CTGAGGCTCGA
GAAACCCEEG
GGAGATTGGA
AGCCTGCCAT
GITGCTGGCA
TCTGCGAGIG
CACCTTATGG
ACGGCTTAAC

GITTGIGGTG
CGACGECTCG
GGITTATCCG
GITTCCTCGT
GIGGCACGCG
ATTGITGACA
AACAATCCCA
GAAAGGGAAA
GAGAGTAGAA
ACAGATGGAC
TACCGCGTTT
ACATTGTAAG
TTTCAGAGAA
GCATAGAGTT
TCATTCTCGA
CAAATCTCTG
TACAGAGAAC
AGATGITACG
GAGAACCGCG
TTGCTTAAAC
GGATACAAAA
TCCGGITGTA
GCCTGCGAGG
TTTCTCTGCT

GAGAAAGAAA
ATAGCCAATT
GATAGTAAAA
CCCACTATTC
CAGCAAGCCAG
ATGGATTCAC
TCGGTGITAA
AACATAGTITA
TATGAGCTGT
TTTGTCAAGA
ACGCCCCCATT
TCTCAGIGTA
GGGTATGAAG
GCGAATGAGA
TGITCGATGA
AATTTACCTA
CAAGTTCTCGA
ATATTGCCAA
GITTTAAAGG
ACAGGTCTAG
GCAAACATCA
AAAGGTGITC
TGTACTATCGA
TGCTCAGACT

GITTTCCAAGG CGACGGTTTG ACGTGIGAAG

TATGTCAATG

TAGCGGTITCC

AGATGCAAGA

CTGGTGACCG GCTTTACATA AACGATCAAG
CGGCATGGTG GCTCACATTC TTGATACTGG

ATATATTCTA
CACAGTATAT
TTACACTCTA

CAAATACCGG
GCCACTTGAG
A

TTCAGGTICTT
AGCCAAAGAG

6) Sequence of AtVSR3;2 (AT2g34940)

ATGICTCCGA GCAATAAAGG AACCGICTTG GCTCTGATTC
GICAACGCEGT TTTCATCGAG ATTCTTCGTG GAGAAAAGCA
TGGGAAATGG GAGCTAAGCA CGACGCGGECC ATAGCAAACT
GGITTCATGA TCGCCTCTGT GGTCTACGCA GGCCAAGACG
AACAAAACCT TCAATACCAA GICTCCTTAT CCCAAAATTC
TGTAACTTTG CTTTGAAGAT ATGGAACGGA CAACAATCCG
GCAGATAACA TTGITGAGCC ATTGATAACA ATGGATACAC
TTTATAGACA AAGTCAAGAT CCCATCACCT TTAATCCTTC
AAGAAAGCTC TTAAAAGAGG TGAGGAGGTA ATCTTGAAGA
CCAAACCCTG ATGAGAGAGT TGAGTATGAG CTATGGCGCTA

ATGAAACCGG
CCATGAAGGA
TTGATAGTAA
TTCTTAAGGA
TGCCTACCTT
TCAAGCCTTT
ATGIGGAGTC
ACATAACTCC
GIGTGCAATT
CAATCAACAA
TGGACAAGGA
AGTGTGAAGA
GCAAGAACAC
ATCATGACAC
GCCTTATAAT
GGCTAAGGCA
ACAGCCAACC

TCGCGCCGIT
GCATAAGCGT
TCGGTTTACC
CCGATGGATG
TCCTTCTTGA
GCECEECTEC
CAGAGGAGAG
TCGATAAATC
TAAAACTAGA
GGACTAATAG
ACTTTAAAGG
ATATTACTTG
TAAACCATGG
GGAAAGATGT
GIAGCAGGECC
AGGAGAAGAA
TTGAGAAGAT
GAACTGAGCA
CATTAGICAT
CGATATGCGC
AGACAAATCGA
CTGCTTGICA
AATATAAAGG
ACAATGGAGG
CTGTATCTAC
CAGATATTAA
ACTCATGEEEG
ATACTTGTAT
CTATCGITGC
ACATGGACTC
CTCGTGAAGT

TAGCGITGAC
GCTTGACGGT
TTGGTICTCCC
CTTACGGATG
TCCTCATTCGA
GCGCAGCGEC
CCCAAGATGA
GCTCTTTCGG
TGGATTGGAG
ATACTAATGA

CAAACCTTGG
GAAGAAATAC
AAAACTTGAC
AGAACAAGAT
GGITGTCAAC
ATCCTCTGGT
AAACGAGTIGC
TTGCAAGGAT
CAAAGGGCGAT
TGGAGGT TGT
CAGIGITAAG
CATTAATGAG
ATGGGGAAGC
TTGCATCAGC
GITATCATTG
ATACATGGAC
CGAGATCCCG

GACCATCATC
GCTGAATCCA
CGATTACGGT
CTCTGCTTTT
TCGTGGAGGT
AGITCTTGIG
CAAAGATGCG
ATTTGGAGAT
TTGGAGAGAG
CAATGATGAG
TCATGCTCAG
GITTTGCCCT
GAGGTATTGT
TGTGCTTGAG
TTGCGITTGCG
ATACAGCATA
CAAGAAATGEC
AGTATCTCAG
CAATAACCCT
TGGTTTTAAT
GIGCCTTGAA
AGACACATTC
AGACGGGTAC
TTGCTGGTCT
TGGCTGCAAA
CGAATGTAAA
TGGATACAAA
AGAGAGATAT
AGTAGCCGGT
AGAGATTATG
TCCATCAGAA

CATGGIGGTG
CCTTAACTCA
AAAGTACGCC
CAACTCTTTC
TCGTGGAGT G
TGITCTTTTA
AGATCCTGAC
TGATAGCCTC
TGAGTCTATA
TGAATGTGGT
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GTACACTGCG
GAAAAAGGCG
CTTCTACTTA
GATACTAAGC
AGGCAGTTAT
TATGTGACAG
GCAGAGACTA
GATCCTGATG
CAAGAGAATC
CGCGGTAAAC
ACAGAACCGT
GGAGGATGTT
AGAGTATGIG
TGCAAACCTT
AGAAAGEGTC
CTAGGITTCC
GCTTGTAAAT
TCTAACAATA
AGAAGCAGAG
GCTTATATAT
ATGICTCAGT

ATAAACAGAT
GITATACTTT
GCAAGCAGTG
AAGAATTTGA
GIGITCATAA
ATTTTAACAT
TTGTGGAATC
CTGATGTAGA
GIGGCATTGT
TGGAGAGAAC
CAATATGITT
GGCAAGACAA
AGTGCCCCGT
ATGGACCTGC
TAACTTTCTC
TTGGAGATGCG
GIGATGCCTG
GTATCTACAT
GGITGITCAC
TCTACAAGTA
ACATACCACT

AGATTTCATT
GITCAGACCT
TAGGACTCAG
AGATGGATAT
AGTAGCTAAG
CAGGTGITCT
TCTCGGECTG
GAATGAAGTT
TACAATCTTT
CGCGGTCCTG
GAATTCAGAT
AAGATCCAAT
TGTCGATGGT
GAGATGITCA
TTCTTGITCA
TCTAAAATGT
CAAATGCAAG
GAAAGAAGAG
AATTGIGGTT
CCATCTTCAG
CGATAGCCAA

AAGAACTTTA
CACTACATTT
TGTATAAACC
AATGCGGAAAG
GAGAAGAACA
ATGAAGGAGA
TCTCTTGAGA
CTAAAAGCCG
CCTACATTAA
AAGGCTATAT
ATAGAGACCA
GTAACTCCTT
GITCAATATA
ATGAACAATG
GACTCAGAGA
GAAGACATTG
AACAATTGCCG
GACACTTGTA
CTAACCGCCA
TCATACATGG
AGCATTAACC

7) Sequence of AtVSR3:3 (AT1g30900)

ATGICTTTGA
AACGGAGITT
GCAATGCGGT
TACATGATCG
AAAACTTTCA
TACTTTGCAT
GATAACGTCG
GACTTTATAG
CTCAAGCAAG
TTACCTCATC
GGTGCACGGT
CTTGAAAAAG
GATTATGITT
CCTGACCCTG
TTGAGACAGT
GACTATGIGA
TGTGCAGAGA
GGTGATCCTG
GGACAAGGTG
TACCGCGGTA
AGAACCGAAC
AATGGAGGGT
GGAAGAGTCT
CATGTGAACC
CCAAAAAGGG
CTCCAGCGTT
TGTCAATGIG
GGAAATCGTC
GGATGGITCC
GTATTCTACA
CAGTACATGC
CAACACCTGA

TTCATAAAGG
TCGGGAGATT
CTAAGCACGA
GCTCCGTCGT
AACCCAAATT
TAAAGGTATG
ATGAGCCATT
AGAAACTCAA
CTCTTAAGAA
CCGATGAGAG
GIGATGAGCA
GAGGATACTC
CTAGCAATCA
AACAAGACTT
TGIGIGITCA
CTGATTTTCA
GAGITGITGA
ATGCTAATGT
ACCGCGGAGA
AACTTGAGAG
CCGGGATCTG
GI'TGGGAGGA
GIGAATGCCC
TTATGGCCCT
CTTAACTTTC
TAAAGGAGAT
ATGGATGCAA
TCTACATGAA
CTACATTTGT
AGTATCGICT
CATTAGAGAG
GATTAACTTC

AGCCACCTTG
CATCGITGAG
CGCAGCCATT
TTACGCCGGT
CCCTCGTCCT
GAACGGTCAA
GATAACAATG
CATTCCATCG
AGGTGAGGAA
AGITGAGTAT
GATGAATTTC
TTTGITCACA
ATGTAAGTCT
TGGTGATGGA
TAAAGTAGCT
CATTAGATGT
ATCTCTAGGT
GGAGAATGAA
TGTCACAATC
AAATCCAGTA
TCTAAGTGGA
CAAGAAGTCC
TGTTGTGAAG
GCAAGATCCT
TCGCCTTGCT
GGTCTTAAAT
CTGTAAGAAC
AGAACAAGAC
GATTCTAGCT
CAGGTCTTAT
CCAAAACACA
TGCAGCCTAA

GCTCTGITTC
AAGAGTACCG
GCTAACTTCG
CAAGGACCTT
ACCATTTTGA
CAATCCCGTG
GATTCACCTG
GCTTTAATAG
GTAGTCCTGA
GAGCTATGGA
GTAAAAAACT
CCTCATTACA
CAGTGTATAA
TACGATGGTA
AAAGAGAATA
TCAATGAAGG
TTGCCACTTG
GITTTGAAAG
TTGCCAACAT
CTTAAGCCTA
GATATTGAAA
AATGTAACAG
GIGTACAGTA
CGATTAACCA
CGAACTTGGA
GTGAAGACAT
AAATGGGGAG
ACTTGTATTG
GCAGTTGCAA
ATGGATTCAG
ACCGATCCAA

8) Sequence of AtRMR1 (Atlg71980)
ATGAATCGTG CTTTGGTCCT ACTTTTATAT
AAAGTTATTT TGATGAGGAA TAACATCACT
GCTCCGTCAG TGAAGGGTAC AGGTGAAATT
GCTTGTCAAA ATCTTATGAA TAAACCAGAA
TTGATTGTTA GAGGAGGCTG TAGITTTGAA
TTCAAAGCTG CTATTATCTA TGACAATGAA
AACTCTGGAG GTATAAGGAT TCATGCGGTC

GITTGTACTG
CICICITTTG
GGAGTGGTTT
CAGAGCTCCA
GAGAAAGT TA
GACCGTGGAA
TTTGTTACGA

AGGGAATGCC
CITGEGITTG
AAGGGAGGTA
ACGTCGTTTA
CTTCTTGGGT
AGAAATACAG
AGATCAAGAA
AGGAAGCTTT
TGATCAACAA
GITCAGGATT
ATGAATGICT
GCAAGGACAC
AAGGAGATGG
GAGACTCCTG
CATCAGGATG
ATGAATGCAA
GAGGATATGA
TCGAGAGAAG
TCGCGGGTAT
ATTCAGAGAT
AAGACTCTTT

TAGCGTTGAC
TGACGATTCT
GIGITCCTAA
ATGGATGTGA
TCATCGATCG
TAGCAGCAGT
AGGAATCCAA
ACTTTTCITT
AGATAGACTG
CTAACACGAA
TCAAAGGACA
TTACATGGIT
ACCAAGEGAG
AAGACATTGT
ACCCGICTTG
AGAAGAAGTA
ACAAGATCAA
CTGAGCAAGC
TGATCGTCAA
TATGITCTGG
CAAATGAATG
CTTGCAAGGA
TAAAGGAGAT
AGGAGGTTGC
GACATCGGGA
TGATGAGTGT
CCTTTGAATG
AGAGAAGCGEG
GCATATGIGT
AAATCATGCCC
TGACTGGTGA

TTTCTTGITT
ATGACATCGA
ATGTGCCTGA
ATGAAACTTC
GAAAACCTCA
CATTGATAGC
AAGAAACCEG

TCAGATTCTT
TCCCAAAGAG
TTGIGCTCTT
TGAGAATCTG
TTGGTGGGAC
CAGAGAATGT
ATGCATTGGT
TCAGITAGGC
TGCTCAATAT
CAAGGAAAGA
TATAGAAAAT
ATTTAGGGCGA
TTATACCTCC
GICTGAAACC
TCGITGCCCT
AGAGAAATCA
ATGCAAATGT
AAGTGGATCA
CTCTTTAGGT
CGITGTCCATT
TAAGTAA

TATGGTGGIC
AAACCCTTTG
CTACGGTGGT
CTCTTTTGAC
TGGAGAGTGT
TTTAGTAGCT
AGAAGCTGAT
CGCCAATACT
GAGTGAGTCA
CGATGAGTGT
TGCGCAGATT
TTGTCCTAAA
GTATTGIGCT
CTTCGAGAAC
GGITTGGTGG
TAGCAAAGAA
GAAATGTATT
ACTTCAGGTA
CAATGCTCAA
ATTCAAGGAA
TCTCGAAGCA
CACATTTAGA
GGATATACAT
TGGTCTGAAA
TGTCGECTGECC
AAGGAGCAAT
CAAATGCTCT
ATCAAGAATC
AGGTGGTTAC
GATTATGICT
ATCTCAACAC

AGCTTCAAGC
AGCTAACATC
GCCTCTTGAC
TCCTTTTGIG
GAGAGCTGGT
AATGGCAGGT
AGAAGITTTA
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AAGGAGTATG CGGGITTCCC
GCGTGGTCTA TTATGGECGGT
ACTTGITTCT TTGIGCGTAG
CGTGAGITTC ACGGTATGAG
TCGTTTCATG AAGATAACAC
GITGGAGACA AGCTCAGECT
TCATGGITAA CCTCTTGGAG
ACGGGAGAGC CTCCACCTTC
ACTTCTTCCT CTCTGCACTC
GGCTCATTAC CAACTTCAAT
CAATCATTCC AGICTTCCTC
GIGGATCTCA GACAACAACC
TCCCATATGG CTTCTCCACA
TACATGICAC CGTATAGACC
AATTATCCGT TGAATCCACT
TCTGCAAACT CCCTTCCAGA

9) Sequence of AtRMR2 At5g66160)

ATGAGACTCG TCGTCTCAAG

CGAGICTCAC
GCCAAATTTG
CCTCTCGACG
ACTACTAAGT
GCCCAGAACT
ATCGTCATGA
GCCGGTGAGA
CCAGACAGAG
GICACTTTCC
CACACCAGGA
ACTGATTCTG
TTTGGAGAAA
TCTTGGITGA
ACTATGTICTT
TTTCCCTTTG

TCGCCACTGT
ACGGCTCCGT
GITGCTCACC
TCGCTTTGAT
CAGGTTTTCA
AGGTGAACCC
TTTTGAGAAA
GGAGCCCTTG
TGTTGATTCC
CCATCAGGTT
CTCACCACAA
GCCTCAGACT
CAAAAT GGG
CTGAGGTACA
CCCAATCCAG

CGATACGAAA
TTCGITTATC
GCATCGAATA
CCCCCCCTTG
TACTGCATTC
CTTACCTTGC
AACTTTCTGT
AGAGAGCACG
TTCAGTCAGA
CTICTTTCTCT
TAACCGTCGA
AGCTTCTCCA
GTCACTAGGT
TAGCCCGAGC
GCGTTACAGT
CTGITAG

CTGICTACTA
TGTCCTCAAT
GACCAAAAAC
GCTTCTCCAC
AATCAGAGCEC
AGCTGTGATT
TCAGGACATT
GTACGCGAGA
GACTGIGITG
CTTCTTTGCA
AGATGCAAAG
GGCCGGGGAA
TCTCCCCTCC
TACATCTTCC
TAAACGAGAG
TCAAAGCCGT

GITTGGITGA
TCGCTCCTTG
AGAAGCCGGA
GITGAAAGCAA
ACTTGIGCTA
TGTCACAAGT
CCGGTGIGCA
CCATTGCTCT
TCATCTGCAC
CCCGCATACG
TCACCTCCAA
TCTCCATCAC
TACCCAACTA
AATGCATCAC
GAATCACCTG

GITGCACCTC
TCCATCTCCG
GGAATCTGTG
GCCGCCCCAT
GAATGITCTT
GICTATGACA
ACAGTTGATG
GCCCGAGATG
GCCATCTCCT
CCCAGACACT
CTCGTCCACA
ACATGIGCTA
CAACATCCTT
CCTGITGIGCA
AGTCCGAGAA
TAG

10) Sequence of AtRMR3At1g22670)

ATGAATCTTG
CAAGTCATTT
TGACTACGGT
CCGGAGCAGA
AAGTCAGAAA
ATCCGCAATG
ATCCTCAAGA
TGTGGTCATT
CTTCTTCTAT
GIGAAAGCAA
GCGTAGACTC
AGATGAGCCA
ATAGACTCTC
AATTTGTCAG
ACAGTCATCA
CCTCTCAACG
CAACAAATCA
GGACTAG

TTGITCTGCT AATCCTAACA
TGGITGATTC CAACATAACT
GGAAACCGAG TGGITTATGT
GCCCTTATGG TACTTCCCCT
CGCGCAGAGA AGCGGTTTCA
GGGGGAGACT CGGACGGTAT
AGTACCCGEG TTCGGAGGAA
GTACGCTTCC ATAGCATTGA
AGATATTGCT CAACAATTAG
TGCCGAGTGI TACATTCACT
GIGGCTTATA TCATGGAGAA
CTAGCTACAG AGAGCACACC
CTCCTTTGGEG ATCCTCAGTT
GICTTCGCCA ATGAATGGCA
TCACAGCGAT CACACCTCTC
CGATGGECCAT GICACCATAC
TCTCCTTTCC AATTATACAG

TTACTCCTTT
CCCTCTTTTG
AGCTGAGCCT
CITGTIGITGA
AGGCTGCCAT
AAAGATTCAA
ATGGAAGTCA
TCTTGTCGCT
AAACTCTACA
TGTGCAAAAA
CGITTTGICC
GITTCTCAGT
TCTTTCTCTC
GCCGTATCTC
TATGAAGTCT
CGGCCATACC
CAAATACATT

11) Sequence of AtRMR4 (At4g09560)

ATGATCCGIT CTTCGATTG TAATTTTATCT CTGITACTAA
TGATCGGTAA CAGCACATC TCTCTCCTTCG ACGACGTCGA
GGATCAAGGC GGTGTGITG TATGTAAGCAG AGCCACTCGA

TGTGAAAAAT GGAACTACT GIGICTCCTCC GTATGIGITG
AGATTAGGAA TGCTCAAAA GGCTGGITATA AAGCTGCTAT

AGTATCAATG GAGCGAAACC

CCTCTGGTGI ACTTATTTAT

TCCCAAGTTT
CAATGTCGEC
CATCTCGGTC
TGCCGAGTCT
TTTGCCTTGA
TTCATGCTCC
AACGAGATCC
CATCTGCTGC
TATTGATTGG
CAAGCTCATC
TAAGCGTAAG
CATCACAGAG
TCTCCCCTTT
CTGCAATGEC
GAACTTTCTC

CTITTTCTCTC
CCTCTTTTGC
GAGCTCTATA
CCAACTGGAC
TTGAGGATAA
ACATTGACAA
CAGTCTTCGT
GIGAATCCTG
TCTTCTCTCT
GGACCCAATG
CACTCCCCTG
TATGTCTCGA
TTCACTTGAA
AGCATGACAT
CAGATACAAG

TCATTGITTC
TCGACATGGA
CTCAACCCTT
TCATAAGAGG
TGICTATGAC
GCGGITTTTG
TGTTGGITCC
GCCTATTTTT
TCTCAATTCA
TAGACAACAC
AGTGTGTAAA
TCTTCCATTG
CAGCGCATGT
AGAGAATCTT
TCCCATTCAC
CAAGCAATGC
CTCTCATTTC

TTTCACACTT
AGCCACTTTC
TGCTTGITCG
ATTATCCCCG
TGITTATGAC
GGTACGITTG

TGAGAACTCG
TGITCTCGCT
CTCTCGAGTG
TATATTCAGT
AGACTACACT
GIGTGTTGAC
AAGAACGAGC
ATCGICTTTC
TCCTTCCTTG
CTATATTAGA
TCGAACGCTCA
ATCATACATT
CAACACGAGG
TGGATCATCG
TCCATACGCC

CTCTCTGITA
CGATCTCCCA
CGTCGCAGAT
GCAACACAGA
GCTGCTCAAT
CGAAGATCTC
TTCAAATGIC
CCTTAATCCG
CCTTCTTATA
GCGAGGEGAGG
CTTCACCTTC
GGATTACAGA
TTGCATCGAC
AAGAACCGAG
TACGAGTAGA

TTATGTAGTA GACGCAGCC
AGCTGATTTC TCTCCATCAG
GCCGAAACTT GAGGAATAAA

AGGCTGCAGT
AATGITGGACC
TGATGAAGAG
TCCTAATACA
TGTGITATGG
ATGCGATGTG
TACAGAGTTT
CGGGATCGCGA
CAACATCATC
GACCTCGICC
AGGCGACAAG
TGGGITATTC
ATCGCCTGGA
GCCTCTGCAC

GGTTTCTGCA
ACTCCGATGA
GATTTGGTGA

TTTGAGTACA
GCAACTTCTT
AGCCGGAGAA
GAGGACTCGG
TTACTTGTGT
CCGTAGAACG
CATGTCCCTT
GAACGACCEC
TCTAGTGTGT
TTCATTCATC
CCTCACCATT
GACCATGTICA
TTATTCAGIT
ACTCGCTTCC

AAAGTTCTGT
TTAAGAGATC
ATACGGTGAA

GIGGTTGTAG TTTCGAAGATA
TATGAAGATT TTGGGITCTT
TCTCCAAAGC AACTGGGGAA
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GTACTTAAAG
GGTCAATCAT
CCGTAGGCAT
AGCATGATAA
GCTGCATATG
TGITGCTTGT
AGCATCAGTA
CGTCATCGTT
CAGAGTAGAC
CGCTCCCACA
CAGATCTCAG
CCACTCAAGA

AGTATGCCGEG
GCCTATTTCT
CGAGITAGEC
TACGTATGCC
CCTTGAGAAT
GTAGACTTGT
CCGACAAGCC
TCTCTTATCA
CCTTCTTTAC
CAAGCTTCCA
GAACGCCGTT
TATACGCACA

AGCCAGCGCG AGCATTCACT
CCTTACCAGG CTGGTAA

TCGTACCGAT
TTCATATCTC
GICGCCGTAT
TACTACCATA
TATGAGAAAG
GGCTTGGCCA
CCCATCAGAG
TCATCCTCCA
CATCCACCTC
AAATGGATCA
TCCCAAAGAT
TACTTGGECCC
TCATCAAAAT

TTTGAAGTGT
TCCTCGCCAT
TCTGECTCTT
TTTAACGGTA
GGGACAACGCT
GAGGAAATCC
CACACACCCT
CAACCCCATT
AATGCAGCCA
AACCGATTTT
CTTACAACTC
GGGAAATGCA
GACTCGCGCA

12) Sequence of AtRMR5 (At1g35630)

ATGAACTATA GITGGATTAC
AAAGTAGTGI TGATCGGGAA
ACTCCAATTG TTAGAAACTC
GCATGCTCGG ATATAACCAA
TTGATCGTCC TTGGTGCCTG
TACAAAGCTG CGATTGICTA
TCTGGTGTGG ATATACATGG
TACGCGGATC AAGACGAGAT
TCCATCATGG GTATTACATT
TTCGTTGTCC GTAGGCATCA
GGACTTTCTT GTATGCCAAG
GITCTTGAAG AAAGTTCAAC
GGTGAAAAAC TCCGAATCCT
TGGCTCGGAC GITGTAGATC
GATGTTCCAC CAGCATCAGA
TCACTACAAT CGITTTATGA

AATCATGICT
AAACACAATT
GGCGGAATGT
CATGGCGGAA
TAGTTTTGAG
TAACGATGGA
CTTGCTTGIT
GAAGCTTTGG
CATATCTTTA
AATTAGACAG
AGACTTGITG
TTCGGITACT
ACCTTGCAAA
CTTTTGICCG
AACAACACCT
TCTACCAATA

CTGITGGTAA
CTATCCTTTG
GGAATTTTGT
AAAAGATCAA
GAAAAGGTTA
TATGATGAGC
ACAAGAGCAT
CTCATCCCGG
CTCGCCATGT
AGTGTGAGEG
CAAAGCATGC
TGTGCTATAT
CACAAATATC
GITTGTAAAC
CTGATTTCTC
GITGTCAGAG

13) Sequence of AtRMR6 (At1g35625)

ATGAACGGTA
AAAGTAACGT
ACACCAGITG
GCGTGCTCGT
TTGATCGTCC
TACAAACCTG
TCTGGTGTCT
TATACCAGIC
TCAATCATGG
TTCTCTGTCC
GGACATTCTC
GITCTTGAAG
GGTGAAATAC
TGGCTCGGAC
GATGTACCAC
TCACTACAAT

GITGGATTAC
TGATCGGGAA
TTAGAAGATC
ACTTAACAAA
GIGGTEECTG
CGATCGICTA
ATATACATGG
GAGCTGAGAT
CTATCACTTT
GTAGGCATCG
GTATGCCAAA
AAGGTTCGAC
TCAGGATCCT
GITGTAGATC
CAGCATCAGA
CGITTTATGA

Plasmids and vectors

Vector for subcloning

AATCCTCTCT
AAACACATTT
GGGAGAATAC
CATGGCGGAA
TAGITTTGAG
TAACGATAGA
TGTGCTTGIT
GGACCTCTTG
CGTATCGITA
AATTAGACAG
AGACTTGITG
TTCTGITACT
ACCTTGCAAA
CTTTTGICCG
AACAACACCT
TCTACCAATA

TTGTTGGTAA
CTCTCATTTG
GGATTGITGT
AAAGGTTCGA
GAAAAAATAA
TATGAGGACC
ACAAGAACAT
CTCATCCCGG
CTCGICATTT
CATGTGAGEG
CAAAGCATGC
TGTCCTATAT
CACAAATATC
GITTGTAAAC
TTGATTTCTC

GGCTCATGCC
GICGCCTGTG
AATGGCAATG
TTTGTGATGA
AAGGATCCTA
TTTTGCCCCG
TTCTTTCTCG
GCAGTCATCT
CACACAGITC
CCCGGCCTAT
ACCCCACCAG
TCAAGAAGCC
GGTCTTTCAT

TTTGTAAGCT
ATGATGTCGA
ACGTTGCAGA
AGTATAGGTC
GAAAGGCGCA
TCTTAGTACC
CAGGGGAGGT
GATTCGGGAT
CTCCTATTCT
ATTTACCACA
CGACTGAAGT
GTATCGATGA
ATCCGGTGIG
AAAATCCAAG
CTAGCCCGAA

AAGITTCGAG ACTTCAGCAT
CTCCCTACTT CCTTCTTTGT
ACTTTCATCG TATGCCCAAA
AGCAACTACA TCTATATTGT
CCTTGCCATC ACAAATTTCA
TTTGCAAACG CGATGCAAGA
GACTCCTAGC ATGACCCCGA
CATGAGCTAC CAATATCCAT
CTATGTATCT CTCCCACTCT
ACCAGITAGC CGGAGITCAG
GITTCTTTGC CTCGITTCCT
AGGTTGITGG GITGITAACA
TCACTTTGCA TCTGCGAGCT

GCCTTCCECG
GGCAACTTTC
GCCTCTTGAG
CTCTTATGTA
GAAAGCTGGA
TAGAAATTCA
GCTTAAAGGG
TTCATCTTGG
AGCCACTTGT
TGGTGGCCAA
ATATAGCGGT
TTATTGCGIT
TATCGATTCT
AACAGGAAAT
CTCTATTACT

TATATCTGTAA

TTTCTCAGCT
ATGATGTCGA
ACCCTGCAGA
AATTTAGGECC
GAAATGCGCA
TCTTAGTACG
CAGGGGAGGT
GATTCGGGAT
CTGCCGTCCT
ATTTACATCA
CGACTGAAGT
GTATTGATCGA
ATGCGGTGIG
AAAATCCAAG
CTGGTCCGAA

GCCTTCTTCG
AGCAAATTTC
GCCTCTTGAT
CTCGTATGTA
GGAAGCTGGA
TAGAAATTCA
ACTTAAAGAG
TTCATCTTGG
AGCCTCTTAT
TGGTGCCCAA
ATATACCGGT
TTATCGCCGIT
TATCGATTCT
AACAGGAAAT
CTCTATTACT

GITGTCAGAG TATATCTGTAA
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Vectors for transient silencing

BamHI (6841)

EcoRl (5437)

pCPCbLCVB.002

(6854 bp)

pCPCbLCVA.007
&L‘ﬂf (5352 bp)

AL1

otl {443}

Acc65] (2520) Hindll (4501)

EcoRl {49163

Bglll (2544) Xbal (2532) Xhol (2526)

Vector for stable silencing

AccEBI, Alil, BamHI, Bstl, NspSAN 8066

Cfr9l, Xcyl, Xmal 8061

pCAMBIA
p3300
8428 bp

Bell, BspXll 5836

Povl 5335

BspHI, RspXI 5479

Banlll, Beml, Bacl, Bsp106], BspX, Clal 3088
Eco31 3405

arl, Ndal, Nunll 3794
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