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Introduction

1. Introduction

1.1. Arabidopsisembryogenesis

Embryogenesis is a crucial developmental periathénlife cycle of flowering plants,
allowing the connection between two distinct spbsdit generations to maintain the
species. This process starts with the zygote assligsahrough a sequence of characteristic
stages. During embryogenesis, various cellular ggses such as rapid synthesis and
accumulation of proteins and lipids occur simulzusdy to transit zygote from
morphogenetic phase to the maturation phase, mgguit seed formation. Embryogenesis
can be conceptually divided into distinct phasestphogenesis (early embryogenesis) and
maturation (late embryogenesis) (Lotah al, 1998; Harada, 2001; Razt al, 2001).
Morphogenetic phase involves the establishmenthef bhasic body plan of embryo,
whereas maturation phase implicates cell expansiod accumulation of storage
macromolecules to prepare for desiccation, germanaand early seedling growth
(Braybrooket al, 2006; Park and Harada, 2008).

1.1.1. Early embryogenesis

The early embryogenesis is initiated via a uniquelbde fertilization process in
flowering plants. InArabidopsisthaliana, fertilization event comprises of karyogamy
between a haploid sperm cell of the pollen andpdichegg cell of the embryo sac leading
to diploid zygote formation and subsequently théegm. The second fertilization event by
which another haploid sperm cell fuses with the bahploid central cell generates
triploid primary syncytial endosperm nuclei andeaftard the mature endosperm cells
(West and Harada, 1993; Goldbexgal, 1994; Berleth, 1998; Chaudhuet al, 2001;
Park and Harada, 2008). In cereals, the endosgeanmiajor site for reserve storage and is
persistent in the mature dry seed, whereas thigibmis solely performed by the embryo
in Arabidopsisand many other dicotyledonous plants (Hireeral, 1998; Berger, 1999;
Berger and Gaudin, 2003).

Following fertilization, the zygote undergoes fieymmetrical division to generate
an apical cell and a basal cell that are diffeiansizes and cytoplasmic densities. The
apical cell forms an eight-cell embryo upon twords of longitudinal and one round of
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transverse divisions. Each cell of the embryo prigpendergoes a periclinal division to
the surface generating a single outer layer (petodl and a dermatogen-stage globular
embryo. At the same time, the offsprings of theabasll divide transversely to form the
suspensor and the uppermost cell, hypophysis. lispessor anchors the embryo to the
endosperm and serves as a nutrient conduit frorospedm for the developing embryo
whereas the hypophysis gives rise to the root qam@scentre and the initial of the central
root cap (West and Harada, 1993; Souter and Lind®@§0; Chaudhunet al, 2001;
Jurgens, 2001; Laugt al, 2004; Park and Harada, 2008). At the late glabsiiage, the
cell number ofArabidopsisembryo increases to more than a hundred celldgBerl998;
Capronet al, 2009).

By a series of cell divisions parallel to the sugfatheArabidopsisembryo expands in
size and proliferates at two opposite positionshie apical region to transit the embryo
from globular to heart stage. At the early headgef the embryo shows the first
appearance of a bilateral symmetry and a remarkaféngement of three basic tissue
types, such as epidermis (from protoderm), cortgrund tissue) and procambium. The
shift in the embryo symmetry from radial at thelgltar stage to bilateral at the heart stage
represents the initial delineation of the two magmbryogenic organ systems, the
cotyledon and axis. Subsequent to their formatiows elongates rapidly as a result of cell
division to generate root meristem. The shoot apiwaristem is formed later from cell
layers localized in the upper axis between the ¢styledons. The morphogenesis phase
ends at the heart stage when all embryo struchaes been formed (Mayet al, 1991;
Park and Harada, 2008). The heart stag&rabidopsisembryo is followed by the torpedo
stage when further elongation of cotyledons, hypdsand extension of vascular tissues
occur. Although the embryo continues to increassize and exhibits several changes in
shape, it retains the same pattern of basic badly @i shoot root axis and becomes clear at
the end of the torpedo stage.

1.1.2. Late embryogenesis

The termination of cell division in the early embggnesis reveals completion of
morphogenesis and establishment of the embryo ptaay In the following development,
the Arabidopsisembryo enters the late embryogenesis (seed matnjrathich is needed

for a prolonged survival in a quiescent state. Hasod is characterized by the arrest of
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tissue growth and development, the induction ofndorcy, and the acquisition of
desiccation tolerance (Pareyal, 1997; Razt al, 2001). Throughout late embryogenesis,
the embryo is prevented from entering germinatiatnyway and can only germinate after
maturation phase is finished. The embryo growtkriiption is a transient phase and is
reversed upon germination when appropriate enviestah conditions are provided and
the dry seeds imbibe water (Parey al, 1997; Razet al, 2001; Kagayeet al, 2005;
Donohue, 2009).

1.1.2.1. Embryo maturation

During this phase, the embryo grows mostly by ekdhgation while cotyledons are
programmed to accumulate storage products, sudipids, carbohydrates and proteins
that will be utilized as a food source by the siegdafter germination. The deposition of
storage reserves in the cotyledonsAo@bidopsisembryos takes place during relatively
short period of 72h beginning at sixth day aftemiring, in parallel with cell elongation
(Mansfield and Briarty, 1991).

As in most cruciferous plants, tAeabidopsisdeveloping embryo mainly stores lipids
in the form of triacyl glycerol (TAG) in sphericebmpartments referred to as spherosomes
(Herman, 1995), oleosomes (Murphy, 1993) or mastjidently oil bodies (Bauet al,
2002; Silotoet al, 2006). These organelles storing lipids arise feardoplasmic reticulum
(ER) which contains the full complement of TAG hjothesis enzymes (Murphy and
Vance, 1999; Hsieh and Huang, 2004). SynthesisA@sI starts in the late heart stage and
continues through the torpedo stage, bent cotyledontii the embryo desiccates.
Ultrastructural analysis reveals that oil bodiesena matrix of TAGs surrounded by a
layer of phospholipids embedded with abundant siratproteins termed oleosins (Hsieh
and Huang, 2004; Silotet al, 2006). The embedded oleosins modulate the sizal of
bodies and are thought to stabilize them duringcdason of the embryo (Tingt al,
1996; Voelker and Kinney, 2001; Hsieh and Huan®420

Proteins are synthesized and accumulated duringyenmbaturation and mainly serve
as sources of carbon, nitrogen and sulphur fornéied generation. The most abundant
storage proteins irabidopsisembryo are 2S albumins (referred to as napins)128i
globumins (referred to as cruciferins). They arassified on the basis of their size and
solubility in various solvents (Krebberst al, 1988). These proteins are initially
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synthesized as precursors in the rough endoplagtiocilum (ER) and then transported to
the specialized vacuoles where they are quicklycgssed by processing enzymes to
generate protein bodies (Het al, 2005; Oteguet al, 2006; Waret al, 2007). They are
synthesized by small gene families, in which foangs encoding 12S globulins and five
genes encoding 2S albumins are present in the endfrirabidopsis(Panget al, 1988;
van der Kleiet al, 1993; Waret al, 2007). The activity of these genes is only in grab
at early and midstages of maturation under tightpral and tissue-specific regulation
(Lara et al, 2003). The expression of 2S albumin and 12S djlolgenes starts between
day four and six and reach maximal level of traippgsrapproximately from nine to ten
days after anthesis (Hirnet al, 1998).

Soon after fertilization, starch accumulates terapty at a very early stage of
Arabidopsisseed development. This starch is detected in letigls of embryo cells and
also in seed coat cells on day three and reachesmalaamount on day seven after
flowering (Focks and Benning, 1998). Later in matiam, starch is only detected in the
outer and inner cell layers of outer integumentrmitin the embryo (Westewt al, 2000;
Kim et al, 2005). This is because the starch is remobilidedng early stages of
embryogenesis in order to facilitate rapid lipiddastorage protein biosynthesis (Kieg
al., 1997; Vigeola®t al, 2003; Fallahit al, 2008).

1.1.2.2. Embryo desiccation and dormancy

Preliminary to quiescence or dormancy, embryo dasien occurs in which the water
content decreases dramatically. Desiccation isfbex a normal programmed event in the
final phase of seed development. As apart of themab developmental program of
orthodox seeds, most cellular water is lost dudegiccation of embryo. This decrease in
water content is acquired in the late embryogenasd related to Late Embryogenesis
Abundant (LEA) proteins that accumulate at higkelsun plant embryos. Using reference
sequences frolbEA genes in cotton, Bies-Etheve and colleagues hauadf 50LEA
genes inArabidopsisgenome (Bies-Ethevet al, 2008). Based on expression patterns,
LEA mRNAs of Arabidopsisare subdivided into LEA-A and LEA-B classes, which
respectively begin to accumulate about 13 and A& ddter pollination (Parcyet al,
1994). The observation iArabidopsisembryo clearly suggests that LEA transcripts and

their products are most abundant in embryo jusbrptd desiccation and disappear
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following germination. It has been proposed th&ALproteins play an important role in
maintenance of the enzyme activities, structurevesicles and endomembranes, in
replacement of water and functioning as molecutaperones during cellular dehydration
(Koaget al, 2003; Grelett al, 2005; Reyest al, 2005). Some LEA proteins are induced
in vegetative tissues in response to various cmmditincluding cold, salt, water deficiency
and hormone abscisic acid (ABA) (Skriver and Mund@90; Greletet al, 2005;
Hundertmark and Hincha, 2008). Overexpression afegeencoding LEA proteins in
transgenic plants resulted in enhanced resistanceater deficit (Xiaoet al, 2007;
Hundertmark and Hincha, 2008). All these evidenshew that LEA proteins have
important biological functions, not only in seedrdl®pment but also in vegetative tissues
where they play a role in cell stress tolerancesidis LEA proteins, carbohydrates
especially soluble sugars may play an essenti@ molthe acquisition of desiccation.
Carbohydrates are involved in the stabilization pobteins and retention of enzymic
activity and protection of membranes during dehydne(Oomset al, 1993).

Following desiccation, thérabidopsisembryo enters a period of quiescence or
dormancy. Quiescent seeds germinate when providédswitable conditions necessary
for resumption of growth, whereas dormant seedsigate only when some additional
hormonal, metabolic, environmental, physical cdodg are appropriate (Raghavan,
2002). Dormancy has been defined as the incapatigyviable seed to germinate in the
presence of favourable environmental conditionsw(Bg, 1997; Foley, 2001). This
phenomenon introduces a temporal delay in the gertion process that provides
additional time for seed dispersal over greaterggmthical distances and also enhances
seedling survival by preventing germination undefavourable conditions (Finkelsteet
al., 2008; Bentsinlet al, 2010). Two categories of seed dormancy have besmgnized,
embryo dormancy and seed coat-imposed dormancy.nfemiormancy arises from a
condition within the embryo itself and most likelye to germination inhibitors, especially
ABA, as well as the absence of growth promoterduding GA. Seed coat-imposed
dormancy arises from seed coat and other encldssges, such as endosperm, pericarp
that in most common they are impermeable to theyeosft moisture or gases (Bewley,
1997; Foley, 2001).
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1.1.3. Genetic control of embryogenesis

Previous genetic and molecular studies have dematedtthat inArabidopsis ABA-
INTENSITIVE 3 (ABI3) (Koornneefet al, 1984; Giraudaét al, 1992; Parcyet al, 1997),
FUSCA3 FUS3 (Baumleinet al, 1994; Keithet al, 1994) and LEAFY COTYLEDON1
(LECY (Meinke et al, 1994; Westet al, 1994; Kagayaet al, 2005) genes play central
roles in controlling mid- and late embryogenesiee3e genes (probabhEC2 as well)
have partially overlapping functions in the overaigulation of seed maturation (Parely
al., 1997).ABI3, FUS3and LEC2 encode transcription factors comprising a B3 DNA
binding domain, which was originally identified invVP1 (VIVIPAROUS1), a
transcriptional activator from maize (McCasy al, 1991; Giraudagt al, 1992; Luerssen
et al, 1998; Stoneet al, 2001; Finkelsteiret al, 2002). The B3 domain presents in highly
diverse forms of several protein families, inclugi®BI3/VP1, HIS (Hgh-level expression
of Sugar-hducible gene), RAV_(Rated to BI/3VP1), ARF (Auxin Response &ctor) and
REM (Reproductive Mristerm) (Suzuket al, 1997; Ulmasowet al, 1997; Kagayaet al,
1999; Franco-Zorrilleet al, 2002; Suzuket al, 2007).LEC1 encodes other transcription
factor sharing significant sequence similarity witle HAP3 subunit of CAAT binding
factor (also known as CBF) (Lotathal, 1998; Kwonget al, 2003; Leeet al, 2003).

In Arabidopsis several genetically distinéBI loci (ABI1, ABI2, ABI3, ABl4and
ABI5) have been identified (Koornneet al, 1984; Finkelstein and Somerville, 1990;
Finkelstein, 1994; Meyeet al, 1994; Bradyet al, 2003).ABI1 and ABI2 genes encode
protein serine/threonine phosphatase 2C (PP2C)dleheet al, 1996; Leunget al,
1997; Rodriguezt al, 1998). Some studies showed that they have mirfarence on
seed development, and mainly on aspects of ABAladed vegetative growth, such as cell
elongation and/or stomatal regulation (Koornneieél, 1984; Finkelstein and Somerville,
1990; Finkelsteinet al, 2002). Mutations in these two local{il-1, abi2-1) result in
nondormant seed, pleotropic defects in vegetati®A Aesponse, reduce phosphatase
activity in vitro and have no effect on desiccation tolerance (Fstéi@ and Somerville,
1990; Leunget al, 1997; Finkelsteiret al, 2002).ABlI4 and ABI5 genes encode proteins
belonging to two distinct classes of transcriptfantors: APETALA2 (AP2) domain and
basic leucine zipper (bZIP) domain, respectivelynKElsteinet al, 1998; Lopez-Molina
and Chua, 2000; Finkelsteat al, 2002).
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Physiological and genetic analyses have suggdstedBI3, ABl4and ABI5 function
primarily during seed development and are likelypé&sticipate in the same seed-specific
signalling pathway. These genes can be expressegdaific tissues outside the seeds
under certain conditions. When grown in the d&R)3 is found to be expressed in the
apex ofArabidopsisseedling after cell division is arrested. In aiddif the 2S seed storage
protein gene, a target &BI3in seeds, is also induced in the arrested apegruhd same
conditions (Rohdet al, 1999).ABI4 andABI5 have been shown to have functions in both
sugar and salt responses and in early seedlingtigrafter germination (Lopez-Molinat
al., 2001). The ABI5 transcripts accumulate duringdsgéevelopment and limit to a narrow
developmental window after germination. Mutationstihe ABI3, ABI4 and ABI5 loci
result in similar qualitative effects on seed depetent and a decreased responsiveness to
ABA, but do not alter vegetative growth (Girauddtal, 1992; Finkelsteiret al, 1998;
Finkelstein and Lynch, 2000). Severe mutation&B13 gene &bi3-4, abi3-5andabi3-6)
or double mutations combining the wealhi3-1 with abal-1have more severe defects in
seed maturation than those ABI4 or ABI5 gene (Finkelstein and Lynch, 2000). Null
mutations in ABI3 produce over 1000 fold decreasBA sensitivity for germination
inhibition (Oomset al, 1993) and entire loss of expression for sevenabrgo-specific
genes (Parcyet al, 1994). In addition, overexpression ABI3, ABI4or ABI5 confers
hypersensitivity to ABA and glucose, as well asdquaing similar and distinct effects on
ABA-regulated gene expression (Brocatdal, 2002; Finkelsteiret al, 2002; Kanget al,
2002).

The FUS3 gene encodes a predicted protein of 312 amino esdlues with a
sequence similarity to the ABI3 and VP1 gene prégludhe homology of FUSS3 is
restricted to a stretch of more than 100 resideesesponding to the B3 domain which is
conserved among VP1/ABI3-like protein family (Luseset al, 1998; Wobus and Weber,
1999). TheFUS3 transcript inArabidospsisis expressed 2 days after pollination and the
expression level increases during the first-halewfbryogenesis but the transcript peaks
shortly after mid-embryogenesis (Luerssgral, 1998). It has been shown tHaiS3and
LEC2are involved in the control of gibberellin (GA)dsiynthesis irArabidopsis During
seed maturation, they repress the expression oAB0&®2, the product of which converts
inactive GAs to biologically active forms (Curabtal, 2004; Gazzarrinét al, 2004). In
addition, ectopic expression BJS3inhibits expression of AtGA3ox2 (Gazzarriei al,
2004). Promoter analysis indicates that the exmess AtGA30x2 is directly regulated
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by binding of LEC2 and FUS3 proteins with the RYti(CATGCAT) on the promoter
regions (Curabat al, 2004). Loss oFUS3function inArabidopsisresults in a complex
phenotype specially affecting seed developmentideéarly, fus3 embryos are defective
in producing the main seed proteins (12S and 28Jedisas storage lipids but accumulate
large amounts of anthocyanin (Baumlenal, 1994; Keithet al, 1994; Luersseset al,
1998).

LEC genes are required for normal growth during bdth tnorphogenesis and
maturation phases of seed development. Evidence® teen shown thatEC1
participates from beginning of embryogenesis toléte maturation phase (Lotast al,
1998; Harada, 2001). For instan¢d;C1 is required to maintain the fate of embryonic
cells that form the suspensor and to specify thentity of cotyledons and embryonic
leaves in the early embryogenesis, to initiate mathtain the maturation phase as well as
to inhibit premature germination in late embryogasdMeinkeet al, 1994; Westkt al,
1994; Parcyet al, 1997; Lotanet al, 1998). The accumulation dfEC1 mRNA is
restricted to seed development from preglobuldbent cotyledon stage and degenerated
during seed maturation, accumulation of storagerves, and prevention of germination in
immature seeds (West al, 1994; Lotaret al, 1998; Vicientet al, 2000).LEC2 mRNA
accumulates primarily during the maturation phatesaed development, although its
transcript may be present at very low levels ago#tages of life cycle (Store al, 2001;
Kroj et al, 2003; Braybroolet al, 2006).

The functions ofLEC genes inArabidopsisare partly overlap and not completely
redundant, acting as specific central regulatorerobryogenesis. Their expressions are
repressed outside the embryo PWCKLE (PKL), a chromatin remodelling factor (CHD3)
acting in concert with GA to repress embryonictraduring and after germination. In
contrast, loss ofPKL function leads to elevated expression of seedHspegenes,
including LEC1, LEC2and FUS3(Ogaset al, 1999; Dean Rideet al, 2003; Dean Rider
et al, 2004; Hendersoet al, 2004; Liet al, 2005; Zhanget al, 2008). Inpkl mutants,
primary roots are capable of expressing many enmicytraits after germination. The
transcripts folLEC1, LEC2and FUS3 exhibit PKL-dependent repression and they are all
expressed at levels more than 100-folghkhprimary roots (Dean Ridest al, 2003; Dean
Rideret al, 2004).
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Ectopic expression of eithdtEC1 or LEC2 in vegetative tissues can trigger the
formation of embryo-like structures (Lotaet al, 1998; Stoneet al, 2001; Santos-
Mendozaet al, 2005). Moreover, the ectopic expressionL&C1 also results in the
expression oFUS3 and ABI3, which preceded in the induction of SSP (Kagayal,
2005). Additionally, ectopic expression bEC2 induces accumulation of seed storage
proteins and oil bodies in vegetative and reprddeairgan (Stonet al, 2008) such aS3
oleosin andAt2S3albumin inArabidopsisleaves (Santos-Mendogaal, 2005). Similarly,
induction of LEC2 under the control of CaMV35S promoter is suffitiéo cause the
transformation of unfertilized ovule integumentslanots into storage tissues for lipids
and proteins (Stonet al, 2008). More detailed analyses revealed that ¥peession of
LEC1, FUS3and ABI3is also induced by EC2 activation (Toet al, 2006; Stoneet al,
2008).

The phenotypes déc mutants leclandlec? are similar in several ways fos3and
abi3 such as cotyledons partially converted into leavesparous embryos and reduced
desiccation tolerance (Baumledth al, 1994; Keithet al, 1994; Meinkeet al, 1994; West
et al, 1994). In addition, embryonic leaves or cotyleslanf lecl mutants possess
trichromes on the cotyledons, epidermal hairs, iaiee normally produce only on leaves
and stems oArabidopsis(Westet al, 1994; Meinke, 1995). Furthermore, the expression
of FUS3andABI3 is found to be down-regulated in developing s#isjwf thdecl mutant
(Kagayaet al, 2005). Loss of function mutations HEC2 during late embryogenesis in
Arabidopsisproduces cotyledon tips that do not accumulateageoreserves nor acquire
desiccation tolerance, indicating defects in thigaition and maintenance of the maturation
phase (Stonet al, 2008).

Due to pleiotropic, and partially overlapping funeis, ABI3, FUS3, LECANndLEC2
have been considered as master regulators of ssetb@gment (Krogt al, 2003; Kagaya
et al, 2005; Santos-Mendo= al, 2005; Verdier and Thompson, 2008).
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1.2. Plant ET gene family

1.2.1. Discovery and isolation of ETs

EFFECTOR OF TRANSCRIPTION (ET) genes were discavelg using South
Western screens with the aim of isolating transionpfactors important for embryonic
gene regulation (Ellerstronet al, 2005; Ivanovet al, 2008). Several independent
screenings were performed with seed-specific cDN#aties prepared from barley
(Hordeum vulgarg rapeseed Brassica napus and broad beenVicia fabg (M.
Ellerstrom, T. Wohlfarth, P. Wycliffe, L. Rask, HBaumlein, unpublished). The
oligonucleotides used as probes in these approaamprised GARE (Gibberellic Acid
Response Element) region frdf vulgare or sequences ofapApromoter fromB. napus
USP (unknown seed protein) anéB4 (legumin B4) promoters fronV. faba The
screenings resulted in isolation of three protdéios H. vulgare B. napus andV. faba
named as HRTHordeumRepressor of fanscription), BnET Brassica napu€T) and
VIET (Vicia fabaET), respectively. The sequencing and alignmesiilte revealed that
these factors show low but significant similaritgpecially in their carboxy terminal
regions. They share highly conserved cysteine-aauntastructural sequences, designated
ET domains which are present twice in Mefabaprotein (EMBL/GenBank accession
number X97909), four times in th& napusprotein (EMBL/GenBank accession number
AY533506) and three times in thé. vulgare protein. The conserved structure of ET
domains contains a common pattern ggX-Xo-R-C-X-H-K (Figure 1). BLAST
searches also confirmed that, these families aguarto the plant species and have so far
not been found outside plant kingdom (Ravergbsal, 1998; Ellerstromet al, 2005;
Ivanov, 2005; Ivanoet al, 2008). In addition to ET domains, ET factor faesldo not

show any other domain or sequence homology.

Database searches showed that members of ET fapplgar in species belonging to
monocots and dicots as well as lower plants suchmass. A protein found in
Physcomitrella paten@noss) (acession number: PPP_3786_C1 OSMOSS dajamems
to contain only a single domain structure (FiguyeBven though no functional data are
available for thePhyscomitrellaprotein, the presence of a similar domain alsouichsa
distantly related phylum as mosses suggests amutevmdry conservation and therefore
most likely important function in photosynthetiganisms (Ellerstrénet al, 2005).
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1.2.2.ArabidopsisET genes

Similar investigations on th&rabidopsisgenome eventuated in identification of three
supplemental genes with homology to the previodstgctedHRT, BnETandVfET. They
were denominated a&tET1 (At4g26170),AtET2 (At5g56780) andAtET3 (At5g56770).
As their given code numberatET1is located on the fourth chromosome, while theegth
AtET2is detected on the fifth chromosome closAtia T3 (Ellerstromet al, 2005; lvanov,
2005; Ivanovet al, 2008). The sequencing data showed that the CadutifCol) and
Wassilewskaja-2 (Ws) ecotypes are polymorphic wedpect tcAtET1 TheAtET2gene is
an intact coding sequence and identity in both &w Ws, whereadtET3is truncated
version of AtET2 due to lack of the coding region the Zn and DNA binding C-terminal
cysteine repeats (ET domains). Despite this defogie someAtET3 transcript can be
detected by RT-PCR indicating that it might be actional gene (lvanov, 2005; lvanev

al., 2008).

PpET | CALKLLDGT VCPDPPRPDR KRCEAHKGLR
GCsETa VCGVMLEDGS SCLDHPVQGR KRCELHKGRR
GsETb | CEAKKSDNS ACTNKVI SGS KKCQLHNGCK
GsETc | CEALT- DNR CRETI PMAGR ERCDAHEG K
GsETd | CGARASDGS PCKNQPI AGR KRCAMHKGOR
HRTa VCGVMLEDGS SCLEDPMEGR KRCELHKGRR
HRTb LCGWTDNG YCKLEPVI GR ERCEEHRG E
HRTc VCGARASDGS PCKNQPI ARR KRCALHKGQR
Vf ETa | CGVI LDDGS | CSKMPVGKR VRCNEHKGVR
Vf ETbh | CA VLEDGS TCRKEPVKGR KRCHEHKGKR
BnETa VCGVLQEDGT TCLTAPVTGR KRCTEHKGQR
BnETb | CGVI LPEMV RCRSKPVSGR KRCEDHKGVR
BnETc | CEATTKNGL PCTRSAPNGS KRCOWQHKDET
BnETd VCGVKLHNGS VCEKTPVKGR KRCQEHKGWR
At ETla ACGVLLEDGT TCTTTPVKGR KRCTEHKGKR
At ET1b | CGVI LPDM RCRSKPVSRR KRCEDHKGVR
At ET1c LCEATTKNGL PCTRSAPEGS KRCOWQHKDKT
At ET1d | CGFKLYNGS VCEKSPVKGR KRCEEHKGVR
At ET2a VCGVLLEDGG CCl RSPVKGR KRCl EHKGKR
At ET2b VCGVI LPDVE PCNKRPVPGR KRCEDHKGWR
At ET2c FCEATTKNGL PCTRSSPKGS KRCOWQHKEKT
At ET2d ACGVKLGNGL | CERSPVKGR KRCEEHKGWR
Consensus S O CG------- - RG - HK- - -
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Figure 1. Sequence alignments of all known ET domains.

Pp: Physcomitrella patengs Oryza sativaVf. Vicia fabg HRT. Hordeum Repressor of
Transcription fromHordeum vulgargBn: Brassica napusAt: Arabidopsis thalianaThe
order of sequences from amino to carboxyl termiiraivery domain was indicated by a to
d. The consensus pattern GuC-Xg-R-C-X,-H-K was highlighted in yellow and

underlined (Ellerstronet al, 2005; lvanowet al, 2008).

Further analysis oAtET3elucidated a mis-annotation of the exon-intromieein Col
and Ws ecotypes. The third exon of the Ws alledetst20 bp earlier than that in Col
ecotype, as well as 155 bp shoter coding regidhigallele. In addition, the presence of 4
bp duplication at position 602 of the Ws alleleates a frameshift followed immediately
by a stop codon (lvanoet al, 2008). Additional comparison of all thredET genes
revealed the similarity in their genomic organiaati The structure ofAtET genes
comprises three exons separated by two introneesiimilar places. Full lengths AfET1
and AtET2 genes span approximately 1.6 and 1.9 kb, resmdgtiwhile AtET3 is
considerably smaller with 1.0 kb in length (Fig@je

1 a0 207 408 570 161l
aETL —r I
1 102 435 T35 Ban 1853

ALET2 E = l]ﬂ

1 122 234 637 756 993
|

AtET3 h— — r

Figure 2. Structure of the AtET gene family.

Schematic representation of the thAdET genes: exons were indicated by yellow boxes
the ET repeat regions were shown in green. BoHT1andAtET2contain four ET repeatt
the C-terminal coding regions, while AtET3 lacksE¥ repeats (lvanoet al, 2008) The

starting and ending of exons were indicated by abbmumbers.
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Furthermore, the last exons of bodET1 and AtET2 genes are analogous in their
relative lengths and in arrangement of the ET respgemong these thre®tET members,
AtET1 shares the highest level homology to Br®ET (Ellerstromet al, 2005; lvanov,
2005; Ivanovet al, 2008). As corresponding ET factors, their pratetceptAtET3also
specify the conserved pattern G@{C-Xgo-R-C-Xo-H-K at C-terminal regions (Figure 1).

1.2.3. Function ofET genes in plants

Functional analyses in plant cells indicated thR{THargets to the nuclei and can act
as a transcriptional repressor. By interaction vagihacting elements, it represses the
expression from several GA-responsive promotersuding a-amylase Amy1/6-4 and
Amy2/32promoters (Raventost al, 1998). The latter evidences BmET also confirmed
the role of ET factors in gibberellin signalling chdation and cell differentiation.
Transient expression BnET in Arabidopsisprotoplasts showed the repression of GA
induced promoter activity. Further supporting imf@ation has been obtained with a similar
transient expression system basedAaabidopsisprotoplasts. The co-expressionATtET2
driven by a constitutive CaMV35S promoter down-lates GA-responsive GASA4
promoter. These results suggested that ET faatexdvie in modulation of GA responses
(Ellerstréomet al, 2005; Ivanov, 2005; Ivanost al, 2008).

Overexpression ofBnET in either tobacco orArabidopsis plants leads some
deficiencies in early stages of development. Threngetion of green seeds is reduced and
delayed in comparison with wild type seeds. In @ddj the transgenic plants display
severe lack of lignin, accumulation of excessivehadanin, postpone flowering and
dwarf phenotype due to short internodes (Ellerstginal, 2005). In contrast, immature
seeds isolated frorArabidopsisgreen siliques o#t2-1knock out mutant line show strong
precocious germination comparable to the contreldseof fus3-5and wild type Ws
(lvanov, 2005). Furthermore, loss of function AMET2 gene leads to the reduction of
lignin, a reliable maker for differentiation of xgrh tissue. Thet2-1mutant line contained
about 30% less lignin than did wild type, both @aves and in the stems, suggesting that
AtET2is required for differentiation of xylem cells drovet al, 2008).

13
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1.3. Objectives of the thesis

The initial identification of ET factors fronHordeum vulgare Vicia faba and
Brassica napusupposed a function of ET during embryogenesivéRimset al, 1998;
Ellerstromet al, 2005), and subsequently it was suggested th&fTaiactor controls both
maintenance of meristem identity and normal vaschiadles in plants (lvanoet al,
2008). These findings indicated that expressiodfwas not restricted to seed tissues
only. ET transcripts were detectable from variolsnporgans showing the ubiquitous
expression pattern of these factors throughouttplewelopment (lvanoet al, 2008).
Therefore, | have attempted to elucidate the coxpiechanisms by which AtET proteins
act as putative transcription factors during grovethd development oArabidopsis

thaliana
Specific objectives in our research included were:

1. To delineate the structure of AtET factors andrtlideimains responsible for the
molecular functions. Using purified AtET proteinsgattempted to produce specific
antibodies and to characterize binding propertiestBT proteinsin vitro.

2. To determine expression pattern of AtET duringhpzrowth and development by

analyses of promoter activities and transient esgiom in protoplasts.

3. Finally to characterize the function of AtET facdry reverse genetic approaches
and by gain of function. The knock-out of AtETs aheé RNAI lines, as well as

lines that constitutively express AtET were studiredetail for this purpose.

14
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2. Materials and methods

2.1. Materials

2.1.1. Plant materials

Arabidopsis thalianaColumbia-0 (Col) and Wassilewskija-2 (Ws) ecotypesre
obtained from Gene Regulation Group (IPK, Gatemtelisermany) and used throughout

this study as wild type controls and for all geramsfer experiments.

2.1.2. Bacterial strains and phages

Several bacterial strains and phages were useatifferent purposes as DNA cloning,
plasmid DNA amplification, protein expression, glamansformation, and antibody

production.

Bacterial strains Genotype/phenotype and reference

Escherichia colXL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17,supE44lac
[F proAB, lacl9ZAM15, Tn10(te?)], relAl;
(Stratagene, La Jolla, CA).

Escherichia coliSOLR el4(McrA’) A(mcrCB-hsdSMR-mrr)171 sbcC recB
recJ uvrC umuC::Tn5(Kanr) lac gyrA96 relAl thi
endALl R [F' proAB laclgz1M15] C Su;
(Stratagene, La Jolla, CA).

Escherichia colDH5a F, @80dlacZAM15, recAl, endAl, gyrA96, thi-1,
hsdR17(rK-, mK+),supgE44,relAl, deoR
A(lacZzYAargF) U169; (Grant et al, 1990)

Escherichia coliM15 [pREP4] NaP, Str, Rif*, Thi, Lac, Ara’, Gal', Mtl", F, Uvr",
Lon™; (Qiagen, Hilden, Germany).

Escherichia coliTG1 K12, 4(lac-pro), supE, thi, hsdD5/FtraD36, pro
A+B+, Iaclq, lacZ1M15.

Escherichia colHB2151 K12, ara,4(lac-pro), thi/F* pro A:rB+, IaclOI
ZAM15,

Escherichia colDB3.1 F gyrA462endAl A(srl+ecA) mcrB mrr

hsd520(k-, me-) sufE44ara-14 galk2 lacYl
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proA2 rpsL20(Snf) xyl-5 i- leu mtlL
(Invitrogen, Carlsbad, CA)

Agrobacterium tumefaciens (Deblaereet al, 1985)
pGV2260
Agrobacterium tumefaciens (Hilsonet al, 2004)

pGV3101 (pPMP90-pSOUP
Phages
Helper phage M13KO7 GE Healthcare

2.1.3. Enzymes, markers, antibiotics and others

Enzymes:

- EcoRlI, Hindlll, Sphl, Sall, T4 DNA ligasefu DNA polymerase, DreamTag DNA
polymerase, Klenow fragment, Shrimp Alkaline Phadpke (SAP) (Fermentas,
Vilnius, Lithuania). Phusion polymerase (Finnzymiesilaranta, Finland).

- Dnase |, RNase | (Roche, Germany).

Markers

- DNA Smart Ladder (Eurogentec, Seraing, Belgium).

- GeneRule? 1kb DNA Ladder PlusPageRule? Prestained Protein Ladder (Fermentas,
Vilnius, Lithuania).

Anibiotics:

- Ampicillin, carbenicillin, chloramphenicol, gentaom, kanamycin, rifampicin,
spectinomycine, tetracycline (Duchefa, The Nethmati.

- Hygromycin B (Roche, Germany).

Other chemicals

- Dexamethasone, p-nitrophenyl phosphate, Imidazbdigi-poly histidine monoclonal
antibody, Anti-Mouse 1gG alkaline phosphatase, Antuse IgG (whole molecule)
peroxidase conjugate (Sigma-Aldrich, Germany).

- X-gal (5-bromo-4-chloro-3-indolyl-3-D-galactosid@oche, Germany).
- Ni-NTA agarose (Qiagen, Hilden, Germany).
- Salmon Sperm DNA (Stratagene, La Jolla, CA).
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NBT (nitro blue tetrazolium chloride), BCIP (5-brom-chloro-3-indolyl-phosphate-p-
toluidine-salt); Coomassie brillant blue G250, R2Hithiothreitol (DTT) (Serva,
Heidelberg, Germany).

IPTG, Murashige - Skoog (MS) medium basal salt mrixtincluding vitamins and
microelements (Duchefa, The Netherlands).

[a-*P]-ATP, [0-**P]-dCTP (3000 Ci/mmol) (Hartmann Analytic, Braunschweig,
Germany).

Biorad protein assay reagent (Biorad LaboratoNgsichen, Germany).
GelCode blue stain reagent (PIERCE, USA).
Silwet L-77 (Lehle Seeds, USA).

Sucrose, glucose, rotiphorese gel 30, triethylamswium hypochlorite, tris-base,
yeast extract, glycerol, glycine (Carl Roth, Gergjan

Membranes

Nitrocellulose membranes (Schleicher & Schuell,rEry).
Hybond N+ membrane (Amersham Biosciences, Unitegjom).

Spectra molecularporous membrane tubing (Spectrinoiatories, Inc., USA).

2.1.4. Commercial kits:

GeneJET plasmid miniprep kit, GeneJET gel extractkd, RevertAid first strand
cDNA synthesis kit, DNA labelling kit (Fermentasinfus, Lithuania).

ECL Western blotting detection regeagents kit (Asham, United Kingdom).

RNeasy kit, QIAquick PCR purification kit, QIAquickel extraction kit, Qiagen
plasmid purification mini and midi kit (Qiagen, Hén, Germany).

TA cloning® kit dual promoter, Zero BlufitTOPO Cloning kit, pPENRT™ Directional
TOPO Cloning kit, Gatew&yBP clonase |l Enzyme mix, GatewayR clonase II
Enzyme mix, SuperScript Il kit, SuperScript Ill kihvitrogen, Carlsbad, CA).

SYBR-GREEN PCR master mix (Applied Biosystems, ediKingdom )

Dynabeads mRNA direct kit (Dynal Biotech, Norway)
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2.1.5. Vectors

Various vectors were used for DNA amplificationofgin expression irk. coli,

cloning genes into plants and other purposes.

Vector Features Reference or source
pCR°lI Ampicillin', Kanamycih Invitrogen, Carlsbad, CA
pCRP4Blunt-TOPO  Ampicillin', Kanamycih Invitrogen, Carlsbad, CA
pENTR™/D-TOPO  Kanamycinh Invitrogen, Carlsbad, CA
pQE30 Ampicillin’ Qiagen, Hilden, Germany
pBlueScriptSK Ampicillin’ Stratagene, La Jolla, CA
pDONR201 Kanamycir, gateway donor vector Invitrogen, Carlsbad, CA
pDONR207 Gentamicifh gateway donor vector Invitrogen, Carlsbad, CA
pDONR223 Spectinomycih gateway donor vector Invitrogen, Carlsbad, CA
pKGWFS7.0 Kanamycir, gateway binary vector ~ VIB, Ghent, Belgium

pGKGWG (N9831)
pGBGWG (N9837)
pAGRIKOLA
p35S::R1IR2AGR

Kanamycin, gateway binary vector ~ NASGlottingham UK
Basta, gateway binary vector NASG®Glottingham UK
Basta, gateway binary vector (Hilscet al, 2004)
Kanamycin, gateway binary vector (Baudey al, 2004)

2.1.6. Primers and oligonucleotides

Oligonucleatides for binding experiments(EMSA)

Oligonucleotide name Sequence 5’-3’

0.1 GCATGAACGTCACGTGGACAAAGGTA
0.2 TTCTGTCACACGTGTTACTCTCTAAGCT
0.3 TTGCTGCTACACGTATATAAGAAAAGCT
0.4 GCATAGCTGGCAAATGCTCATAGGTA
0.5 GCATGAACGTAGCGCAGACAAAGGTA
0.6 GCATGGACAAGACGTGGACATAGGTA
0.7 TCTCCTGCTACGCCTATATAAGACCA
0.8 TCATCCTGCCGGTCGCGCTCAGGCT
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0.9 GTATGTAGCGTTCGTTGGAGCTAGGA

0.10 GCATAGCTGGACATACCTCATAGGTA

Primers for PCR and sequencing

Primer name Sequence 5’-3’ Sourcer Tm (°C)
ACT2-F TCGGTGGTTCCATTCTTGCT 56.8
ACT2-R GCTTTTTAAGCCTTTGATCTTGAGAG 54.7
Agri51 CAACCACGTCTTCAAAGCAA 53.8
Agri56 CTGGGGTACCGAATTCCTC 54.8
Agri64 CTTGCGCTGCAGTTATCATC 54.3
Agri69 AGGCGTCTCGCATATCTCAT 55.8
GET1-F1 GTTTCCTTCGCCGTCGTGTT 58.0
GET1-F2 TGTTCACCATGTTCAAGAGAGACG 57.0
GET1-R1 GACCCTGGAAGGCTCCTTGG 60.0
GET1-R2 GAAACATAGATCGGGCGAAACC 56.5
GET2-F ATGGAATTCGGCGACGGCG (lvanovet al, 2008)
GET2-R TGCTCTTCACATCTCTTACGTCCTTTTA 57.6
LBal TGGTTCACGTAGTGGGCCATCG 61.5
XR2 TGGGAAAACCTGGCGTTACCCAACTTAAT 61.9
ET1-RT-F1 ATGTTCAAGAGAGACGACTACATTC 54.4
ET1-RT-F2 CTGATGCTGCTGAGAAGGAG 55.3
ER1-RT-R1 GAAACATAGATCGGGCGAAACC 56.0
ET1-RT-R2 ATCACGTTCTGTTGGGTTCA 54.3
pQET1-F ACATGCATGCTTCAAGAGAGACGACTACATTC 61.3
pQET1-R ACGCGTCGACAGATGTGATTCTCATCC 62.0
pQET2-F ACATGCATGCGAATTCGGCGACGGCGTT 68.0
pQET2-R ACGCGTCGACGGTGATTCTCATTCCCTT 64.9
Uvpl GCTGATGTCAAAATCATCATG (lvanovet al, 2008)
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Uvp2 TCAATGTTTCAACGACCAGAAG (lvanovet al, 2008)
Uvp3 CCCGGGCTTGATAATGTCTCCGCA (lvanovet al, 2008)
Uvp4 ATGTCTTGTCCGGGTCTGTATGAG (lvanovet al, 2008)
Uvp5 GATATCGTTAAGGTTGTTAACAT (lvanovet al, 2008)
Uvp6 CAGATCCAGCAAATTGATGTA (lvanovet al, 2008)
Uvp7 TCAATGTTTCAACGACCAGAAG (lvanovet al, 2008)

Primers for gateway cloning

Primer name Sequence 5’-3’ TMQ)
ET1-F ATGTTCAAGAGAGACGACTACATTCGA 57.3
ET1-R GAGATGTGATTCTCATCCCCTTGTG 57.0
ET2-F ATGGAATTCGGCGACGGCGT 61.0
ET2-R GGGTGATTCTCATTCCCTTATGCTC 58.3
pfET1-F CAAGTGAATAATCAATGCCTGGTTCAGA 57.4
pfET1-R AGATGTGATTCTCATCCCCTTGTG 53.2
pfET2-F TGAAGGAAGAGACAATGGTGTG 57.5
pfET2-R GGTGATTCTCATTCCCTTATGCTC 57.3
proRT2-R TTCGATAAAACCGATGATATAGTG 52.5
iET1-F AAGCCAAAGATTCTGATAGGAGCCA 58.1
iET1-R TGGAAGCGAATTACTCTCCTTCTCA 57.5
i2ET1-F GATGGTACTACTTGCACTACAACT 54.3
i2ET1-R GGATTTGTCCTCATTGACGGCTTTA 57.4
iIET3-F GCATTCTCCAAATGGCGGAATC 56.0
IET3-R TGAGTATCCTTCCGAGAATATGTC 53.6

Every forward primer and reverse primer contairesdtditional attB1-recombination
site ggggacaagtttgtacaaaaaagcaggct and the attB@ypaation site
ggggaccactttgtacaagaaagctgggt at the 5’ ends,ctesgg.
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Primers for realtime PCR

Primer name Sequence 5'-3 TAC)
gET1-F TGCGAGGATCACAAGGGAATGAGA 60.0
gET1-R CGGCTTTATCACGTTCTGTTGGGT 59.6
qET2-F GTTTCCTTCGCCGTCGTC 56.5
gET2-R CACCATCTTTTCCGTTTTTGA 52.6
UBQ10-F CACACTCCACTTGGTCTTGCG 58.5
UBQ10-R TGGTCTTTCCGGTGAGAGTCTTCA 59.6

All oligonucleotides and primers were obtained froletabion (Martinsried,
Germany), MWG Biotech Company (Ebersberg, Germaylpvitrogen (Carlsbad, CA).

2.1.7. Solutions and buffers

EMSA

2X binding buffer

6X EMSA loading buffer

TES buffer

10X TBE buffer

HEPES pH 7.9
Tris-HCI pH8.0
EDTA pH 8.0
Glycerol
DTT

Bromophenol blue
Xylene cyanol
Sucrose

Tris-HCI
EDTA

NaCl

Adjust topH 7.9

Tris-base
H3BO3

EDTA
Distilled water

20 mM
16 mM
0.5 mM
20%

2 mM

0.25% (w/v)
0.25% (w/v)
40% (w/v)

10 mM
1 mM
300 mM

108 g
55¢
8.8¢
up to 1000 ml
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GUS expression

GUS-staining solution

Extraction of plant genomic DNA

Extraction buffer

RNA gel electrophoresis

10x MOPS buffer

Loading buffer

Sodium phosphate buffer (2)7.1 M

Fe(CN)
Fe(CN}
Tween 20
X-Gluc

Tris-HCI pH 7.5
NaCl

EDTA pH 8.0
SDS

MOPS
NaOAc
EDTA
pH 5.5-7.0

Formamide, deionized
Formaldehyde
Glycerol

Xylencyanol
Bromophenol blue
Ethidium bromide

In 1x MOPS buffer

Purification and dialysis of proteins

Suspension buffer

Guanidine lysis buffer

Urea lysis buffer

Tris-HCI pH8.0
EDTA pH 8.0

Guanidine hypochloride
NaHPO,
NaCl
Adjust topH 7.8

Urea
NaH,PO,
NacCl
Adjust topH 7.8

0.5 mM
0.5 mM
0.1%

2 mM

0.20M
0.25 M
25 mM
1%

0.2M
0.05M
0.01 M

50%
6.5%
20%
0.2%
0.2%
0.005%

20 mM
1mM

6M
20 mM
500 mM

8M
20 mM
500 mM
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Native washing buffer Imidazole 20 mM
NacCl 500 mM
Tris-HCI 20 mM

Adjust topH 8.0

Native elution buffer Imidazole 250 mM
NacCl 500 mM
Tris-HCI 20 mM

Adjust topH 8.0

10X PBS buffer KH.PO, 0.02 M
NaHPO, 0.08 M
NacCl 15M

Adjust topH 7.5
SDS-PAGE and Western blot

SDS running buffer Tris-base 25 mM
SDS 3.5mM
Glycine 192 mM
Transfer buffer SDS running buffer supplemented 208thanol
5X SDS loading buffer Tris-HCI pH8.0 250 mM
Glycerol 25% (w/v)
SDS 7.5% (w/v)
Bromophenolblue 0.25 mg/ml
Mercaptoethanol 12.5% (v/v)
Roti-Block buffer (Carl Roth, Germany)
4X Marvel buffer Tris-HCI, pH 7.8 80 mM
NaCl 720 mM
Coomassie stain solution Coomassie brilliant blaéR  0.2% (w/v)
Coomassie brilliant blue G250 0.006% (w/v)
Acetic acid 10% (v/v)
Methanol 30% (v/v)
Ethanol 17.5% (v/v)
Coomassie destaining solution ~ Methanol 40% (v/v)
Acetic acid 10% (v/v)
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TBS buffer

TBST buffer

ALP substrate buffer

Macroarray

Church-Gilbert buffer

5x RT buffer

Elution buffer

20xSSC buffer

Alexander staining solution

Tris-HCI pH8.0
NacCl
Adjust topH 7.4

20 mM
180 mM

TBS supplemented with 0.1% Tween 20

Tris-HCI
NacCl
MgCl,
Adjust topH 9.5

NakPO,
NaHPO,
EDTA
SDS
BSA
Adjust to pH 7.2

Tris-base

KCI

MgCl,. 6H,0
Adjust topH 8.3

EDTA
Adjust to pH 8.0

NaCl
Tri-sodium citrate
Adjust topH 7.0-8.0

Ethanol 95%

Malachite green solution
(1% in 95% ethanol)
Fuchsin acid (1% in water)
Orange G (1% in water)
Phenol

Chloral hydrate

Glacial acetic acid

100 mM
100 mM
5mM

05M
05 M
1mM
7%
1%

250 mM
250 mM
50 mM

2 mM

0.3 M
0.03

10 ml
1ml

5ml
0.5 ml

59

2 ml
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DAPI staining solution

2.1.8. Media

For bacteria and phage:All media were sterilised by autoclaving.

- M9 medium

After autoclaving the following sterile solutioneve added:

- SOC medium

Glycerol
Distilled water

Nonidet P-40
DMSO
PIPES
EGTA

DAPI

NaHPO,
KH,PO,
NaCl
NH.CI
Adjust topH 7.4

1M MgSQ,
20% glucose
1M CaC}

Yeast extract
Tryptone
NacCl
KCI
Distilled water
Adjustto pH 7.0

After autoclave add 1 ml of 2M glucose solution

- LB medium:

Yeast extract
Tryptone

NacCl

Distilled water
Adjust topH 7.5

Add 15g Bacto agar per litre for solid medium

25 ml
50 ml

0.01%
10%
50 mM
5 mM
1 mg/ml

0.6%
0.3%
0.05%
0.1%

0.1%
1%
0.01%

59
209
0,58 g
0,186 g
up to 1000 ml

59
10 g
109
1000 ml
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- YEB medium

Beef extract
Yeast extract
Peptone
Sucrose
Distilled water
Adjust topH 7.0

After autoclaving, add 2 ml of sterile 1M Mgg€blution.

- 2X TY medium

Tryptone
Yeast extract
NacCl
Distilled water
Adjustto pH 7.0

Add 15g Bacto agar per litre for solid medium

- TYE medium

Plant culture and transformation:

- MS medium:

Tryptone
Yeast extract
NacCl

Distilled water
Adjustto pH 7.0

MS including vitamins
Sucrose

Distilled water

Adjust topH

Add 15 g Bacto agar per litre for solid medium

- Infiltration medium forArabidopsisplant transformation:

MS including vitamins
Sucrose

Silwet L-77

Distilled water

Medium was prepared freshly and not necessary sidvdised

59
19
59
59
up to 1000 ml

169
10g
59
up to 1000 ml

1049
59
8¢
1000 mi

469

309

up to 1000 ml
5.8

2.30¢

50¢

0.5 ml

up to 1000 ml
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2.2. Methods

2.2.1. Basic cloning methods and sequencing

The basic molecular cloning methods such as enzgndégestion, DNA ligation,
DNA and RNA gel electrophoreses were performed ricog to the standard protocols
(Sambrook and Russell, 2001). DNA fragments weo&isd and purified from agarose
gel by QIAquick gel extraction kit (Qiagen, Hilde@ermany) and GeneJET gel extraction
kit (Fermentas, Vilnius, LithuaniaPNA sequences were determined at the Institute of
Plant Genetics and Crop Plant Research (IPK, Gabens, Germany) or commercially by
MWG Biotech Company (Ebersberg, Germany). Plasmitlaetions and purifications
were done using Qiagen Plasmid kit and Fermentased&el plasmid miniprep kit

according to the protocol recommended by the matwfas.

Transformations oE. coli and A. tumefaciensvere carried out by using the heat
shock procedure (Sambrook and Russell, 2001) amekzdérthaw method (Weigel and
Glazebrook, 2002), respectively.

2.2.2. Domain swapping

The wild-type UvrC promoter and gene were amplifiexm Escherichia colDH5a
using Uvpl and Uvp3 primers and were cloned intdRpQ vector. To express the
chimeric UvrC protein containing the AtET2 GIY-YI@main, theE. coli UvrC promoter
was amplified using Uvpl and Uvp2 primers. The aoopl was inserted into pCR2.1 and
the resulting plasmid was linearized by Smal restm. The coding sequence for the
AtET2 GIY-YIG domain, either with or without the R>mutation, was amplified by Pfu
polymerase with Uvp4 and Uvp5 primers to ensurduatlended product. The amplicon
was inserted into the linearized vector downstredirthe UvrC promoter. The resulting
construct was linearized by EcoRV digestion and hgaded to the remainder of the UvrC
coding sequence amplified with Pfu polymerase udihgg6 and Uvp7 primers. The

fidelity of both constructs was confirmed by reseging.

2.2.3. Complementation assay

E. colistrain SOLR (Stratagene, La Jolla, CA) was usedhfe complementation test.
Cells carrying either the empty vector, tBecoli UvrC gene, the chimeric UvrC protein
containing either the wild-type or R>A mutated AEEGIY-YIG domain were grown until
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the mid-exponential phase (OD=0.6) in LB containb@ug/ml ampicillin. Cells were
harvested by centrifugation at 5000 rpm for 10 atid°C, washed twice and resuspended
in M9 medium. A volume of 4 ml cell suspension wemsferred to a 70-mm diameter
Petri dish, producing a <2-mm-deep liquid layeradiiation was applied with a 4-W UV
lamp (254 nm) from a distance of 90 cm in a dadwdor 5, 10, 20, 40 or 60 seconds. At
each time point, 100l cell suspensions were diluted in M9 medium, amyigal rate after

irradiation was compared to that of the non-irrsetiassample.
2.2.4. Bacterial expression and purification of fusn proteins
2.2.4.1. Protein expression

The sequences encoding for AtET1 and AtET2 protee amplified by PCR-based
method fromfull length cDNAs and cloned into the expressiorttee pQE30 (Qiagen,
Hilden, Germany) at the Sphl and Sall sites. Thetoreprovidesa region encoding for
HIS tag sequence to fusion proteins to allow peation by Nf* affinity chromatography.
AtET-pQE30 constructs were transformed irffo coli strain M15 (Qiagen, Hilden,
Germany) carrying its pREP4 plasmid. The expressiofusion proteins is controlled by
T5 promoter, which is induced by addition of a ghbié amount of IPTG to the bacterial

cultures.

Small scale screening of protein expression:

For small-scale expression, starter cultures werginely set up in 2 ml of LB
medium containing both ampicillin (50 mg/l) and kamycin (50 mg/l) with a single
colony picked off of transformants. The culturesrevegrown at 37C to the mid
logarithmic phase (the Qg reached around 0.5) and could be used immediatedyored
overnight at 4C.

Small cultures were performed by inoculating 10Ul medium supplemented with
200 pl of starter cultures and the appropriate aitfipiand kanamycin. The cultures were
incubated at 3 with vigorous shaking at 200 rpm. Once theggDf bacterial cultures
reached around.7 protein synthesis was induced by the additiolfP®G into medium at
final concentration of 1.0 mM. The cultures werertier incubated at different

temperatures for protein synthesis. After expresdioe bacterial cells were harvested by
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centrifugation at 8000 rpm for 5 minutes &C4and resuspended in 200 - 300ul of

suspension buffer.

The induced bacterial cells were disrupted by stirécation for 80 seconds (5
seconds burst and 5 seconds cooling) on ice fotlolyecentrifugation at 12000 rpm for
10 minutes at %C. The supernatants containing recombinant protei® collected and
used for further analysis by SDS — PAGE and Wedikrn

2.2.4.2. Protein purification:

The recombinant proteins expressed in pQE veceoparified by their His tag, which
binds onto nickel-nitriloacetic acid (Ni-NTA) afity resin (Qiagen, Hilden, Germany)
according to the instruction of the manufactureghdiligh AtET proteins were expressed as
soluble form, they could only be purified under deming conditions or hybrid conditions.
The procedure was the same for both AtET proteiite wnly minor difference in the
volumes of culture depending on the expressionll@ferecombinant proteins. The
bacteria were grown at 3D in 1.5 and 2 litres for AtET1 and AtET2 purifigats,
respectively. At the end of the induction periode tbacterial cells were harvested by

centrifugation at 6000 rpm for 15 minutes.

The bacterial pellet was resuspended in 20 ml®§lpuffer containing 8 M urea or 6
M GuHCI and disrupted by sonication (Vibra cell 8sn& Materials, Schitt) on ice for a
total of 8 minutes (5 seconds burst and 5 secoodbing). Subsequently the sample was
centrifuged at 12000 rpm for 30 minutes %€ 4nd the supernatant was collected as crude
extract for protein purification. The supernataoitaining soluble AtET protein was
loaded onto a column previously equilibrated frormRof 50% slurry of Ni-NTA. The
column was washed with two bed volumes of lysisfdsu€ontaining 8M urea, four bed
volumes of native washing buffer and finally theubd AtET protein was eluted in 10 ml
of elution buffer containing 250 mM imidazole.

The purified AtET protein was dialysed against 18SPpH 7.5 buffer in membrane
tubing with molecular weight cut-off (MWCO) of 12044000 dalton (Spectrum
Laboratories, Inc., USA) and further concentrategolyethylenglycol 6000 (Carl Roth,
Germany). Protein concentrations were spectrophetiocally determined according to

29



Materials and methods

Bradford’'s method (Bradford, 1976) using a standewmdve of bovine serum albumin
(BSA). The purity of proteins was analyzed by denag SDS-PAGE and Western blot.

2.2.5. Western blot analysis
2.2.5.1. Bacterial protein extracts

Bacterial proteins were prepared by mixing one n@uwf protein solution with one
volume of 2X SDS loading buffer and denatured &iCOfor 5 minutes. Proteins were
separated on 12% SDS-polyacrylamide gel followigttansferring onto nitrocellulose
membranes (Schleicher & Schuell, Germany) in temisfiffer for two hours or overnight.
The membrane carrying proteins was treated with-Block buffer (Carl Roth, Germany)
for an hour at 3. Detection of HIS tag fusion proteins was iniiaperformed by
incubating the membrane with the primary monoclanaibody anti-polyhistidine from
Sigma. The membrane was then incubated with thenseanti-mouse-ALP antibody
(Sigma) for an hour at room temperature. The sgynare visualized by additions of NBT
and BCIP at concentration of 0.33 mg/ml and 0.1@@nmh respectively, as substrates for

alkaline phosphatase.

2.2.5.2. Plant protein extracts

Leaves ofArabidopsisplants were harvested in a 1.5 ml microcentrifugge and
immediately frozen in liquid nitrogen. Homogenizeatiof the samples in SDS buffer was
performed by using an electric drill Eurostar (IK&ermany) fitted with a micro pestle.
Total soluble proteins were collected in the sugtmt phase after centrifugation and then
determined concentration by Bradford’s method. $bkeible proteins were separated in a
denaturing SDS-polyacrylamide gel and transferretio onitrocellulose membrane as
described above. Unspecific sites on the membraere blocked by 5% non-fat dry milk
in 1X Marvel buffer (blocking buffer) for 2 hour§he membrane was incubated with
9E10 anti c-myc monoclonal antibody (produced att®dntibody group, Department of
Genetics, IPK, Gatersleben, Germany) diluted 1rbblocking buffer for 2 hours at room
temperature. Afterward the membrane was washeoh&stfor 5 minutes each with 0.5%
non-fat dry milk in 1X Marvel buffer before inculia with anti mouse IgG (whole
molecule) peroxidase conjugate (Sigma) diluted @00D0In 1X Marvel buffer containing
0.5% non-fat dry milk for an hour at room temperatiAfter three final washes with 1X
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Marvel buffer carrying 0.5% non-fat dry milk, 1 @with 1X Marvel buffer and 1 time
with PBS for 10 minutes each, the membrane wasresltachemiluminescence with ECL
Western blotting detection kit (Amersham) for 1 otmand exposed to an autoradiografic

film (Hyperfilm ECL, Amersham Biosciences).

2.2.6. Electrophoretic mobility shift assay (EMSA)

Oligonucleotides (25 - 28 bp) for binding assaysrevebtained from Metabion
(Martinsried, Germany) as single strands and pegpas a protocol described by Ménke
(Monke et al, 2004). They were generated by heating complemeptagonucleotides in
TES buffer for 5 minutes and slowly cooled downréem temperature to allow perfect
annealing. The double-stranded DNA oligomers weneldied in pBluescrip SK+ vector
and digested with EcoRI and Hindlll enzymes. Thegedted fragments were end-filled
with [a-*?P]-ATP (3000 Ci/mmol) (Hartmann Analytic, Braunsaig; Germany) using

Klenow fragment (Fermentas, Vilnius, Lithuania).

DNA binding reactions were performed in a final wole of 24ul containing 2x
binding buffer, 0.8 - 1.Qig purified AtET proteins, ig bovine serum albumin andu2 of
labelled oligonucleotide. The mixtures were inceblaat room temperature for 30 minutes
for binding reactions. Free and bound DNAs wereasspd on 6% non-denaturing
polyacrylamide gels, which were run at a constaitige of 100V in 0,5X TBE buffer in a
cold room (about ®). Shifted bands on polyacrylamide gels were exgd® imaging
plate (Fuji photo film) for 1 to 2 hours and visaad using Fujifilm FLA 5000 (Fuji,
Japan) and Image Reader FLA 5000 program.

2.2.7. Plant culture and genetic manipulation
2.2.7.1. Plant growth and harvest

Arabidopsisseeds were sterilized in 70% (v/v) ethanol for bmutes followed by
sodium hypochloride solution containing 0.05% tit§-100 for 10 minutes. After three
washes with sterile double-distilled water, theyrevsown on agar-solidized medium
consisting of Murashige and Skoog (MS) salts (Dieh&he Netherlands), 1% sucrose
and appropriate vitamins in round Petri dishesiuZes were maintained in growth room
set at 22C with a 16h photoperiod and light intensity of Atplm?s™.
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2.2.7.2. Extraction of genomic DNA

The rapid genomic DNA extraction from plants wasf@ened according to the
protocol described by Edwards (Edwarelsal, 1991). Leaf tissues (~ 200 mg) were
ground in liquid nitrogen into fine powder and seisged in 800 pl of extraction buffer.
The suspension was centrifuged for 10 minutes ktsfpeed in microcentrifuge and
extracted with an equal volume of phenol:.chlorofoBabsequently, the supernatant was
collected into a new tube for precipitation of DN supplement of 600 ul of isopropanol.
DNA was collected by centrifugation for 10 minutesshed in 70% ethanol, and allowed
to briefly air dry before resuspending in 100 platter or TE buffer. The concentration of
DNA solution was determined by NanodfoplD-1000 spectrophotometer (NanoDrop
Technologies Inc., USA).

2.2.7.3. Stable transformation ofArabidopsisplants

Transformation ofArabidopsis thalianawas performed as a standard protocol
described by Clough and Bent (Clough and Bent, 1998nts ofA. thalianaCol and Ws
ecotypes were cultivated under short day condit{@lsours photoperiod) and transferred
to long day conditions (16 hours photoperiod) amidweed to grow to the stage of
inflorescence. The emerging bolts of plants weippeld to induce growth of multiple

secondary bolts for having more unopened florakbud

Agrobacterium tumefaciersdrains pGVv2260, pGV3101 carrying the genes @frast
were cultured in LB medium supplemented appropratébiotics at 28 overnight.
Bacterial cells were harvested by centrifugatiod sesuspended in the infiltration medium
to obtain an Okyo of 0.7 to 0.9. To increase transformation efficigrSilwet L-77 (Lehle
Seeds, USA) was added to the bacterial suspensitretfinal concentration of 0.005%.
Inflorescences were submerged into #thetumefacienssuspension in a beaker for 5
seconds. Plants were placed on their side and edweith plastic wrap for 24 hours to
maintain high humidity and could be set uprighéatt day. Seeds were harvested from dry
siliques, sterilized and germinated onto selecti@dium. The insertions of transgenes in
Arabidopsisplants were verified by PCR.
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2.2.7.4. Inducible treatment ofArabidopsisplants

Arabidopsisseedlings were grown on MS medium for two weekdescribed in
section 2.2.7.1. For treatments with DEX, seedliceysying theAtET-GR transgenes were
either frozen in liquid nitrogen immediately (O mdDEX) or placed in MS liquid medium
containing 30 uM DEX (dissolved in ethanol) for @, 24 and 48 hours with gentle
shaking. Nontransgenic seedlings (wild type plamtsje treated similarly with DEX as
control. Treated seedlings were collected at differtime points and frozen in liquid

nitrogen and afterward stored at °80

For analysis of root growth and development, seddsansgenicAtET-GR plants
were sown on MS medium in the absence and presd#nb@ uM DEX. After two weeks

growing on permanent induction, roots were coll@eted stored for further analyses.

2.7.7.5. Transient expression of AtET-GFP fusionsiprotoplasts

The mesophyll protoplasts froArabidopsisecotype Col were prepared in high purity
as a protocol previously described (Tiwatial, 2006). Full lengths oAtET1and AtET2
genes were amplified together with their promotions using pfET1-F, pfET1-R and
pfET2-F, pfET2-R primers, respectively. The produatere introduced into pGKGWG
(N9831) and pGBGWG(N9837) vectors (NASC, Nottingham, UK), respectively
gateway cloning technique (Invitrogen, Carlsbad,).CAbout 10 pg plasmid carrying
AtET-GFP fusion was transfected inkgabidopsisprotoplasts. The vector without ccdB
cassette was used as a positive control. Afterc2dtiare at 28C in dark, the GFP signals
were observed by confocal laser scanning micros(@ph8M Meta, Zeiss, Jena, Germany)
at Structural Cell Biology groups, IPK, Gatersleb@he Egfp was excited at 488 nm
wavelengths by an argon laser and detected betd@®and 520 nm wavelengths.

2.7.7.6. Functional promoter assay

The upstream region (1695 bp) AIET2 gene was amplified with proof reading
polymerase enzyme using pfET2-F and proET2-R psmEor transcriptional fusion of
promoter region to GFP-GUS reporter gene, the t@s$uproduct was cloned into
pKGWEFS7.0 vector (VIB, Ghent University, Belgium3ing gateway cloning technique
(Invitrogen, Carlsbad, CA).
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Histochemical GUS assays for GUS activityAmabidopsistransgenic plants were
carried out according to the protocol describedOinweng and co-workers (Cherg al,
2003). Plant samples were incubated &iC3for at least 12 hours in GUS buffer added
with 1 mM 5-bromo-4-chloro-3-indolyl 3-D-glucuror@d(X-gluc). To clear chlorophyll
from the green tissues, the stained plant sampdes wicubated overnight in 70% ethanol
at £C and then kept in 95% ethanol. GUS staining wasented and recorded by Zeiss
SteREO and Axioplan2 microscopes at Gene regulagimup. The GFP signal was
visualized as indicated in section 2.7.7.5 at $tma¢ Cell Biology group, IPK,

Gatersleben.

2.2.8. Quantitative real time PCR experiment
2.2.8.1. RNA extraction

Arabidopsisseedlings under experimental conditions were Is@deand immediately
frozen in liquid nitrogen. Total RNA was isolatewrm 100 mg grounded plant material
using RNeasy Plant Mini Kit as described in the nfaature’s protocol (Qiagen, Hilden,
Germany). Isolated RNA in DEPC-treated water (3Q4h0was digested with RNase-free
recombinant DNase | (Roche, Mannhein, Germany) #xlude genomic DNA
contamination. Degradation of the RNA was checked ronning a denaturing
formaldehyde agarose gel (1% v/v) according to Saokband Russell (Sambrook and
Russell, 2001). The concentration of total RNA waantified prior to cDNA synthesis by
Nanodroff ND-1000 spectrophotometer (NanoDrop Technologies., | USA) at a
wavelength of 260 nm. Purity of RNA was assessethbyratio of the absorbance values

at 260 nm and 280 nm, wherein a ratio of aboutwa® considered a good indication of

purity.
2.2.8.2. cDNA synthesis

The first trand cDNA was synthesized by reversadtaption from cleaned total
RNA using RevertAid H Minus First Strand cDNA syefiis Kit (Fermentas, Vilnius,
Lithuania). 1pg of total RNA and 1pul oligo(di)primer wereadded to each tube to obtain
a total volume of 11 pl. Priming was carried ou7@C for 5 minutes, then rapidly cooled
on ice. Thereafter, 1 ul of ribonuclease inhibi@® units/pl), 2 pl of 20 mM dNTP mix
and 4 pl of 5X RT buffer were added to each reactibe. The reaction mixture was
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incubated at 3 for 5 minutes and supplementedull of Reverse transcriptase (200
units/ul), followed by placing at 42 for an hour. For inactivation of the enzyme attiv
the reaction mixture was heated af@Gor 10 minutes and finally stored at °@0for

further uses.

2.2.8.3. Real time PCR

cDNAs from the treatedrabidopsisand wild type plants were used in the real time
PCR experiment. Real time PCR was performed ilABle7900 HT (Applied Biosystems,

USA), using default thermocycle program for all gen

50°C for 2 minutes
95°C for 10 minutes
95°C for 15 second

i 40 cycles
60°C for 1 minute

Individual real time PCR reactions were carried outa 384-well clear optical
reaction plate (Applied Biosystems, USA) with 10fpnkl volume per well. Each sample

was run in triplicate for each gene to be assaybd. components of a reaction were as

follow:
Components Volume Working concentration
2X SYBR Green PCR master mix 5ul 1x
Primer mix 1l 50 mM (each primer)
Template 0.1 pl 25 ng
Water 3.9 ul
Total 10 pl

Arabidopsisubiquitin (UBQ10, At4g05320) was used as a reference gene foeall r
time PCR experiments.

2.2.8.4. Real time PCR data analysis

There are several methods of reporting quantitageme expression including
presentation data as absolute or relative expmeskEvels. Relative gene expression

presents the data of the gene of interest rel&tig@me calibrator or internal control genes.
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A widely used method to present relative gene esgioa is the comparativer@ethod
also referred as™?“' method orAACt method (Livak and Schmittgen, 2001; Xiosigal,
2006; Schmittgen and Livak, 2008; Yuanal, 2008).

In this method, a house-keeping gene for instafgguitin (UBQ) was used as the
endogenous reference gene for target genes. TAevéat analyzed using an equation

-AACt _
2 - (Ct target gene— Ct hp gena time x — (Ct target gene— Ct hp geng time 0

Fold change =2*“!
Where hp = house-keeping

time x is any time point and timeepresents the 1x expression of target gene
normalized to house-keeping gene.

For the 2**“* calculation to be valid, the amplification effiniges of the target and
the endogenous reference must be approximatelyl.eyomplification efficiencies can be
established by completing replicates of the saraeti@ns using a dilution series of cDNA
as templates.

2.2.9. Macroarray experiments
Isolattion of MRNAs

Three differentArabidopsis plant samples were used in macroarray experiments
including homozygous\tET1:GR, homozygou&AtET2:GR and wild type plants. After 2
weeks growing on solid MS medium with and withoppeopriate antibioticsArabidopsis

seedlings were collected and immediately frozdiguid nitrogen for isolation of RNAS.

Total RNA was extracted frorArabidopsisplants by using RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) following the manufactiggrotocol for small-scale RNA
isolation (see 2.2.8.1). Purification of mMRNAs fraatal RNA preparation was performed
using oligo (dT)s Dynabeads (Dynal, Oslo, Norway) as described leyntanufacturer.
mRNAs carrying their poly(A) tails were captured onto oligo (¢3)Dynabeads while
nonbinding RNAs were washed away. The mRNA - olid®),s Dynabeads complexes
were subjected to cDNA synthesis.

cDNA synthesis and labelling
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First-strand cDNAs were synthesized directly on thagnetic beads by reverse-
transcriptase PCR (RT-PCR) using oligo (@Tpynabeads as primers. A reaction was
carried out in 1x RT buffer containing 50 mM Tri€cH 50 mM KCI, 10 mM MgdCJ, 50
units of ribonuclease inhibitor, 1 mM DTT and 0.MndNTPs in a final volume of 50 pl.
The reaction was preheated af@Zor 2 minutes for primer extension and subsedyent
added with 1 pl of reverse transcriptase and palizeé at 42C for an hour. After
synthesis of first-strand cDNA, the magnetic beadse washed twice with elution buffer
at 95C for 2 minutes in order to denature poly{RNA, which was removed from the
first-strand cDNA couped to Dynabeads by magnetmasation. cDNA was used as the
template in labeling reaction using Klenow polynseraand ¢-*?P]-dCTP (Hartmann

Analytic, Braunschweig, Germany).
Hybridization

REGIA (Regulatory Gene Initiative ifrabidopsi3 consortium filters containing
1200 transcription factors were pretreated by wagsim 0.1x SSC, 0.1% SDS (w/v) for 15
minutes at 6%C and subsequently denatured in 0.4M NaOH, 0.1% B8W8). After
washing twice in 6x SSC for 15 minutes each at reemperature, the filters were pre-
hybridized in preheated Church buffer af@5or at least 2 hourd.abeled cDNA was
denatured at 9& for 3 minutes and added to the roller flaskshigridization for at least
14 hours. In the following step, the filters werasked twice for 20 minutes each in 2x
SSC, 0.1% SDS; 1x SSC, 0.1% SDS and 0.5x SSC, 80%respectively. Afterward, the
filters were exposed to phospho-imager plates viar or three days. The signals were
detected using Fujifilm FLA 5000 (Fuji, Japan) dnthge Reader FLA 5000 program.

Data analysis

The signal intensities for all sports on an arréterf were determined using the

imaging processing software ArrayVision 5.1 (ImagkResearch Inc., Ontario, Canada).

2.2.10. Nanobody screening and purification

A phage library was screened for specific recomitin@anobodies against AtET
proteins according to a protocol described by Gahrtd Conrad (Gahrtz and Conrad,
2009). The purified AtET proteins were used asgamts on microtiter plate (Maxisorp,
Nunc). At the third round of panning, individual looies from titration plates were
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selected and inoculated in 100 pl of 2x TY mediwhded 100 pl/ml ampicillin and 1%
glucose at 3 overnight with shaking. Afterwards, the platesaveupplemented glycerol
to every clone up to a final concentration of 1586 dtorage at -8C for further analyses

or could be tested soluble nanobodies by ELISA.

The selected clones carrying nanobodies were giawax TY medium containing
ampicillin and glucose at indicated above and iedoitein syntheses by the addition of 1
mM IPTG. Periplasmic fractions containing nanobedieere prepared by osmotic shock
method (Kipriyanov, 2002). The HIS tag-containingnabodies were purified by
immobilized metal affinity chromatography on Ni-NTAgarose (Qiagen, Hilden,
Germany).

2.2.11. ELISA

96-well ELISA microtiter plate (Nunc) was coatedeonight at room temperature
with 100 pl of 10 pg it of the required antigen (AtET1 or AtET2) in PBStekfwashing
twice with PBS, 200 pl of 3% BSA diluted in PBS wexdded to the wells for blocking at
25°C for 2 hours. The plate was washed 3 times witls R@lowed by adding 50 pl of
each bacterial supernatant containing soluble masholand incubating for an hour. To
remove unbound nanobody, the plate was washedés timth PBST and twice with PBS.
In the next step, 100 ul of monoclonal anti-c-myptiteody 9E10 diluted in 1% BSA were
supplemented per well of the plate and incubatedafo hour. The plate was washed 3
times with PBST, twice with PBS and added 100 jpbitaof anti-mouse IgG-ALP diluted
1:2000. The plate was incubated for an hour and temoved the conjugate by washing as
step before. To develop signals, 100 ul of p-nheyylphosphate solution (concentration
of 1 ng/ml) diluted in 0.1 M diethanolamine-HCI (p#18) were added per well and
incubated at 3 for 15 minutes to an hour. Signals were measate®Dyos,m by an
ELISA plate reader (SpectraFluor Plus, Tecan) dmaddbtained data were analyzed by

Microsoft Excel.

2.2.12. Screening and verifying for T-DNA insertiormutant lines

The Arabidopsis Knock-out Facility (AKF) population at the Univéss of
Wisconsin, Madison was used to screen T-DNA ingertinto AtET2 gene in the
Wassilewskija (Ws) background. The population limese transformed with a derivative
of the T-DNA vector pD991: pD991-AP3 (Krysaxt al, 1999). The presence of T-DNA
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was verified by PCR using T-DNA right border XRarper (Zhaoet al, 2002; Ivanowet
al., 2008) incorporated with GET2-F or GET2-R primer.

T-DNA insertion lines ofAtET1in the Columbia (Col) background were identified
from the Salk Institute collection of T-DNA linesahsformed with derivative of pBIN19

vector: pROK2 Iittp://signal.salk.edu/cgi-bin/tdnaexpreby PCR, using a primer LBal

(O'Malley et al, 2007) specific for the T-DNA in combination wiglither a forward primer
(GET1-F1, GET1-F2) or reverse primer (GET1-R1l, GIRZ2) (see section 2.1.6 for

primer sequences).
2.2.13. Alexander and DAPI stainings

For the phenotypic analysis of pollens, anthermfroature flowers just beginning to
dehisce were isolated and brushed on a microsdmjee A few small drops of Alexander
solution (Alexander, 1969) were added on the stidetaining pollens from mutant and
wild type plants for staining. Stained pollens wergualized under the Zeiss Axioplan2

microscope to check pollen viability.

Analysis of mature pollens with DAPI was performadpreviously described (Pagk
al.,, 1998). Pollens were stained with DAPI staininguson and viewed by UV epi-

illumination using Zeiss Axioplan2 microscope (Zgidena, Germany).
2.2.14. Semi-quantitative RT-PCR analysis

Total RNA was isolated fromArabidopsis plants using RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) following the instructonf supplier. After digestion with
RNase-free DNase | (Roche, Mannhein, Germany), tteated RNAs were used as

template for reverse transcription as describegPi@R experiment (section 2.2.8.2).

Constitutively expressed actin 2 gene (At3g187883 wsed as an internal control of
the RT reaction efficiency and to confirm the eqarmlounts and the integrity of RNA used
in the RT reactions. The PCRs were carried out Witham taq polymerase (Fermentas,
Vilnius, Lithuania) and two primer pairs ET1-RT-FET1-RT-R1 and ET1-RT-F2, ET1-
RT-R2, respectively.

2.2.15. Generation oAtET1::RNAI in et2-1mutant line
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Fragments of 360 and 300 bp corresponding to theri@inal regions oAtET1were
amplified using primer pair iET1-F, iET1-R and i2EF, i2ET1-R, respectively. The
obtained fragments were first introduce into pDORR20 verify proper sequences and
subsequently cloned into the binary vector pAGRIKOLby gateway technique
(Invitrogen, Carlsbad, CA). Transformation inéd2-1 KO mutant line was done with
Agrobacterium tumefaciersrain pGV3101 using a standard protocol (Clougt Bent,
1998) described in section 2.2.7.3.

The transgenic plants were selected on soil byyspyeherbicide basta solution onto
7-day-old seedlings and repeated four times atdayintervals. Transgenic plants were
readily identified at the end of the basta selectidntransformed plants remained small
and turn yellow rapidly, whereas the resistant slalboked normal and could be

transferred to new ports for further analyses.

2.2.16. Generation of a double mutant line

An et2-1KO mutant originally isolated in Ws ecotype (Suasrat al, 2000; lvanov,
2005; Ivanovet al, 2008) was backcrossed repeatedly into Col ecatypacilitate direct
comparison with the other mutants isolated in aloratory. Theet2-1 mutant was
backcrossed 4 times into Col to generate the miitenét2-Col The homozygoust2-Col
line was employed in production of a double mutath etl-1 mutant line (in Col
background). Homozygous lines for the double mutanid be obtained in offspring (T2
or T3) by determination homozygote for both lodngsLBal in combination with GET1-
F1 and GET1-R1, and XR2 with GET2-F and GET2-R pranforetl-1andet2-1loci,

respectively.
2.2.17.In silico analyses

Locus identifiers were performed with public micn@y databases using web based

Genevestigator hftps://www.genevestigator.ethz)ch(Zimmermann et al, 2004) and

AtGeneExpress(http://www.weigelworld.org/resources/microarray/AExpress (Schmid
et al, 2005; Kilianet al, 2007). The binding motifs of DNA fragments empdyin
EMSA were analyzed by using PLACE (A database ahptis-acting regulatory DNA
element, http://www.dna.affrc.qgo.jp/PLACE/ (Higo et al, 1998; Higo et al, 1999;
Fauteux and Stromvik, 2009).
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3. Results

3.1. Characterization of AtET proteins
3.1.1. Heterologous expression of AtET proteins iB. coli

Translation products of the full length readingries predicted that full length AtET1
and AtET2 proteins consist of 404 and 483 amindsaagiespectively, while AtET3 protein
comprises only 231 amino acids due to the lack h&f tepeat region. The global
comparison using MAFFT (Multiple Alignment with RasFourier Transform,

http://align.bmr.kyushu-u.ac.jp/mafft/online/sejgKatohet al, 2009) showed an overall

40.2% identity between AtET1 and AtET2 protein smwpes, especially higim ET
domains (58.3% identity) but less in the GIY-YI®didomains (21.4% identity) (Figure
3). As ET proteins were originally discovered amdlated from seed cDNA expression
libraries by South Western hybridization, it hash@roposed that they might act as DNA-
binding factors. To check these further, pure Afiidteins were required for molecular
characterization such as DNA binding studies ad a®lfor the generation of specific
antibodies. | therefore introduced the coding sages of AtETproteins (1209 and 1446
bp for AtET1 and AtET2, respectively) into seveeapression vectors including the tetA
promoter system (pASK-IBA43plus, pASK-IBA45plus,ABsmbH), and the T7 promoter
system (pET-23a, pET-22b, Novagen). However, wikedaio get recombinant proteins
from these vectors due to unstable synthesis, datjom, as well as toxic effect of AtET
proteins toE. coli strains. In the last attempt, we cloned the codieguences into the
pPQE30 expression vector (Qiagen, Hilden, Germamyjveen the sites of the restriction
enzymesSphl and Sall (Figure 4B). This commercial expression systenovedl the
production of recombinant proteins i coli controlled by a phage T5 promoter and two
lac operator sequences which increkserepressor binding and ensure efficient repression
of background expression (Let al, 1999; Dreest al, 2004) (Figure 4A). The expressed
fusion protein is at the N-terminus tagged witleguence of 6 histidines (HIS tag), able to
bind to a nickel matrix. The tagged protein candssociated from binding sites of the
matrix by reducing pH or by competition with imiade, which displaces the tagged
protein from the nickel matrix (Kneuset al, 2000; Dreeset al, 2008). Therefore, the
purification of recombinant proteins can be carriedt under native or denaturing

conditions depending on the accumulation of thagime in soluble or insoluble forms.
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The pQE30 plasmids containing either &kt&T1or theAtET2gene were transformed into
E. coli M15 strain carrying the repressor plasmid pREP#&produces high level d&c
repressor for the tight regulation of protein swsils. E. coli cultures were grown to
logarithmic phase and immediately used for isopkofyD-thiogalactoside (IPTG)

mediated induction of foreign protein synthesis.

At ET1 Y FKRDDY! RTNHDPFFSKWQGFARSMFLRKP| SETAELRKTFADYS 46
At ET2 MVEFGDGVSFAVVPTVFKREDYKRTKHDTVFSKWQ- - - - < = = = = = === 2o o ccoo oo 34
At ET1 LI SRDLGPKPKI LI GANEKENFREGKDLVGRNRVQG: - - - AFQGLYEL- - - - - SHDHGRK 97
ALET2  cmmeee--oe- VLI GSNDVEDFKNGKDGVGRYRVCNL PRKSCPGL YEL GVAVI GQREQCRK 83
At ET1 - - - DDVLVANL GQPES| RSRLRSYSRSFAH - - - - < = = = <= c 2 oo mceomoeao o 124
At ET2 LEPDI VLASYLGQAESVRSRL QRYGRSGAHL RNVNNLNDCETI ESPVKAVTGGLFEDI FS 143
= 1 e HDLLKQ - - == =----- 130
At ET2 KGGSI LYRWAPMGSKREAEATEGML L STFDYAWNKGSNGERRQL DL L KKL GDREFMBKRK 203
At ET1 - GLSQTI LPTTQNKSDNQTEEKKSDSEEEREVSSDAAEKESNS- LPS| LRLSRSRPQPVS 188
At ET2 S SRVLFPFLRNQVG! Rl KGEKHVL KEERKLTCDVDEEKSNNFLTSI LKLTRSRPQPVS 263
At ET1 EKHDDI VDESDSASACGVLLEDGTTCTTTPVKGRKRCTEHKGKRLSRVSPG HI P- - CEV 246
At ET2 DRFDE- VDGSCSDI VOBV LEDGGCO! RSPVKGRKRO! EHKGQRVCRVSPEKQTPPKSE! 322
At ET1 PTVRE- - - CEETENI CGVI LPDM RCRSKPVSRRKRCEDHKGVRVNAFFFLLNPTERDKA 303
At ET2 FTGRDHHNHKDSDVVOGVI L PDVEPCNKRPVPGRKRCEDHKGVR! NAFLFLLNQTDREKT 382
At ET1 VNEDKSKPETST- GVNQEGSGL L CEATTKNGL PCTRSAPEGSKROWQHKDKTLNHGSSEN 362
At ET2 VKDEKPDPESHTES| EEEAL TRFCEATTKNGLPCTRSSPKGSKROWGHKEKTSSDTSPVY 442
At ET1 VQBATASQVI CGFKL YNGSVCEKSPVKGRKRCEEHKGMVRI TS 404

At ET2 FQPEAAKNVACGVKLGNGLI CERSPVKGRKRCEEHKGVRI T- 483

* -k ** %k k% -** kkhkkkhkkhkkhkhkhkkhkhkhkhkkhhkhkkk*kx

Figure 3. Alignment of amino acid sequences of full length AT1 and AtET2 proteins.

The deduced amino aciggere compared by MAFFT (Multiple Alignment with Edouriel
Transform) (Katohet al, 2009) Asterisks indicated identical amino acid residiueswo
proteins. The sequences were colored in yellow gnegn representing the GIIG like

domain and ET repeat domain, respectively.
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Figure 4A. Schematic drawing of the bacterial expression vecat@pQE30.

The DNA sequence of interest is transcribed by Ehecoli RNA polymerase under the
control of the T5 promoter (T5) and two transcopgl terminators, to and T1. HIS-tag, N-
terminal His-tag sequence; RBS, synthetic ribosobiradiing site;MCS, multiple cloning
site; Ap, ap-lactamase gene sequence conferring resistanamapiidin; ColE1, origin of

bacterial replication.

Sphl Sall  Stop codons
wlac O -Ilac oHesmisH
1209 bp
Spht Sall  Stop codons
‘iﬂc'f’{"a_c-b-sxﬂis

1446 bp

Figure 4B. Schematic representaions of the pQE3B{ET constructs.

The coding sequences (1209 and 1446 btBT1andAtET2genes, respectively) encoding
AtET proteins were cloned into pQE30 vector between Spél and Sall sites. These
constructs were introduced into the host stiircoli M15 carrying the pREP4 repressor
plasmid. Expression of fusion proteins was indusg@dding IPTG to a final concentration
of 1 mM.
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A much slower growing rate after induction and #ppearance of tiny clumps of
bacterial cells suggested that AtET proteins matokie to theE. coli, even under various
growth conditions such as lower growth temperatares various concentrations of IPTG.
Thus, E. coli cultures were grown under inducing conditions ®rhours to avoid
degradation of fusion proteins or other negativieeat$ generated by the expressed
proteins. Both AtET1 and AtET2 proteins were systhed and accumulated in the
cytoplasm oft. coli M15 strain in soluble forms. Unfortunately, thgseteins could not
be purified by immobilized metal affinity chromataghy (IMAC) on nickel-
nitrilotriacetic acid (Ni-NTA) agarose under natiwenditions, most likely because the HIS
tag within the folding proteins may not be exposafficiently for binding to the Ni-NTA
resin (Meritset al, 2000; Debeljalet al, 2006). Consequently, they were not accessible to
the Ni-NTA matrix during purification. However, oacthe recombinant proteins were
denatured by denaturants such as guanidine hyamadlor urea, they were able to bind
to the Ni-NTA matrix, providing further evidenceaththe lack of binding of the HIS tag to
the resin depends on conformation (Kneustlal, 2000). Because under denaturing
conditions, most proteins lose their biochemicdivies due to disruption of three-
dimensional shape, the denatured proteins haveetaelblded to their native state
(Chaudhuriet al, 1996; Stoker, 2010).

Several small-scale tests showed that purificatinder hybrid conditions could be
used for both AtET proteins. Briefly, purificatiaf the recombinant AtET proteins were
initiated under denaturing conditions during lysated binding steps to Ni-NTA resin
(using 6 M GuHCI) and then changed to native camatt during washing and elution
steps. Using this protocol for purification, we sessfully obtained the full length AtET1
and AtET2 proteins fronk. coli M15 strain. The purity of the recombinant proteives
tested by SDS-PAGE staining with GelCode Blue ooi@assie blue and monitored by
Western blot using anti-HIS tag antibody (Figure &#d 5B). The sizes of 55 kDa and 65
kDa for fusion proteins AtET1 and AtET2, respediyevere in agreement with earlier
predictions from size of the open reading frames tioé cloned genes. Protein
concentrations were measured by Bradford’s metredgubovine serum albumin as a
standard (Bradford, 1976).
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AtET1 AET2
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Figure 5A. SDS-PAGE analysis of purified AtET proténs.

The purified proteins were electrophoretically seped on 12% polyacrylamide gels
detected by GelCode blue stain Reagent or Coomassiant blue staining. M, Prote

marker (Fermentas, Vilnius, Lithuania) and its nealar masses of bandgere given in kD¢
E, Elution proteins from the -NTA resin

AtET1 AtET2
E4 E3 E2 E1l M E3 E2 El M
b —70 —-70
& —55 _55
et
—

Figure 5B. Western blot analyses of purified AtETproteins with anti-HIS tag antibody.
M, Protein marker (Fermentas, Vilnius, Lithuaniadadts molecular masses of bandere

given in kDa. E, Elution proteins from the NiFA resin. Every lane was loaded with 15 p
each elution fraction.
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The identity of purified AtET proteins were additadly verified by peptide mass
fingerprinting using matrix-assisted laser-desaonptionization-time-of-flight (MALDI-
TOF) mass spectrometry. After tryptic in-gel digast the purified AtET proteins were
excised from the gels and used for sample prepasatior MALDI-TOF analysis. The
peptides of AtET proteins were separated basechemtass-to-charge ratio (m/z). The
sequence coverage for different spots varied fr@c229.6% and from 20 to 23% for
AtET1 and AtET2 fusion proteins, respectively (Fig®).
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Figure 6. Confirmation of AtET1 (upper panel) and AtET2 (lower panel) proteins
expressed inE. coli (pQE30 vector).Regions highlighted in red indicate peptides idieat
by tandem mass spectrometry (MALDI-TOF).
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3.1.2. Screening nanobodies from phage libraries

The basic screening procedure of phage librari@snagantigens requires multiple
rounds of selection to get specifically binding ibotlies. Each round of selection
comprises a cycle of binding of phage particleaidmmobilized antigen, washing away
unbound and nonspecifically bound phages, elutfidstoand phage and propagation of the
enriched phage ready for the next round of enrictiniaughanret al, 1996; Gacet al,
2002). In the first round of panning, a pool of gea is selected displaying antibody with
different specificity and affinity to an antigenhd& next round is done to enrich phage
particles showing higher antigenic specificity aafinity. After the last panning round
single clones were isolated and tested by a seithlriding test to identify clones that

produce monoclonal recombinant antibodies.

A phage library displaying fodifferent nanobodies with randomized CDR3 was
screened (Martin Giersberg and Udo Conrad, unpuddis Phytoantibody Group,
Department of Genetics, IPK, Gatersleben). Twoedéiit purified AtET proteins were
used as antigens for screening according to a idescprotocol (Gahrtz and Conrad,
2009). In each panning round, phages were titregegfu (plaque forming unit) in the
inputs and outputs to determine the degree of sefecTitration of eluted phages showed
a proliferating number of positive phage clonesofeing each panning cycle. The number
of positive phage clones specific to AtET1 and A2Eantigens increased from 6.5 x°10
and 6.1 x 18to 1.7 x 10 and 5.4 x 10after the first and third panning rounds, respetyi
(Table 1). These data suggested that the procdtgdeen successfully used to enrich
AtET-specific phage clones.

Table 1. Enrichment specific phages after each round ohipan

Round of panning Phage eluted against AtET1 Phiagedeagainst AtET2
1 6.5x 16 6.1x 16
2 4.6x16 1.5x 10
3 1.7 x 10 5.4 x 10
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After the third round 192 clones of each selec(idtET1 and AtET2) were forced to
produce soluble nanobodies and to deliver them tiltomedium. The supernatants were
tested by an indirect ELISA and specific bindersemdetected (15 against AtET1 and 22
against AtET2). The library was constructed fromamobody against human TNF alpha
and therefore, all 37 selected nanobodies weredemstcording binding to human TNF
alpha and bovine serum albumin (BSA). 4 nanobodmscted against AtET1 and 2
nanobodies against AtET2 were found to be specifi. verify the correct in-frame
presences of DNA fragments coding for nanobodies, glasmid of individual positive
clones was isolated and sequenced at IPK usingifispgeimers for plT2 vector.
Sequencing of these clones revealed that there Selifferent functional DNA coding
sequences, including a unique sequence for anfFAtianobody (designated as a.15) and
the other two for anti-AtET2 nanobodies (designae@d.18 and a.24).

For further characterization of anti-AtET nanobaglielB2151 cells harbouring the
coding sequences of these three clones were alllindarge scale, followed by induction
with 1 mM IPTG overnight at 3C. Since the HB2151 is a non-suppressor strain, the
amber stop codon (TAG) placed at the C-terminghefcoding sequence and prior to the
glll is functional in this host (Hoogenboom, 19%Ljzukiet al, 2005; Marcu®t al, 2006;
Lin et al, 2008). Therefore, nanobody fragments without gtbtein were synthesized in
the presence of IPTG in the cytoplasm as premgbuoéeins and then targeted into
periplasm in soluble forms under the control of Boadignal sequence. During the
translocation process out of the cytoplasm, th8 ekleaved by signal peptidase to yield
mature proteins - nanobodies (Fabiaeekl, 1997; Choi, 2000; Charlton, 2003; Choi and
Lee, 2004a; Sgrensen and Mortensen, 2005; Pritehad 2006).

Since nanobodies are accumulated in the periplddAB@151 cells, we applied the
osmotic shock method to release proteins from batteells instead of sonication
(Yaagoubiet al, 1994; Kipriyanov, 1998; Kipriyanov, 2002; Mergalhet al, 2005).
Osmotic shock permeabilizes the outer membrane candes the periplasmic proteins
(nanobodies) to leak into the extracellular spadegle the inner membrane and cytoplasm
retain intact (Wilks and Slonczewski, 2007). In somases, significant amounts of
recombinant proteins were found outside of thedyadtcells due to release of periplasmic
components (Jung and Choi, 1997; Choi and Lee, &008y selectively extracting

periplasmic material without cell lysis, we coulgoa the contamination of bacterial
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cytoplasmic proteins. The solution containing narthes prepared by osmotic shock
according to the protocol described by Kipriyan&ip(iyanov, 2002) was applied to Ni-

NTA superflow affinity column for purification. Aér the final step of IMAC, nanobodies
were found in several fractions and the proteinceatrations were determined by the
Bradford’'s method (Bradford, 1976).

OD405 nm

1/10 1/100 1/1000 1/10000

Dilution

WBSA [WAET1 antibody MAtET2 antibody

Figure 7. Binding of the nanobodies produced irE. coli against AtET antigens detected

by ELISA. Several dilutions of nanobodies were used in tlasays. BSA was employed
as negative control. Every OD value was calculdtedn three repeated wells of the
microtiter plate. The asterik indicated the OD ealvas higher than 3 and not measurable by
an ELISA reader.

The specificity of the nanobodies obtained fronesaing phage libraries with regard
to bind to AtET proteins was analyzed by ELISA. gtown in Figure 7, the high QR
values obtained after 30 minutes incubation denmnatest that these nanobodies could
specifically recognize their antigens, AtET1 andEAR proteins. The high binding
capacity to the AtET antigens also suggested tlephage particles carrying nanobodies
against AtET1 and AtET2 proteins were preciselyeseld. Because every nanobody
expressed from pIT2 vector contains both HIS andy€-tag at the C-terminal to facilitate
detection and purification, we monitored nanobodtieSDS-PAGE analysis, and verified
again by Western blot analysis with anti-HIS tagjkeody. Figure 8 illustrated the pattern

of nanobody a.15 against AtET1 protein obtainedhfsuperflow affinity column. We also
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acquired similar patterns for a.18 and a.24 agakisT2 protein. The size of nanobody
(about 17 kDa) was in accordance with a predicitesllzased on nanobody sequences.

4 3 2 1 3 2 1 \
—70 —70
—55 —55
—40 —40
—-25 -25

Figure 8. Analysis of the nanobody against AtET1 protein pufied from E. coli
HB2151.

Left: SDS-PAGE analysis of the purified nanobody (a.I%)e soluble nanobodies from
periplasm were purified by using Ni-NTA agarosempies from several fractions were
separated on 12% polyacrylamide gel and stained @itomassidrillant blue. Lane 1, 2,

3, 4: the last washing step, first, second andl thliation fractions, respectively.

Right: Western blot analysis of the purified nanobodyl%.using anti-HIS tag antibody.

Lane 1, 2, 3: the first, second and third eluti@ctfions, respectively.

3.1.3. Binding activity of AtET proteins to DNA fragments

Since ET factors contain the C-terminal cysteingeads (ET repeats) and because
they were originally detected and isolated in Sodthastern hybridization, it has been
suggested that they might bind to DNA. To charaotethe capability of AtET proteins to
bind DNA in vitro, we studied DNA-protein interactions by electroggtic mobility shift
assays (EMSA). This technique is based on the vhen that complexes between DNA-
protein and RNA-protein migrate more slowly tha@efmucleic acid fragments when they
are subjected to non-denaturing gel electrophar8sice the rate of DNA/RNA migration
is shifted or retarded upon protein binding, thehieque is also referred to as a gel shift or

gel retardation assay (Smith and Delbary-GossaaQp
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For the binding experiments, several double-strdralgonucleotidesvere prepared
from single strands according to the protocol dbsdrby Ménke and co-workers (Ménke
et al, 2004). The sequences of one strand of thesemigjeotides were presented in
material and methods. Recombinant purified HIS AdGT1 and AtET2 proteins were
incubated with radioactively labeled double strahdeligonucleotides (probes).
Subsequently, protein-DNA complexes were separfabea free probes by polyacrylamide
gel electrophoresis under native conditions. Winenlabeled O.1 probe (see section 2.1.6
in Materials and methods for more detail) was iratal with binding buffer in the absence
of AtET protein (AtET1 or AtET2), the mobility othe probe was not retarded and it
migrated faster through the gel to the bottom sigqeotein-DNA complex could not be
formed (lane 2, Figure 9A, 9B). In the presencdath AtET protein and labeled probe,
two distinct bands were observed in lane 3, 4, anepresenting a free labeled probe and
the DNA-protein complex. We have not seen any amtht smear bands formed between
shifted bands and the bands of free labeled prdii@s.observation in combination with
clearly shifted bands indicated that AtET proteiosned stable complexes with labeled
probes and could be maintained during electropier&mce these probes contained core
motifs from several promoters suohapA (napinnapA), USP (unknown seed protein) or
LeB4(legumin B4) promoters, it was necessary to ddterthe binding motifs. Therefore,
we prepared other probes (from 0.4 to O.7) thah eaatained only one motif for binding
experiments. The data from EMSA revealed that AgEdteins could strongly bind to all

new probes as in the cases of 0.1, 0.2 and O.3.

To further delineate the nucleotide sequences #akefor the DNA-protein
interactions, three random probes (0.8, 0.9 and@)Onkere synthesized, which did not
carry any known motifs monitoring by PLACE (A dasale of plantis-acting regulatory
DNA element,http://www.dna.affrc.go.jp/PLACE/(Higo et al, 1998; Higoet al, 1999;
Fauteux and Stromvik, 2009). Both AtET1 and AtETatpins showed similar binding to

these random probes in comparison to the motifainimg probes. These results were in
agreement with previously binding experiments basadELISA reported by Ivanov
(lvanov, 2005). No specific sequence motif had bfemd for both AtET1 and AtET2
proteins. They bound to all DNA sequences contgiriire RY element, the gibberellin
response element (GARE), and the deleted GARE. BRIy, an ET factor froniHordeum

vulgarehas been demonstrated to specifically bind tacthdral sequence of GARE in the
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amylase promoter (Raventes al, 1998). A recent work has reported that BnET, lagiot
ET factor fromBrassica napushas the capacity to interact with radioactivelgdled zinc
but no sequence-specific DNA-binding was determifagdthis factor (Ellerstronet al,
2005).

0.1 0.10.2 0.@ 0.1 0.1 0.2 O.:

Labeled probe - + + + - - + + + + Labeled probe

AtET1 protein + - + + - + - + + + AtET2protein

Lane 1 2 3 4 5 1 2 3 z 5 Lane

A B

Protein-DNA L Protein-DNA
—

Free labeled Free labeled
<

probe probe

Figure 9. AtET protein-DNA interactions as revealed by EMSA.

Purified AtET proteins were incubated with t-labeled doublstranded oligonucleotid
(probes) at room temperatuiithe complexes were separated from free labeledeprob 4%
polyacrylamide gels under native conditions. Thearpand lower bands corresponde(

proteir-DNA complexes &d free labeled oligonucleotides, respecti

As typical EMSA using nuclear extracts, non-speafomplexes are usually observed
in experiments. To prevent from non-specific compe formed by non-specific DNA
binding proteins, non-specific competitors suclpaly dI-dC or Salmon sperm DNA are
supplemented into binding reactions. Since we ys#ified recombinant proteins, the
non-specific competitor was not required (Gilmagid Bowler, 2002). Instead, we used a
specific competitor (unlabeled or cold probe) tomdestrate the specificity of the
interaction. The addition of unlabeled specific patitor probe O.1 at the concentration of

0.5, 1.0 and 2.5 pg resulted in a partial competiof the binding complexes (Figure 10,
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lane 4, 5, 6) indicating that AtET1 protein boundfte provided hot and cold probes. The
amount excess of unlabeled probe O.1 was not entmugholish binding between AtET1
protein and labeled probe. Similar pattern of iatéion was also observed when AtET2
protein was incubated with these probes (Figurdat® 8, 9, 10).

Unlabeled probe

|
|
+
+
+
+
+
+
+
+

Labeled probe

|
+
+
+
+
+
+
+
+
+

AtET proteins + - + + + + + + + +

Lane 1 2 3 4 5 6 7 8 9 10

Protein-DNA
comples

Free labeled
probe

Figure 10. In vitro binding activites of AtET proteins in the absenceand presence of

unlabeled probe.Lane 1 and lane 2 were loaded only with AtET1 g@iroand labeled probe
0.1, respectively. Lanes 3 through 6 contained AtErotein, labeled probe O.1 and
increasing amount of unlabeled probe O.1 from@.®, 1.0 and 2.fg, respectively. Lanes

7 through 10 were similarly prepared, except tAtET1 was substituted by AtET2
protein.

In order to confirm the presence of both AtET piridein the shifted complexes, the
obtained specific nanobodies were added to the EMSAction mixtures containing
corresponding AtET protein. The specificity of thenobodies as well as migration positions
of specific nanobody-protein complex on Westernt blas confirmed by EMSA and vice
versa.Figure 11B, lanes 5 showed the position of shiliadd between AtET1 protein and
labeled probe O.1 in comparison to protein-DNA ctares formed in the presence of
specific nanobodies (lanes 6 and 7) demonstratiagrianobodies did not block complex

formation.
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AtET1 protein  + - - + + + + + - - +

Nanobody - -+ + - + + - -+ o+

Unlabeled probe- + - - + + + -+ - -

Lane 123 456 7 1 2 3 4
A B

Complex —

Free
) —
antibody

ATET2 protein  + - - + + + + + - _ 4
Nanobody - -+ o+ -+ o+ - - o+ o+
Unlabeled probe - + - - + + + -+ - —
Lane 123456 7 12 3 4

C D
Complex —

Free
antibody -

Figure 11. Analysis binding activity of AtET proteins by

+ o+ o+ AtET1 protein
-+ o+ Nanobody

+ o+ o+ Labeled probe
56 7 Lane

“ +— Complex

e
s -

* «— Free probe

+ + 4+ AtET2 protein
- + 4+ Nanobody
+ o+ o+ Labeled probe

56 7 Lane

s «— Complex

"~ <« Free probe

Western blot (A and C) anc

EMSA (B and D). Specific nanobodies (a.15 and a.24 against AtEMd AtET2
respectively) were used in both Western blot andSBMind added to the indicated reacti

Unlabeled and labeled probe O.1 was in turn empldpeWestern blot and EMSA. TI
nanobody bindings did not affect the DNA-proteimmexes.

54



Results

On the Western blot, shifted bands were only oleskrwith specific nanobody
independent of unlabeled probe (Figure 11A, lanesahnd 7). This observation indicated
that the AtET1 protein formed complexes in bindiegction of both EMSA and Western
blot. In general, the interaction of the nanobodthwhe protein-DNA complexes would
shift the bands to higher apparent molecular wsightled supershifts. In our experiments,
we have not seen any supershift bands most like¢ytd the small molecular weights of
nanobodies. Similar patterns of interaction betwAHaT2 protein, labeled and unlabeled

probes and its specific nanobody have been obs¢FRigdres 11C and 11D).

3.1.4. A GIY-YIG single strand cutting domain in AtEET factors

In addition to the characteristic ET repeats, thETAfactors possess a low level of
similarity to the DNA single strand cutting domairesent in bacterial UvrC proteins and
in GIY-YIG homing nucleases (Derbyshie¢ al, 1997; Aravindet al, 1999; Verhoeveet
al., 2000; Stoddard, 2005). This sequence designaedtEaT GlY-YIG like domain is
present in the second exon of all AtET proteing;antrast to the ET repeats detected only
in AtET1 and AtET2 sequences, but not in AtET3. TBY-YIG domains identified in
UvrC proteins and in homing nucleases are chaiaetetby the presence of two short
motifs “GlY” and “YIG” in the N-terminal part, fodwed by an arginine residue (R) in the
center and a glutamine residue (Q) in the C-terhpaa (Kowalskiet al, 1999). During
the process oE. coli nucleotide excision repair (NER), DNA damage rettign and
processing are achieved by the action of the UlwB and mainly by the UvrC gene
products. The N-terminally located GlY-YIG domam involved in cleavage on the 3’
side, while C-terminal domain makes the 5 incistin remove the lesion (Dunin-
Horkawiczet al, 2006).

Based on the three-dimensional structure of thdebat GIY-YIG domain (Van
Roeyet al, 2002), the similarity between the prokaryotictpmos and the plant-specific
ET factors is mainly confined to two conservgdtrands and to helix 1. The variable
length of the loop between both strands in thetgbaoteins probably does not disturb the
overall structure of the protein. ET factors frorarlby, rice, poplar and\rabidopsis
(AtETZ2, AtET3) all contain extended loops, wherdagse from oilseed rape, broad bean
and AtET1 have a loop length similar to those foimd4 bacteriophagd?seudomonas

fluorescensandE. coli. Further sequence similarity between the prokaryend plant ET
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proteins resides in helix 1. The most highly comsdrarginine residue is highlighted (see
Figure40, page 92 in discussion for more detail). It edl\established that the replacement
of this residue by alanine results in a distortmiactivity (Derbyshireet al, 1997;
Kowalski et al, 1999; Verhoeveet al, 2000). Therefore, arginine plays an importang rol
for the catalytic function of the DNA single strandtting domain (Karakast al, 2007).
The sequences that make up GIY-YIG like domainsrekfrom residue 83 to residue 125
(43 amino acids) and from residue 64 to residue (A2 amino acids) in AtET1 and
AtET2 proteins, respectively (Figure 3). Althoudiese domain sequences vary in length
due to the flexible loop, most conserved residues faund here. To demonstrate the
functionality of the GIY-YIG-like domain of plant'Efactors, the wild-type domain, as
well as the arginine to alanine (R>A) replacemeli¢lea was used to replace the

corresponding GIY-YIG domain of tHe. coli UvrC protein (Figure 2).

Plasmids encoding the chimeric proteins were tanstd into the UvrC-deficieri.
coli strain SOLR (Stratagene, La Jolla, CA). Survivates after ultraviolet (UV)
irradiation were determined in four independentegipents. It was shown that the wild-
type domain can partially relieve the UV sensitivif SOLR, whereas the R>A mutation
resulted in a reduced survival rate (although shifjhtly greater than in the presence of an
empty vector control) (Figure 13). These data destrate that the AtET2 GIY-YIG-like
domain can productively cooperate with the C-teahidomain of the bacterial UvrC

protein.

AET2 ] [ EHEEN |

EcUvrC | ] | | Enoo | | HH | |
ET2-WT-dom. | | | | enoo | [ HhH | ]
et2-RA-mut. | | | | Enoo | | HhH | |

Figure 12. Schematic structure of the domain swapjgechimeric proteins.

The four plant ET repeats are shown in green. GI®-Yepresents the N-t@inal single
strand cutting domain. ENDO and HhH indicate thee@ninal single strand cutting dom
ENDO V and the Helix-hairpitdelix domain, respectively. Domain sizes were math tc

scale
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Figure 13. Functional activity assays of the GIY-YG single strand cutting domain.

UV survival curve of various chimeric ET domain stmicts. The UV-deficier. coli strair
SOLR was transformed with the autherticcoli wild type UvrC protein (ecuvrc), the. coli
UvrC with its N-terminal GIYYIG domain replaced by the corresponding wild tgleenair
of AtET2 (etwt) and thé. coli UvrC protein with its N-terminal GIY¢IG domain replace
by the AtET2 domain carrying the R>A point mutat{@imut). The percent survival rate (
was given as a function of the irradiation times@tonds. The standard deviation of the r

of four replicates was given.

3.1.5. Subcellular localization of AtET proteins

The data from EMSA experiments showed the bindihgt&T proteins to provided
oligonucleotidesin vitro, implicating that they are targeted to the nuclatracellular
protein localization can be obtained by in fram&du of the protein of interest to a marker
protein and monitoring the expression of the fugpootein. The green fluorescent protein
(GFP), originally isolated from jellyfishAequorea victorig is the most commonly used
marker protein in localization studies (Chalfie ahskirchen, 1994; Rizzutt al, 1995).

To check the proposed function of AtET factors rasgcriptional regulators and to
investigate in more detail the spatial expressiorAtET genes, | used aArabidopsis
protoplast system for transient expression assaythese experiments, the full length of
AtET1 (1.60 kb) and AtET2 (1.85 kb) genes and their own promoter regions
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(approximately 1.3 kb and 1.7 kb, respectively) evamplified from genomic DNA.
Cloning into pGKGWG (N9831) and pGBGWG (N9837) \mst (NASC, Nottingham,
UK) was performed with the gateway technoladgveloped by Invitrogen (Invitrogen,
Carlsbad, CA), resulting in the constructs pGKGWEF1::AtET1 and pGBGWG-
PET2::AtET2 The pGKGWG and pGBGWG vectors were derived fr@gangen backbone
and carry different selection marker for transgeplants (kanamycin and BASTA,
respectively)Zhong et al., 2008) (Figure 14). The vector ezpireg only GFP was utilized as
a transformation control. Constructs containingreerted AtET gene in frame with GFP were
transfected into protoplasts prepared frAmbidopsisecotype Col for transient experiments.
The transformed protoplasts were harvested afteetdays of incubation and used for the

detection of GFP fusion proteins.

pGKGWG- pET1:AtET1

1.3 kb 1.6 kb

pGBGWG-pET2::AtET2

1.7 kb 1.85 kb

Figure 14. Schematic diagrams of thé&tET-GFP constructs.

Approximately 2.9 and 3.6 kb of the full lengMtET1andAtET2genomic loci (consistingfo
the corresponding genes) driven under their ngtieenoter regions were cloned upstreafm
the GFP encoding sequence. RB, right border of BRDPET1, pET2,AtET1 and AtET2
promoters; AtET1, AtET2, full lengttAtET1 and AtET2 genes: Egfp, enhanced green
fluorescent protein; Km, kanamycin resistance g&w; BASTA resistance gene; LB, left
border of T-DNA.

As shown in Figure 15, visualization by confocasda scanning microscope (CLSM
Meta, Zeiss, Jena, Germany) between 505 and 528mmissions demonstrated that transfected
protoplasts with a GFP control construct displagegen fluorescence distributed through the
entire cytoplasm. In contragirabidopsisprotoplasts transfected witiET1:-GFP andAtET2-

GFP showed accumulation of GFP only in the nuclédie intensity of GFP emission
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demonstrates the accumulation of GFP fusion preteithe nuclei of transformed protoplasts.
With both AtET-GFP fusion proteins, 15 to 20% oarsfectedArabidopsis protoplasts
showed nuclear accumulation of signals. This olzem evidently indicated that AtET1 and
AtET2 are nuclear proteins iArabidopsis In general, GFP seems to need a rather strong
promoter to drive sufficient expression for deteetandmost published examples have used
constitutive promoters from viruses such as cytategrus (CMV), SV40 or HIV long term
repeat (Tsien, 1998) and CaMV35S promoters (HapdrStewart JR, 2000).

Bright filed uv

A P
Vector-GFP 3
B
AtET1::GFP

Cc

AtET 2::GFP

Figure 15. Nuclear localization of the AtET proteirs fused to GFP inArabidopsis

protoplasts.

Full length sequences GAtET1 and AtET2 genes were fused in frame with the GFP
encoding sequence and introduced iAtabidopsisprotoplasts. The expressions of fusion
proteins were driven by their native promoteh$HT1 and AtET2romoters, respectively).
GFP signal was observed by confocal laser scammingpscopy (CLSM Meta, Zeiss, Jena,
Germany). GFP alone (A) was used as a control dogeting to cytosol. (B) and (C)
corresponded to AtET1 and AtET2 fused to GFP. Bapsesented 10um.
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In our experiments the strength of GFP signal es¢htransient experiments compared to
the control verified that AtET proteins were strpngynthesized under their own gene
promoters. On the other hand, the observation & iSion protein expression suggested that
splicing of introns in théAtET genes occurred completely Arabidopsistransient assayNo
signals corresponding to the positions of mitochi@ndor chloroplasts have been
visualized. These observations are also consistiéimtprevious reports that AtET proteins
(driven by CaMV35S promoter) could be detectedha tuclei of differentiated cells
(Ivanov, 2005; Ivanoet al, 2008). The use of AtET-GFP fusion proteins to itayrthe
accumulation of AtET proteins allowed us to cleatgmonstrate the localization of these
proteins in the living plant cells vitro as well as to provide another evidence for their

function as transcriptional regulators.

3.2. Expression pattern ofAtET genes
3.2.1. Expression profiling data ofAtET genes

It is possible to monitor gene expression in Anabidopsison a genome-wide scale
by the data from microarrays. The ATHL1 array depetbby Affymetrix and The Institute
for Genomic Research (TIGR) represents approxima8l/’50 genes fromArabidopsis
(Redmanet al, 2004). Thousands of arrays based on ATH1 have ppeeformed, of
which a significant number are publicly availablecls as Gene Expression Omnibus
(GEO) at NCBI (Edgaret al, 2002), Genevestigator (Zimmermaret al, 2004;
Zimmermann et al, 2005; Hruz et al, 2008), AtGenExpress (Expression atlas of
Arabidopsisdevelopment) (Kiliaret al, 2007). Taking advantage of publicly accessible
ATH1 arrays, we extracted expression data for Agiglme family by using Genevestigator
V3 (Zimmermanret al, 2005; Hruzet al, 2008).

Figure 16 presents Genevestigator dataAt&T gene expressions for which the data
were stable across many microarray experimentsh B&ET1 and AtET2 show similar
expression pattern in vegetative tissues and orgaisding stems, leaves and roots as
well as in early developmental stages of Col plghigocotyls, cotyledons). They are
expressed ubiquitously in the plant, but their scipts are accumulated more in
reproductive organs such pgllen (high levels of transcripts in sperm cedgd endosperm.

Successively, using data from AtGeneExpress, wedcelucidate the matching expression
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profiles betweerAtET1 and AtET2 genes during growth and developmentAshbidopsis
(Figure 17).

Polled
® AtET1

AtET2

1088 4781 234 288 348 40M 48 52 AN

a6

4

Figure 16. Transcriptional profiles of AtET genes from Genvestigator database.

AtET genes show similar expression patterns in mosttat¢ige tissues with the exception of
reproductive tissueAtET2is highly expressed in pollen and endosperm tssRed and
green dots correspond AAET1andAtET2 respectively.
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Figure 17. Transcriptional profiles of AtET genes analyzed by AtGeneExpress

Red and green lines representAtET1andAtET2 respectively.
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3.2.2. Tissue-specific expression pattern 8tET genes

For a detailed investigation of spatial and tempex@ression of AtET during plant
development, | generaté&tabidopsisreporter lines carrying in frame double repor{grs
glucuronidase (GUS) and green fluorescent prot@irR), driven by the native promoter
of AtET genes. Promoter region is defined as the nuckeatdjuence betwediET start
codon and the coding area of upstream flanking .g€he reporters were monitored by
histochemical GUS activity and by GFP detectiorabidopsisplants at different stages

of growth and development.

To this end, 1.7 kb promoter regionAET2gene was amplified from genomic DNA
of Arabidopsisecotype Col and fused to the GFP and GUS repgetees in pKGWFS7.0
vector (VIB Ghent, Belgium) (Figure 18). A suitald®ne carrying the promoter sequence
was confirmed by sequencing and used for transfitomanto Arabidopsisecotype Col
and Ws. A total of 30 seedlings from each ecotyipeamsgenic lines showing kanamycin
resistance were tested for GUS activitysitu. Preliminary observations showed that the
active patterns oAtET2 promoter was similar in both ecotype Col and Wsydfore we
only used trangenic lines @&tET2 promoter::GFP-GUS (pET2::GFP-GUS) of the Col

background for further analyses.

T @

.

1.7 kb

Figure 18. A schematic representation ofGFP-GUS expression driven by theAtET2

promoter.

1.7 kb of AtET2 promoterregion was cloned upstream of coding sequence&k&-GUS
reporter genes. LB, left border of T-DNA; Km, kanasm resistance gene; pET2, AtET2
promoter; Egfp, enhanced green fluorescent prot&idsS, B-glucuronidase;RB, right
border of T-DNA.
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The spatial and temporal activity pattern of theTPEGFP-GUS construct in
Arabidopsiswas analyzed during development from germinatmisded stages using at
least five independent-GUS positive transgenicsliistochemical analysis of developing
seedlings (3 and 7 day-old seedlings) showed 3% expression in the meristematic
region of shoot apices, along the central cylirmfehe root and appeared to be increasing
intense in the root tips. The other regions of Gltk8ning were verified in the expanded

cotyledons where vascular tissues are initiategufiei 19, D, E, G and H).

High expression of GUS was found in young leaves;ah meristems while reduced
levels of staining were apparent in the first tugetleaves as well as in the older leaves of
the 15-day-old seedlings (Figure 19, F). In matérabidopsisplants, the GUS activity
was obviously detectable in the veins of rosetiguife 19, I) and cauline leaves, similar to
that observed in true leaves of 15-day-old seedlinig reproductive organs, GUS
expression was observed in the vascular tissugsetafls and evident in anthers and in
receptacles but not in stigmas at later stagebwef development (Figure 19, J). Further
analyses revealed that tA¢ET2 promoter was highly active in the mature pollen and
the chalazal region of ovules (Figure 19, K, L, and During seed development, GUS
staining was well defined in the peduncle and igsudl to the vascular system of the
siliques (Figure 19, N).

To verify the activity of the pET2::GFP-GUS fusiondeveloping leaves, stems and
in ovules, we examined the GFP signal emitted fribb@se organs by confocal laser
scanning microscope (CLSM Meta, Zeiss, Jena, Ggymamansverse and longitudinal
sections through the midrib of mature leaves sho@E&® signal in the vascular tissues
(Figure 19, O and Q). In addition, GFP also waseded in these regions of the
longitudinal section through the main stem indiogtithat the promoter is active in
vascular tissues of mature plants (Figure 19, RpMules, GFP signal was visualized in
the chalazal tissues as observed by GUS stainiggr@-19, M and P).
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Figure 19. Pattern activity of the AtET2 promoter in transgenic Arabidopsisplants.

Histochemical localization of GUS activity in traygnic plants harbouring pET2::GFP-GUS
construct. (D), (E), (F), 3, 7 and 15-day-old sewg, respectively; (G) and (H), root

fragment and root tip from seedling in (E); (I)sette leave; (J), whole mature flower; (K),
Close observation of stained pollen; (L), a pistibwing GUS activity in ovules; (M), an

isolated ovule (2 days after emasculation); (Nyreen silique, in contrast to the seedling
(A), leave (B) and flower (C) from wild type Colapits.

GFP detection in transgenic plants by confocalrlasanning microscope. (P), a separated
ovule (2 days after emasculation); (O) and (®ge-hand transverse and longitudinal

sections of the leave; (R), longitudinal sectiorhaf mature stem.

Bars represented 1000 um (B, and ), 500 um (AD,&E, F, J, L, N), 50 um (G, H, and K),
and 20 um (M, O, P, Q, and R).

3.3. Regulated expression of AtET genes Arabidopsis
3.3.1. Transgenic lines for overexpression

To control the timing ofAtET expressions during growth and development of
Arabidopsis plants, transgenic lines were generated usinggtbeocorticoid-inducible
expression system (Figure 20) as described by Ba@@udryet al, 2004). This inducible
system is based on the translational fusion of tthascription factor (TF) to the rat
glucocorticoid receptor domain (GR). The fusiontpio is expressed under the control of
a constitutive promoter (35S Cauliflower mosaiasipromoter, CaMV35S) and retained
in cytosol by interaction with heat shock protei(i4SPs). After treatment with the
synthetic glucocorticoid (dexamethasone, DEX), f@on protein is released from HSP

and translocated to the nucleus.

The coding regions dhtET1andAtET2genes (1212 and 1449 bp, respectively) were
cloned into the p35SR1RZR vector by gateway technology (Invitrogen, CaatsbCA)
and subsequently transformed imoabidopsisCol plants. Primary transformantsgfT
were initially identified by their ability to grown kanamycin-containing medium and then
verified by PCR for the genomic integration. Segtem analysis on selective media was

done with | plants to obtain homozygous lines in the followgeneration (For Ts).
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Pros Km*

=)

Figue 20. Schematic representation of constructs fahe inducible overexpression c
AtET factors.

The coding regions oAtET genes were fused to the rat GR domain of the p2R2RGR
vector (Baudryet al, 2004). The expressions &tET.:GR were controlled byCaMV35<
promoter (Bss). Pyos, nopaline synthase promoter; Km, kanamycin resitgagene; Jos,

nopaline synthase terminator; GR, glucocorticoimeptor.

Several transgenic lines carrying the induciblestattsAtETL:GR andAtET2:GR
were examined for transgene expressions by quaweitaeal-time PCR (qPCR) using
gene-specific primers (QET1-F, gET1-R and qET2-ET2R for AtET1 and AtET2
respectively). Since induction with DEX only giveise to translocation oAtET.:GR
fusion proteins from cytoplasm to nucleus, the egpion of transgenes could be analyzed
in plants without induction. Two-week-old seedlingk inducible lines grown on MS
media without DEX and wild type Col were prepared RNA isolation and subsequently
for cDNA synthesis. gPCR reactions were run in ABOO HT system using SYBR Green
PCR master mix (Applied Biosystems, USA) and penkd in triplicate for both
biological and technical replicates, resulting inendata points for each reaction. All data
were normalized to expression data of a housekgepeme UBQ10 (At4g05320) as an
endogenous control. The results were analyzed by usACt method for comparison
(Livak and Schmittgen, 2001; Xiorgg al, 2006; Schmittgen and Livak, 2008; Y ueainal,
2008). As shown in Figure 21, all transgenic lisbewed increased transcript levels of
AtET1 and AtET2 compared to wild type Col. Due to the higher egpren level of
transgenesAtET1:GR 7-7 andAtET2:GR 4-1 lines were selected for production of

progenies as well as further analyses.
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Figure 21. Relative expression levels of AtET::GRanstructs in DEX-inducible over-

expression lines

Expression oAtET1 and AtET2 genes in two-week-old seedlings of several DEducible
lines was measured by qPCR compared to the wild @ samples. Each column sho

the mean value of three technical replicates.

3.3.2. Phenotypes oAtET expressing plants

Previous data have shown that overexpression ofTBmEeither Arabidopsis or
tobacco led to many phenotypic changes includingrtism, late flowering, reduced
germination rate and xylem lignification, and iresed anthocyanin content (Ellerstrém
al.,, 2005). To analyze phenotypes of inducible ovemesgion plants, the seeds of
homozygous linesAtET1:GR 7-7-2 andAtET2:GR 4-1-3) were sown on MS medium in
the absence and presence of 10 uM of DEX. The notwgltal characteristics were
compared to those of wild type Col at different elepmental stages. However, no
significant changes in germination rate were olegrbetween wild type Col and
AtET::GR lines (both 7-7-2 and 4-1-3 lines) under noduiced conditions (without DEX)
and induced conditions (with 10 uM of DEX). The advtype Col andAtET::GR seedlings
growing under non-induced and induced conditiorspldiyed similar development of
cotyledons and first true leaves within 7 daysrafteibition, except for the beginning of

root development. The lines overexpressiki§T1 or AtET2 showed short main roots
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under induced conditions in comparison to the wyloe Col and corresponding seedlings
under non-induced conditions (Figure 22). Nevedb®l they exhibited a root length
identical to the wild type Col and non-induced segd within two weeks of continued
induction. In an attempt to investigate the infloenof AtET overexpression on root
growth and development, we applied array hybrithmatfor detection of induced

transcription factors (TFs).

Col AtET1:GR AtET2::GR AtET1::GR AtET2::GR
- DEX - DEX + DEX + DEX

Figure 22. Phenotypes of inducedtET::GR seedlings.

Seeds of wild type COETL:GR 7-7-2 andAtET2:GR 4-1-3 were sown on MS medium
in the absence and presence of 10 uM of DEX. 7ad@ytransgenic seedlings carrying
AtET1:GR (B) andAtET2:GR (C) looked like wild type (A). Induced seedjscontaining
AtET1:GR (D) andAtET2:GR (E) exhibited growth retardation of roots affedays. Bars
represented 1000 um.

The seeds from inducible overexpression I[A¢ET2:GR 4-1-3) were placed on
vertical plates containing MS medium to facilitateot growth. Samples were prepared
from roots of 7-day-old seedlings and used for macay with REGIA filter carrying
around 1200 transcription factors. A list of TFged¢ed by macroarray experiments was
annotated according to TAIR (Garcia-Hernandeal, 2002; Rheet al, 2003) and given
in Table 2. Up-regulated TFs might be involved @veral development processes since
ethylene response factor (ERF), WRKY18 and zingdmproteins were induced (Laigt
al., 2001; Xuet al, 2006; Liet al, 2009). One of them, the NAC-LIKE transcriptiormtiar
(At1g69490)is up-regulated in the quiescent center and niighincluded in lateral root
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formation (Guo and Gan, 2006). In sum, these Thksdcpotentially function downstream

of AtET2 either directly or indirectly during roatevelopment. Further analyses will be

required to test this hypothesis.

Table 2: TF genes up- or down-regulation in AtET2::GR seggtreatment

ATG Annotation Induction factor
number 15 filter 2" filter
At1g28310 zinc finger domain-containing protein 63. 4.31
At1g69490 NAC-LIKE transcription factor 6.66 4.73
At2g18670 zinc finger protein 3.96 3.51
At49g18170 WRKY 18 transcription factor 3.03 3.59
At4g39070 Zinc finger (B-box type) family protein 9.38 3.31
At5061590 ERF (ethylene response factor) 3.01 6.51
Repression factor
1*tfilter 2™ filter
At2g44940 AP2 domain-containing protein 9.38 12.10
At2g46510 bHLH18 transcription factor 1057 6.34
At3g25730 AP2 domain-containing transcription éact 6.60 6.84
At5g37260 a MYB family transcription factor 5,53 212
At5g44080 bZIP13 transcription factor family priote 4.36 5.78

3.4. Molecular characterization of T-DNA insertionsin AtET genes

3.4.1. Verification of T-DNA insertion in line et2 after backcrosses

To identify loss-of function alleles &tET2(At5956780), we screened accessible T-

DNA mutant collections on the background of bothl @ed Ws accessions. Searching

from the GABI-Kat databaséitp://www.gabi-kat.derevealed the availability of several
mutant lines (GABI_559E11, GABI_606A02, GABI_586H08& the Col background with
insertions in the exons of tiXET2 gene. However, these lines did not pass the gualit

control in the T2 generation at GABI upon our regju¢hus they were unrecovered for
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further work. Previously, a single line containiagl-DNA insertion inAtET2 gene was
selected by pool screening from the collection leé Arabidopsis Knock-out Facility
(AKF), University of Wisconsin (lvanov, 2005). Thikne was transformed with a
derivative of the T-DNA vector pD991 into Wassilduya2 ecotype (Ws) (Krysaet al,
1999; Sussmaat al, 2000) and was designateded®-1 (Ivanovet al, 2008). Thignutant
was backcrossed repeatedly into ecotype Col tdittel direct comparison with other
mutants, all in the Col background. Therefore,lthe et2-1was backcrossed at least four

times before use for further analyses and renamet2tCol

XR2
T-DNA —»

518
AtET22" exon: TGTCCGGGTCTGTATGAGCT]

T-DNARB inet2-1  TATTCGGGCCTAACTTTTGGTAGTCCGGGTCTGTATGAGCT]

Figure 23. Genomic organization of theAtET2 gene showing the T-DNA insertion in
the et2-1allele.

A. Upper left: Structure ofAtET2gene with T-DNA insertion site. Exons were indezht

in grey boxes, and primers for genotyping in sraaibws.

B. Upper right: Confirmation of homozygous knock-out line afteckerosses into Col.
XR2 and gene-specific primers were used for ét#2Col(lane 2 and 3), and Col (lane 4
and 5), respectively, and would produce 963 bp itd type allele and around 700 bp of
T-DNA flanking region. The lack of wild type allelgroduct demonstrated that lie¢2-
Col was homozygous for the T-DNA insertion.

SmartLadder DNA (Eurogentec, Belgium) given in bgswised as a marker.

C. Lower: T-DNA RB (right boder)written in redwas inserted at position 518 relative to

the start codon.
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Homozygous plants for the insertionat-Colwere screened and confirmed through
PCR analysis using T-DNA right border primer (XR®) combination with either a
forward or a reverse gene-specific primers (GET@-FSET2-R, respectively). The wild
type Col serving as control should generate a P@Rygt (963 bp) with the gene-specific
primers but not with the T-DNA primer XR2. 30 plarwere genotyped in order to select
an et2-Col homozygous line. As shown in Figure 23B, only thdicated lineet2-Col
produced a band of approximately 700 bp with mugaminers, suggesting that it is
homozygous for T-DNA insertion and can be usedddher analysis. The result obtained
from sequencing of the right border and the T-DNbkking region revealed that T-DNA
was inserted in the second exon at the positioruofeotide 518 relative to the start codon.

3.4.2. Isolation of insertional mutant lines forAtET1

Arabidopsislines containing T-DNA insertions iAtET1 gene (At4g26170) were
identified and obtained from the SIGnAL T-DNA cdlt®n (Salk Institute Genomic
Analysis Laboratory). According to the sequence addound in the database
(http://signal.salk.edu/cgi-bin/tdnaexprgsthe insertions in these lines were predicted in
the exon (SALK _000422) or the introns (SALK_ 02629584357, 146916). We selected

these four mutant lines for further analysis anthmeed thenetl-1, et1l-2 etl-3andetl-4

respectively (Figure 24).

2nd exon

T-DMA for SALK 0252531
T-DNA for SALK 094357 | T-DMA for SALK 000422
T-DNA for SALK 146916 I'|I r3n:i exon

E
L

\
s
M
lstexon L4

BAC ET1 ALO49483

Figure 24.Positions of the T-DNA insertion inpotential mutant lines for AtET1 gene in
the SIGnAL T-DNA collection. Four SALK lines including 000422, 026258, 09435d an
146916 were selected for primarily mutant analysetsdesignated as lim¢l-1, etl-2 et1-3

andetl1-4 respectively.
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M 1 2 3 4 5 6 M 1 2 3 4 5 6
1500 — 1000 —
1000 — 800 —
800 — 600 —
600 — 400—
400— 200—

Figure 25.Genotyping ofetllines containing T-DNA insertions in theAtET1 gene.

In both pictures, PCR products amplified frcetl-1, etl-2 etl-3 and etl-4 lines were
loaded in lane 1, 2, 3, 4, respectively. Lane 5 @ncbntained products generated from
genomic DNA of Col. SmartLadder DNA (Eurogentec|ddemn) given in bp was used as a

marker.

Left picture: Left border primer (LBal) was used in combinatiath gene-specific primer
GET1-F1 foretl-landetl-2or GET1-R1 foretl-3andetl-4

Right picture: Two pairs of gene-specific primers (GET1-F1 incasstion with GET1-R2
or GET1-R1) were used to amplify wild type alletexl would produce products of 681 and
343 bp. The absence of wild type alleleeiti-2 (lane 2) demonstrated that this line was

homozygous for T-DNA insertions.

About 30 Arabidopsis plants for each mutant line were genotyped in fingt
generation to verify the insertions and determirteethver the line was heterozygous or
homozygous. To this end, the genomic DNAs isoldtech these plants were used for
PCR with T-DNA left border primer (LBal) and gerngesific primers (GET1-F1, GET1-
R1, GET1-R2) depending on the position of T-DNAALET1 sequence. The sizes of
amplified PCR products were estimated by gel edgttoresis and were around 790, 700,
770 and 750 bp fotl-1, etl-2, etl-Zndetl-4 respectively, as seen in the Figure 25 (left
picture). The wild type Col was used as control.mgaygous knock-out lines were
detected by PCR and were expected to have a bahdi'vidNA primers and not with the
gene-specific primers. The results indicated thdy dine etl-2 was homozygous for T-
DNA insertion in theAtET1 gene whereas the other three linetl{], etl-3and etl1-9
were heterozygous and therefore require the sergewii the following generations for

homozygosity.
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3.4.3. Analysis of T-DNA integration sites iretl

To precisely identify the integration sites of T-BNnsertions in theAtET1 locus, the
flanking sequences of T-DNA were amplified with LBand gene-specific primers and cloned
into pCFIl vector (Invitrogen, Carlsbad, CA). In each caseo independent clones for a
particular PCR product were selected to exclude RERsequencing error and entirely
sequenced at Plant Genome Resources Center, IR&;s@hen. The sequencing of genomic
DNA flanking regions revealed three lines whichidwaed T-DNA insertions in the first intron

for line et1-2 et1-3 andet1-4 respectively, downstream of the start codoAW&T 1

LEa LBal

=N

GETI-R1 GET1-R?

—e S —
GET1-F1
—>
—

T

LBal

=

Bal

Figure 26. Scheme to illustrate the T-DNA insertion sites ilAtET1.

Introns and exons were shown in lines and grey fiovespectively. The coordinates of
the T-DNA insertions in the coding region were gated with respect to the
transcription start site. The T-DNA inserts weret myvawn to scale. Primers for

genotyping were indicated in small arrows.

In addition, comparison of the T-DNA flanking seque to the correspondifgET1
Col wild type loci showed that the integration 6DNA into line et1-1 (SALK _000422)
induced a deletion of 23 bp of the second exon.réhwval of these 23 bp shifts tee-4
insertion site into the second exon at nucleoti@@ #om start codon oAtET1 and
generates a good candidate for a knock-out mutantore detailed characterization of T-

DNA insertions in théAtET1gene is shown in Figure 26.

3.4.4. Transcription analysis ofetl

To determine whether the T-DNA insertions influethtiee expression ¢itET1gene,

we employed RT-PCR analysis. Since all knock-augdicarried T-DNA insertions close
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to the 5" end of theAtET1 gene, theAtET1 transcript gene can be detected with several
different gene-specific primers within the codiregion and downstream of the point of
insertions. The product of actin 2 gene (At3g18788% used to quantify the amount of
templates in the PCR reaction. All three mutargdinisplayed reduced transcript level of
AtET1in comparison to Col (Figure 27). Due to pleiotoophenotypes such as sterility
even in heterozygote liret1-4could not be used for any further analysis. Aggdifrom

the transcript level, linetl-1could be a null mutation and therefore, is cutyeamnployed

for the creation of a double mutant with the lirgrging the T-DNA inAtET2 gene €t2-
Col).

Lane Lane M 1 2 3

1500— 500—-

1000~ 400—
800~ 35 300 25
600~ cycles
400~ cycles igg: y
200—

75—

Figure 27. Analysis of transcript levels oetl mutant lines

Left: Amplification of AtET1 transcript by ET1-RT-F2 areiT1-RT-R2 primers. Lane 1, 2,
3, 4 were loaded with products froetl-1 etl-2 etl-3 and Col. SmartLadder DNA

(Eurogentec, Belgium) given in bp was used as &engtane M).

Right: Expression of actin 2 gene (At3g18780) was usedoading control for the
corresponding lanes in left panel. GeneRlletkb DNA Ladder Plus (Fermentas, Vilnius,
Lithuania) given in bp was used as a marker (laje M

3.4.5. Phenotypic analysis cétl

The phenotype of homozygoesl-1 knock-out mutant was inspected and compared
to wild type Col under standard growth conditiddevelopment and growth of this knock-
out plant appeared normal, and throughout the ts&ige mutants were indistinguishable
from wild type Col plants. Similarly, mutant plangxhibited normal floral sizes, leave
shape and numbers as well as branching. Flowerlimg, tsilique sizes and seed

morphology of mutant and Col plants did not dispdg@ypreciable differences.
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Remarkably, previous data showed that the null timtain AtET2 gene ét2-1)
strongly increased germination of immature seedspawed to the wild type Ws (Ivanov,
2005). For this reason, immature seeds from gridignes were isolated and placed on MS
medium containing basic components. As summariadeigure 28, the germination rate
of immature seeds of thetl-1line was higher in comparison to the wild type .Cidhus,
this result is in agreement with observations reggbby Rumen lvanov (Ilvanov, 2005),
although germination rate was not as high as iretkel mutant.

80 1
70 A
60 -
50 1
40 1
30 1
20 -
10 A

—o—Col
—=—etl-1

Germination (%)

0 4 6 8 10 12 14 16 21
Days after imbibition

Figure 28. Germination rates of immature seeds fronet1-1mutant line.

Isolated immature seeds were sown on MS medium lemgmted basic vitamins.
Germination rate was calculated for three weekscanapared to wild type Col.

3.4.6. Creation of double knock-out mutant

Phenotypic analyses demonstrated that single knatkautants in thé&tET1 (et1l-1
line) andAtET2 (et2-1line) genes showed similar phenotype in delayiagrgnation of
immature seeds. In additiorf2-1 mutant line exhibited significant reduction inrig
content of leaves and stems compared to wild tyyenév et al, 2008). Besides these
characters single knock-out mutants lack otheredigsble morphological phenotypes. It is
reasonable to speculate that phenotype in a giwgglesmutant might be hidden by
overlapping function oAtET1 and/or AtET2 genes (see discussion in pages 99-100 for
more detail). Moreover, both these genes also ayspimilar expression patterns during
growth and development of plants. To analyze ifejerredundancy could mask essential
functions of individual genes, | generated doublaetants impaired in bottET1 and

AtET2 genes. Although all mutant lines exhibited reduerpression oAtET1gene, only
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etl-1(SALK _000422) line showed nearly complete lossAGET1 transcript. Bothet1-1
andet2-Colmutants (see 3.4.1 and 3.4.2) were shown to aofitddNA insertions in the
second exon oAtET1andAtET2 genes, respectively. Thus far, | crosetld1x et2-Colto
produce F1 progeny heterozygous for both T-DNAitses. Current experiments aim to
identify either a double homozygous mutant lineadine which is homozygous for one
allele and heterozygous for the other in case ofegaphytic or zygotic lethality.

3.5. Down regulation ofAtET during plant development

3.5.1. Generation ofAtET1::RNAI in et2 mutant line

In addition to the generation of a double mutarattempted to down-regulate the
expression oAtET through a combination between a gene knock-outaagdne knock-
down. In this approachAtET1 gene was silenced through selective posttransmomigt
degradation (known as RNA interference, RNAI), Wh\tET2 gene was completely
disrupted by a T-DNA insertion mutargt®-1 mutant). To this end, silencing constructs
were generated using the gateway-compatible pAGRIK @ector from the AGRIKOLA
(Arabidopsis Genomic RNAI Knock-out Line Analysisdsource in which gene-specific
sequence tags (GSTSs) for silencing are separated Iytron spacer. This spacer consisted
of two head-to-head introns that enabled splicihthe encoded transcript regardless of its
orientation (Hilsonet al, 2004). We employed two DNA fragments for silemcin
constructs including 360 bp (namedi&sT1) and 300 bp (named &&T1) corresponding
to the third exon of th&tET1gene. These fragments were inserted in senserdisérzse
orientation into destination vector pAGRIKOLA vyiahg the final plasmids pA;ET1 and
pA_i,ET1, respectively (Figure 29).

The expression of botRNAI constructs was controlled by the constitutive C&888
promoter. Sequence verified constructs were inteduinto A. tumefaciensstrain
pGV3101 and subsequently transformed iei®-1 mutant line. A total of 48 independent
plant lines were selected for bd®NAi constructs by their ability to growth under BASTA
treatment and additionally examined for the presasfdrangenes using PCR (Figure 30).
Transgenic plants carrying pAET1 and pA JET1 were designated ag&ET1 et2-1 and
ioET1 et2-1 plants, respectively. A minimum of 5 individualapts per construct were

selected to provide a collection®RNAilines for further analyses.
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Bar

360 bp
300 bp 300 bp

Figure 29. A schematic drawing of two RNAi-mediatedsilencing constructs

The hairpin cassettes were produced using paiili’cfragments ofAtET1gene (360 and
300 bp) that were introduced into the region flagkthe PDK and CAT introns. LB, left
boder; Tos nopaline synthase terminator; Bar, BASTA resistagene; Rbs, hopaline
synthase promoter;zf, CaMV35S promoter; PDK,”? intron of theFlaveria PDK gene;
CAT, intron of the castor bean CAT gene;cE octopine synthase terminator; RB, right
boder

180 pb 262 pb
—) Agri 51 Agri6d_3
at81— GST—are2] pdk intron ><;af intron ar8z— (GS T—arm1 [ te'm‘n_n%?f"-
T Agri 56 S Api 69
65 pb 80 pb
iLET1 et2-1 i,ET1 et2-1
Line: 1 5 6 7 8 1C 11 19 32 34

Lane M 1 2 3 <¢5 6 7 8 9

Line: 1 5 6 7 8 1C 11 19 32 34
Lane M 1 2 3 ¢5 6 7 8 9
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Figure 30. Verification of specific GSTs present imET1 et2-1and i,ET1 et2-1plants.
Five independent transformed lines per construgeveenfirmed to contain GSTs using
pPAGRIKOLA-specific primer pairs (Agri 51/56 and Adi4/69).

Upper: Structure of recombined hairpin cassette withiterted GST repeats and a scheme
of primer annealing sites.

Middle: Agri 51/56 produced 605 and 545 bp ifET1et2-1andi,ET1 et2-] respectively.
Lower: Agri 64/69 yielded 702 and 642 bp fgET1 et2-landi,ET1 et2-] respectively.

SmartLadder DNA (Eurogentec, Belgium) given in bgswised as a marker.

3.5.2. Reduced expression level 8tET1 in i;ET1 et2-1landi,ET1 et2-1plants

In order to determine that the repressionAtET1 gene expression was due to the
overexpression of RNAI constructs, tAEET 1transcript was monitored in theeT1 et2-1
andi;ET1 et2-1plants. Because RNAIi produced a serief@bidopsistransgenic lines
showing different levels of down-regulation of tAEET1gene, we tested the expression in
5 transgenic lines per construct using total RN@&pjred from rosette leaves of each plant
line. The expression &ftET1gene inN;ET1 et2-1landi,ET1 et2-1plant lines was analyzed
by conventional RT-PCR using ET1-RT-F2 and ET1-RIgRimers. This primer pair has
been found to be specific for tW¢ET1 sequence and amplified a 416 bp fragment from
the third exon. Amplification of the actin 2 gen&t3g18780) product was used as a
constitutive control to show that equal amount&®NA had been used in the experiments.
Primer ACT2-F and ACT2-R generated 134 and 220dam tDNA and genomic DNA of

actin 2 gene, respectively.

As shown in Figure 31A, two lines;ET1#10et2-1 and i;ET1#32et2-1) did not
display any reduction in transcript level AfET1 gene compared to products frat-1
mutant and Ws (lanes 11 and 12). Other lines etdulba substantial decreaseE{T1#1
et2-1, HET1#5 et2-1i,ET1#19 et2-1 and i,ET1#34 et2-1 or a nearly complete loss
(InET1#6 et2-11,ET1#7 et2-1i;ET1#8 et2-1 andi,ET1#11 et2-1 of the transcripts in
comparison toet2-1 mutant and wild type Ws. All these lines were uged further

analyses of phenotypic alterations.
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iHET1 et2-1 ioET1 et2-1
(A) Line: 1 5 6 7 8 10 11 19 32 34
Lane: M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 135

700

500~ 35
400— cycles
300

(B) Line: 1 5 6 7 8 10 11 19 32 34
Lane: M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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400—

300— 25
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75”7

Figure 31. RT-PCR analysis oAtET1 gene silencing.

A. The analysis oAtET1transcript levels in 10 independent lines (landés 10). Lanes 11
and 12, PCR products from cDNA etf2-1mutant and wild type Ws. Lanes 13 and 14, PCR
products from genomic DNA at2-1mutant and wild type Ws. Lane 15, negative control

B. Expression of actin 2 gene (At3gl18780) was usedaa®ading control for the
corresponding lanes in (A) panel.

GeneRule! 1kb DNA Ladder Plus (Fermentas, Vilnius, Lithudrgaven in bp was used as
a marker (lane M).

3.5.3. Phenotypes afET1 et2-1andi,ET1 et2-1plants

In general RNAI plants can exhibit a series of pitgpic changes that are
proportional to the silencing of target gene exgims (Chuang and Meyerowitz, 2000).
Sincei,ET1 et2-1landi,ET1 et2-1plants were produced by a combination between knock
down of AtET1gene expression and a mutatiorAiE T2gene €t2-1line), the phenotypes
of these plants are expected to exhibit signifiadifferences in comparison to wild type
Ws andet2-1 mutant plants. However, morphological analyseg BTl et2-landiET1
et2-1 plant lines carrying both constructs (pA&T1 and pA-ET1) did not reveal any
obvious phenotypic changes in rosette leave shagenamber, but were overall clearly
smaller than wild type Ws aret2-1 mutant plants (Figure 32).
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Figure 32. Comparison of morphological phenotypesfoi;ET1 et2-1and i,ET1 et2-1

plants. Three-week-old seedlings were grown on soil. Adwilpe Ws; B, et2-1 mutant
plant; C,i,ET1#19 et2-1ine; D, i;ET1#6 et2-1line.

As AtET genes are markedly expressed for instance in daptive organs (Figure 16
and 17), we examined whether loss of function ithbSET genes has any effects on
pollen development. To test for pollen viabilityatare pollen from wild type Wst2-1
mutant, i;ET1 et2-1and i,ET1 et2-1plants were colored with Alexander staining
(Alexander, 1969). The viable pollen are usualbirsgd dark purple or brightly red with
this dye, whereas nonviable pollen can be recognimetheir smaller size and flattened
shape as well as a pale red or a light purple .sfssnshown in Figure 33t2-1 mutant
plants exhibited uniform pollen grains similar teetwild type Ws, whereasET1#10 et2-
1, i,ET1#19 et2-1landi;ET1#6et2-1plants showed two distinct types of pollen inchgli
normal and aberrant phenotypes in comparison td type Ws (Figure 33, C, D and E).
Approximately 10, 30, and 50% aberrant pollen weleserved ini;ET1#10 et2-1,
i,ET1#19 et2-landi;ET1#6 et2-Iplants, respectively, compared to 1% aberranepslin
wild type Ws and iret2-1 mutant plants (Figure 33). TherefoAdET genes are critical for
pollen viability.

To additionally investigate developmental staged anclear composition of the
pollen, we stained dehiscing anthers with DAPI@4liamidino-2-phenylindole) solution
and visualized nuclei under UV illumination. Theldvtype Ws pollens showed clearly a
diffusely stained vegetative nucleus and two cosddrsperm nuclei (tricellular pollen). A
similar pattern of staining was visualized in thalgn of et2-1 mutant, indicating that
nuclear divisions occurred during pollen developmbncontrast, DAPI staining could not
detect any fluorescence from aberrant pollens dedig Alexander staining. This
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supplemental observation confirmed that aberrafiepavere most likely inviable and
could not function in fertilization. Besides thermmal pollen similar to mature pollen from
Ws andet2-1 mutant plants, pollen fronbET1#19 et2-1 and ihkET1#6 et2-1plants
exhibited a diffuse vegetative nucleus and only @oenpact generative-like nucleus
(bicellular pollen), indicating a failure to progeethrough the second mitotic division
(Figure 34, G and H).

Figure 33. Pollen phenotypes in representativigET1 et2-1andi,ET1 et2-1plants.

Alexander staining was performed with pollen gramesn wild type Ws (A),et2-1 mutant
(B), ioET1#10 et2-1C), i,.ET1#19 et2-1D), andi,ET1#6 et2-1(E) plants. Yellow arrows

indicated the aberrant pollen graifars 20 pum.

Figure 34. The nuclear constitution of mature polles from i;,ET1 et2-1and i,ET1 et2-1
plants. Phase contrast images of pollen grains from wilgetyVs (A),i.ET1#10 et2-1
iIET1#19 et2-1andi,ET1#6 et2-1plants (B, C and D, respectively). The same sasnple
were used for fluorescence image detection (E, ,FHXS The two brightly stained small
nuclei are sperm nuclei (indicated by white arroars) the large and more diffuse nucleus is
the vegetative cell nucleus (indicated by whitevarheads). All aberrant pollen (indicated

by black arrows) did not contain any nuclei. Babguan.
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Figure 35. Female gametophytic phenotypes IRET1 et2-1landi,ET1 et2-1plants.

Microscopy images of isolated ovules (2 days ateasculation) fronbET1#10 et2-1C),
iET1#19 et2-1(D), and i;ET1#6 et2-1(E and F) plants showed no alteration in
gametophytic phenotype relative to Ws (&§2-1mutant (B) plants. Cc, central cell, ec, egg
cell; sc, synergid cell. Bars represented 20 pum.

To further examine female gametophytic phenotypes visualized isolated ovules
from iHET1 et2-landiET1 et2-1plants under microscope and compared to &¥2;1
mutant. As shown in Figure 35, the female gamettgshgleveloped identically to West2-

1 mutant,i;,ET1#10 et2-li,ET1#19 et2-landi;ET1#6 et2-Iplants. They exhibited normal
central cells, egg cells as well as synergid cdllgs observation suggested that female
gametophyte development was not affecteidii 1 et2-landi,ET1 et2-1plants.

Dissection of green siliques fromET1#5 et2-1 i,ET1#6 et2-1 HET1#7 et2-1
i1lET1#8 et2-1and ioET1#19 et2-1plant lines revealed that they contained healthy
developing seeds together with infertile ovules abdrted seeds, whereas siliques from
wild type Ws andet2-1 mutant plants consisted of uniformly green devielgpseeds
(Figure 37, H and 1). TheET1#10 et2-landi,ET1#32 et2-1plant lines had only few
infertile ovules as well as aborted seeds. Inyjaborted seeds were yellow or transparent,
while siblings were green. Later in developmeng, éfborted seeds were dark red or dark
brown in appearance and shrunken (Figure 37, J)toD@pending on morphological
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phenotypes, the,ET1 et2-1and i,ET1 et2-1plant lines were grouped into normal,
moderate and strong phenotype levels corresponidinghenotype class A, B, and C.
I,ET1#10 et2-land i,ET1#32 et2-llines appeared normal and were grouped into
phenotype A.HET1#1 et2-1i1ET1#5 et2-1i,ET1#19 et2-1andiET1#34 et2-lwere
clustered into phenotype B, whiigET1#6 et2-1 ihET1#7 et2-1i,ET1#8 et2-1 and
iET1#11 et2-lexhibited the most severe alterations and weeeefbre grouped into

phenotype C (Table 3).

Table 3.Phenotypic analyses QET1 et2-landi,ET1 et2-1plants

Genetics Line Phenotype Healthy Aborted Infertile bofted

level class seeds seeds ovules embryos

i1ET1 et2-1/et2-1 1 Moderate B 33%5 14+6 6+2 heart

i1ET1 et2-1/et2-1 5 Moderate B 27 %6 10+4 9+4 heart

i1ET1 et2-1/et2-1 6 Strong C 16+5 22+8 11+5  globular-heart
i1ET1 et2-1/et2-1 7 Strong C 14+7 25+9 10+4  globular
i1ET1 et2-1/et2-1 8 Strong C 817 28+12 8z+4 globular
i-ET1 et2-1/et2-1 10 Normal A 52+6 3+2 7+3 no

ioET1 et2-1/et2-1 11 Strong C 18+8 208 10+3  globular-heart
i-ET1 et2-1/et2-1 19 Moderate B 32+6 15+7 5+2 heart

i-ET1 et2-1/et2-1 32 Normal A 55+7 4+2 5+3 no

i-ET1 et2-1/et2-1 34 Moderate B 38+6 16 £5 6+2 heart
ET1/ET1 ET2/ET2 Ws  Normal A 50+4 1 3+2 no

ET1/ET1 et2-1/et2-1  et2-1 Normal A 56 +5 1 5£3 no

To determine the effect of loss of function of b&ttET genes on earlier stages of
seed formation, we isolated seeds from represeataiT1 et2-landiET1 et2-1plants
for clearing and observed the morphology of devielpembryos in the seeds by light
microscopy Zeiss Axioplan2. No significant morphgital differences were detected
betweenret2-1 mutant and wild type Ws at corresponding stagegegtlopment as shown
in Figure 38 (A to J). Analysis of seeds frof&BT1 et2-landi,ET1 et2-1plants revealed
clearly two types, normal and aberrant seeds. Tbenal seeds developed similar
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morphologies to wild type anet2-1 mutant seeds. On the contrary, aberrant seeds were
often smaller in size compared to the wild type &g et2-1 mutant at the same stages of
development. Their embryo development was arresteglobular (Figure 38, K to N) or
globular-heart transition stage (Figure 38, O taa@) mainly found in phenotype class C,
approximately 60% of embryos (Figure 36). Otherabral embryos were blocked at
heart stage and predominantly appeared in phenatgss B, around 35% (Figure 36 and
Figure 38, R to T). Thus the seeds carrying théserant embryos were aborted and died
before maturity as seen in Figure 37 (L, N and T)is observation indicated that
phenotypes of abnormal embryos were most likelgteel to the transcript levels AIET
genes iniET1 et2-1andi,ET1 et2-1plants.

W Globular & Globular-heart [ Heart O Unclear

80
70 A
60 -
50 A
40 -
30 A
20 T
10 A
0

Embryos (%)

Phenotype B Phenotype C

Figure 36. Embryo development iniET1 et2-1and i,ET1et2-1 plants.

Dissected siliques revealed an increase in aberamtryos arrested at globular and
globular-heart transition stages in phenotype C amested at heart stage in phenotype B

plants. N = 15 siliques were analyzed for each line

The results from combination between silendg#T1 and et2-1 mutant strongly
suggested that eliminating or substantially redydhe twoAtET genes (bothAtET1 and
AtET2 genes) was seriously detrimental to plants andetligene products were essential
for normal growth and development Afabidopsisplants. To completely define if one or
both parents were affected by loss of functionahi\tET genes, it was necessary to carry
out reciprocal crosses by pollinating the wild tys, et2-1 mutant females with pollen
from RNAI plants andiice versaThese crosses have been completed and will bgzaxda

soon.
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Figure 37.Seed abortion ini;ET1 et2-land i,ET1 et2-1 plants.

Inflorescences fromET1#10 et2-XC), i,ET1#19 et2-1D), i1.ET1#6 et2-1E), andi;ET1#8
et2-1 (F) plants relative to the wild type Ws (A9t2-1 mutant (B) plants. Mature green
siliques from wild type Wsgt2-1mutant,i,ET1#10 et2-1i,ET1#19 et2-landi;ET1#6 et2-1
(G1, G2, G3, G4 and G5, respectively). Bars remtesel .0 cm.

Dissected siliqgues from wild type Ws (H) aet2-1 mutant (I) plants were compared to
siliques fromi;ET1#5 et2-1(J and K),,ET1#19 et2-iL), i;ET1#7 et2-M), i.ET1#6 et2-1
(N) andi;ET1#8 et2-1(O) plants. The,ET1 et2-landi,ET1 et2-1llines contained infertile
ovules (indicated by yellow arrows) and aborteddse@ointed by yellow asterisks). Bars

represented 200 pm.
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Figure 38. Aberrant embryo development in,ET1 et2-1 andJET1 et2-1 plants

Developing seeds from Wef2-1 mutant,i;ET1 et2-landi,ET1 et2-1plants were cleared
and examined with light microscopy Zeiss Axioplan2.

A to E, globular, globular-heart transition, hedadrpedo and walking stick stages of Ws,
respectively. Pictures F to J showed embryo devedop in et2-1 mutant plants
corresponding to stages of Ws. Aberrant seeds ioimgaembryos arrested at globular stage
(K to N), globular-heart transition stage (O to @gre observed inET1#6 et2-1i,ET1#8
et2-1 plants or at heart stage (R to T)iWET1#5 et2-landi,ET1#19 et2-Iplants. Bars
represented 50 u
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4. Discussion

Differentiation and development requires a precisetrol of gene expression. Gene
regulation at the transcriptional level implies theeraction between transcription factors
and the corresponding target genes. Transcripdotoffs have been classified on the basis
of their highly conserved DNA-binding domains. TB&IA-binding domain of the HRT
(HORDEUM REPRESSOR OF_RANSCRIPTION) class of transcription regulators
consists of several highly conserved repeats wfhical cysteine patterns. Founding
members of the strictly plant specific HRT classehbeen originally isolated from broad
bean Vicia fabg and barley lHordeum vulgare For a more detailed functional analysis
we have studied a corresponding gene family, desiggh as EFECTOR OF
TRANSCRIPTION (ET), in the model plarabidopsis The ET gene family consists of
three members. BotAtET1 and AtET2 genes encode full length proteins, wher@H#sT3
encodes a truncated version lacking the C-ternttfialepeats. All what is currently known
about HRT/ET has been published in three papergefRaset al, 1998; Ellerstronet al,
2005; Ilvanovet al, 2008). The published data suggest important dewedntal functions
of HRT/ET during seed and xylem development, mogtly connected to gibberellin-

mediated processes.

Here, we describe experiments which provide esaletatols for a further functional
characterization of this family of plant regulatorscluding a) the synthesis of
recombinant proteins for DNA binding studies, gatien of specific nanobodies, and
identification of DNA-binding properties of AtET @ieinsin vitro, b) domain swapping
experiments to analyze their single strand cuttigvity and c) the generation and
characterization of loss of function mutants suppgran important function of ETs in

seed development.

4.1. Expression of recombinant AtET proteins irk. coli

The study of biological functions of the AtET priote has been hampered by the
difficulties in obtaining sufficient amounts of guproteins for the generation of specific
nanobodies as well as for DNA binding studies. @bsiy, AtET proteins are difficult to
be synthesized as recombinant proteing&ircoli most likely due to their cysteine-rich

domains. In total, the four repeats contain twetvaserved cysteine residues at the C-
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terminal (Ellerstromet al, 2005; Ivanovet al, 2008). Thiol (sulfhydryl) groups of
cysteines are involved in the formation of diswfidonds, crucial for protein stability,
enzyme catalysis and redox status (Leichert andb]&004; Meyer and Hell, 2005; Kaur
and Bachhawat, 2007; Hansenh al, 2009; Alvarezet al, 2010). Moreover, it is well
known that cysteines can form aberrant intra- ¢ermolecular disulfide bridges (Meyer
and Hell, 2005), which can cause mis-folding angrdédation (Benitat al, 2006). Thus,
attempts to produce cysteine-rich recombinant prsta E. coli often failed because of
low stability and the presence of many thiol grotgsc to the host cells (Xiong and Ru,
1997; Huanget al, 2009a).

Several trials to synthesize AtET proteins in vasiexpression vectors containing
tetA or T7 promoters supported the view that these protesesnsto be toxic tde. coli
strains even when grown under low temperature. odighh T7 promoter controlled
expression systems facilitate high levels of prosinthesis, they have been reported to be
leaky (Giacalonest al, 2006). TheetA systems have been successfully applied for tightly
regulated bacterial expression of heterologouseprst In several cases, the basal level of
tetA promoter activity is present even in the abserfcaducer (Grkovicet al, 2002).
Thus, leaky expression can be a problem when relcamb proteins have detrimental
effects on host cells and suppression or reductidrasal expression may be employed to
reduce toxicity (Schumann and Ferreira, 2004; Bohge al, 2005). These negative
effects of recombinant proteins on host cells canoldercome by using vectors which
possess a tight expression control prior to induc{Giacalonest al, 2006). We therefore
attempted to synthesize AtET proteinsEn coli employing the vector pQE30 (Qiagen,
Hilden, Germany). This vector contains tée@ repressor binding sites to ensure efficient
repression of th@'5 promoter by high levels dac repressor protein ifk. coli before
induction (Liu et al, 1999; Scheideggest al, 2001; Dreest al, 2004; Blevinset al,
2007). Using the pQE30 vector, we were finally ableyet low level expression of AtET
proteins inE. coli strain M15. Although proteins were accumulatedafuble forms irE.
coli cytoplasm, they could only be purified under dariag or hybrid conditions.
Probably, the protein did not bind sufficiently ttee Ni-NTA resin due to non-suitable
protein conformation (Kneusel al, 2000; Debeljalet al, 2006). Using large cultures and
applying the above described hybrid conditionsporification we could obtain sufficient
amounts of AtET proteins for further analyses suash DNA-binding properties and

specific nanobody production.
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4.2. DNA-binding properties of AtET proteins

Since ET factors were originally detected and isaldby South Western approaches
as DNA-binding proteins, it is assumed that theyghhiact as transcription factors.
Therefore, efforts were directed on the identifmatof DNA motifs recognized by ET
factors. Using EMSA, it was shown that AtET factals bind to DNA, however, the
results indicate that there is no obvious sequspeeificity detectable. This finding is in
agreement with previous data obtained for AtET Bn&T factors. In both cases, binding
assays did not exhibit any specific sequence in DINA fragments used as probes
(Ellerstromet al, 2005; Ivanov, 2005). Only HRT, an ET factor frétordeum vulgare
has been reported to interact with a central semesf the GA response element
(Raventoset al, 1998). Currently, we interpret this as a differerbetween ET factors

from monocots and dicots.

Thus, AtET factors most likely function as non-sexace specific DNA-binding
proteins, since they bind to DNA fragments contagnseed-specifinapA USP or LeB4
promoters as well as random probes. The synthaticam oligonucleotides used as
controls did not match with known transcriptionagulatory motifs in plants monitored by
PLACE (A database of plant cisacting regulatory DNA element,
www.dna.affrc.go.JpPLACE/) (Higo et al, 1998; Higo et al, 1999; Fauteux and

Stromvik, 2009). A possible explanation for theatdsed binding properties of ET could
be the requirement of a yet unknown interactingtdiacPrevious yeast two-hybrid
experiments have identified a bHLH transcriptioctéa as well as a SWAP domain
containing nuclear factor as putative interacti@rtmpers of AtET2 (R. Ivanov and H.
Baumlein, data unpublished). Clearly, this requitether confirmation by a more detailed
biochemical analysis. It is also conceivable trat-specific DNA-binding domains might
assist a protein sliding mechanism along the DNAwWErs and Halford, 2003; Gao and
Skolnick, 2009; Huangt al, 2009b). Thus, non-specific interaction could heraportant

intermediate step in the process of sequence-gpeedognition and binding (Kalodimos
et al, 2004). The observed detection of the AtET-DNA ptexr by specific nanobodies
further supports the DNA binding properties of E&ctbrs. The observation that
nanobodies did not block the interaction betweeBTA&Nnd the probe oligonucleotides
suggests that the nanobodies do recognize praggions outside of the DNA-binding ET
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domain. Obviously, the generated nanobodies proaidexcellent experimental tool for
further molecular analysis of ET factors.

4.3. Putative functions of GlY-YIG domain in ET fadors

Since ET factors have been located in the nuclebsre they can act as regulators of
other genes, we searched for the presence of reeaddm protein domains. In addition to
the characteristic ET repeats, this search idedtiéi low level of similarity to the DNA
single strand cutting domain present in bacteriarQJprotein and so-called homing
nucleases (Derbyshieg al, 1997; Aravindet al, 1999; Verhoeveet al, 2000; Stoddard,
2005). The bacterial UvrC protein is essential D[dMA excision repair (Friedbergt al,
1995; Moolenaaet al, 1998). The protein is targeted to UV-induced DM&ions like
thymidine-dimers and introduces two single straots @ bp 5’and 4 bp 3'of the lesion.
The nucleotide sequence between both single statsdis removed and replaced by the
correctly repaired strand. The two single strant$ eme processed by two structurally and
functionally distinct domains of the UvrC proteiy.C-terminal domain consisting of an
Endonuclease V (ENDOV) and a Helix-hairpin-Helixhff) subdomains is required for
the cut 8 bp 5 of the lesion, whereas the N-teain@1Y-YIG domain inserts the cut 4 bp
3'of the lesion (Figure 39) (Lin and Sancar, 1998rbyshireet al, 1997; Aravindet al,
1999; Kowalskiet al, 1999; Verhoeveet al, 2000; Van Roet al, 2002). In addition to
the UvrC protein, the GIY-YIG domain (see Figure f40 more detail) is also present in
homing nucleases, which are encoded within mobiibeig I, group Il and archaea introns
as well as in inteins, intervening sequences whach spliced and excised post-
translationally (Stoddard, 2005; Dunin-Horkawiez al, 2006; Dassaet al, 2009).
Therefore, the domain has been re-designated URIUarC and intron-encoded
endonucleases (Aravirat al, 1999; Singhet al, 2002).

The sequence similarity between plant ET factord e URI domain proteins is
restricted to the single strand cutting GIY-YIG dom This suggests that a UvrC-like
ancestral domain has been recruited by ET progamdsattached to the DNA-binding ET
repeats. A corresponding domain shuffling eventldidne consistent with the exon-intron
structure of ET genes, with the GIY-YIG domain egented by a separate second exon.
The functionality of the ET-derived single strandgttmmg domain was demonstrated by
substituting the AtET2 GIY-YIG domain for the cosponding domain of thE. coli UvrC

90



Discussion

protein. This showed that the plant domain prodedyi interacts with the C-terminal
UvrC ENDOV/HhH domain. Since the single amino aeithange (R>A) results in the
near complete loss of this activity, the singleast cutting activity of the GIY-YIG
domain must clearly be required for its moleculandtion. Thus, we suggest that the
nicking activity of the plant ET factor GIY-YIG daamn may be involved in the catalysis
of changes in higher order DNA structure, suchf@sexample, nucleosome sliding (Choi
et al, 2002; Xiaoet al, 2003). The presence of the transient break in DM#in
nucleosome is needed to initiate gene expressianddet al, 2006). Alternatively, it
may contribute to the relaxation of supercoilecbamatin domains, which are implicated in
the control of differentiation and development. Tihgortance of the relief of torsional
tension in DNA to the triggering of transcriptioradtivation has been recently described
(Juet al, 2006).

M3DQFDAKL FLETV TSQP GVYRMYD AGGTVIYVEEAKDLEKEL SSYFRSHLASRETERALY ROT Q0 TDVTVTHTE TE ALLLEHNYTEL Y]
FRYNVLLEDDESYPFIFLSGD THPR LAMHRGAKHAK GEYF GRF PN GY AVRET LALLQEIFPIRQCEN 3V YRNRSRFCLOTQIGRCLGEC
VEGLVSEEEYAQQVEYVRLFL3GKDDOVLTOL ISEMETAS QHLEFEE ARRTRDO I AVRRVTEEQ FV SN TGDDLDVIGVAFDA GMACVH
VLFIRQGEV LGS RAYFPEVPGGTEL SEVVETFVGOFYLOGSOMETLP GEILLDFNL SDETLLADS LSELAGREINVOITEF RGD RARY LE
LARTNAATALTSKLSQQ3 TVHORLT AL ASVLEL PEVERME CED ISHTMGENTVASCYVED ANG PL EAEYRRYHI TG IT PEDDY ARMH QY
LERRY GEATDDSET FDVILID GGEG 0L AQREHVE RELDVSVDEHHPLLL VARG RD REAGLETLFFEPEGEGFS LEPD SPALHVIQHIR
DESHDHAIGGHREKRAKVENT SSLE TIEGYGF EREOMLLEYHGE QGLRHASVEEL AKVE GISOGLAEE IFWSLE

15‘ 8 bp 4 bp 3‘1
el

Only the 37 cutting GIY-YI& demain has
been recruited for ET function

C-terminus M-terminus

Figure 39. Schematic representation of working modef UvrC protein.
Upper: The amino acid sequence of UvrC protein.

Lower: The 3" incision of thedlamaged DNA takes place at 4 bp downstream ofesieri.
The 5’ incision then follows at 8 bp upstream o tesion. HhH, Helix-hairpitdelix motif;
EndoV, Endonuclease V domain; B/C, UvrBC domainy-®IG domain.
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Figure 40. Three dimension model of GIY-YIG domainof phage T4.

Strands 1 and 2 were shown in red (S1 and S2)inteestrand loop (L) was given irellow
and extended in most ET proteins with the exceptibAtET1. The position of helix 1 ai

catalytic arginine were marked as H1 and R, regpgt(lvanov, 2005).

Remarkably, the HhH domain of the UvrC protein banconsidered as the ancestor
protein domain for another class of plant regukaiike ArabidopsisDEMETER (DME)
and REPRESSOR OF SILENCING 1 (ROS1) (Cabal, 2002; Gonget al, 2002; Xiao
et al, 2003; Choiet al, 2004b; Morales-Ruizt al, 2006). DME can introduce single
strand nicks in MEA promoter and activate mateiM&lA allele expression (Chaat al,
2002; Xiaoet al, 2003; Choket al, 2004b). A possible conclusion is that plant-spe&T
factors have recruited a single GIY-YIG domain frpmokaryotic repair-related proteins
by a domain shuffling process, joining this domtinthe DNA-binding ET repeats. The
resulting protein factor is not involved in the agpprocess but acts as a gene regulator.
The regulatory mechanism - in part analogous to ftiretion of DME and ROS1 -
includes the insertion of nicks, with an impact ligher order structures of chromatin
packed DNA or on the genomic DNA methylation patteequired for differentiation

processes for instance during seed development.
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4.4. Loss of function ofAtET genes

AtET1 and AtET2 are two closely related proteinsAtiET family and their overall
sequences show 40.2% identity, especially higkT repeats (domains, 58.3% identity)
but less homology in GIY-YIG like domains (21.4%emdity) (Figure 3). Analyses of
public databases (Genevestigator and AtGeneExpresspled thatAtET1 and AtET2
genes have somewhat similar expression pattermgesting a functional redundancy
among these family members. Both these genes aressed at low levels in vegetative
organs such as leaves, roots, stems, and shootsapexl higher levels in sexual organs
(Figure 16 and Figure 17).

Single knock-out mutants @&tET genes €t1-1andet2-1) exhibit minor phenotypic
differencesin comparison to wild types (ecotypes Col and VWB®sides an increased
germination rate of immature seeds (in beth-1andet2-1 mutants) and a reduced lignin
content inet2-1 mutant plants (Ilvanov, 2005; Ivanet al, 2008), neitheetl-1noret2-1
single mutants have severe effects, most like dggnetic redundancy in tR¢ET family.

It is conceivable that mutations in one of two gem@uld still allow function of the other
but mutations in both genes would completely bltlo& expression and result in much
more severe effects (Hobbie and Estelle, 1995krAdttively, both single mutants might
be conditional mutants, with phenotypic changed®doome obvious only under certain
conditions (Meissneet al, 1999; Bouche and Bouchez, 2001; Pawletkal, 2006). To
further analyze the proposed functional redundameyare constructing a double mutant
by crossing betweertl-1 and et2-1 mutant lines. In parallel, we employed an RNAI
approach as an alternative to silence b&tET1 and AtET2 genes. Since the common
functional domains between these genes exhibit 2568.3% similarity at the nucleotide
level, we could not knock-down both of them by agé RNAIi construct. We therefore
undertook a combinational approach between RNAisingle mutant to silenc&tET1in
the et2-1 mutant for dissecting their function. Both RNAinsdructs deployed to silence
AtET1did not reveal an obvious vegetative phenotypevéi@r, the pollen viability and
development were impaired as detected by Alexarsianing and DAPI staining.
Therefore, fertilization rates might have been peduas a result of lower level of viable
pollen produced by these plant lines. Besides pajieains with three nuclei (tricellular
pollens) as in wild type, we observed several hital pollen, containing one diffuse

DAPI stained vegetative nucleus and a more congpaerative-like nucleus IRET1 et2-
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1 andi;ET1 et2-1plants displaying phenotypes B and C (Figure 34ar@d H). This
observation suggests that the first microsporesuini is normal, whereas the second
division of the generative cell is disrupted getiagpbicellular pollen (Durbarryet al,
2005; Ilwakawaet al, 2006; Gustiet al, 2009). The result is consistent with the above
mentioned predominant expressionAET genes in pollen (Figure 16, 17 and Figure 19,
J, K). Furthermore, the existence of aberrant polathout any nuclei and bicellular
pollen indicating loss of function in bo&tET genes may affect earlier and/or later stages
of pollen development. Since ovule development imaye ceased prior to fertilization,
we examined mature female gametophytes figET1 et2-1and i,ET1 et2-1plants.
Contrary to the defective pollen development, wek bt detect any phenotypic change in
these organs with the normal development of sydegntral and egg cells at maturity.
These results imply that AtET genes are essentidy dor the male gametophyte
development, revealing a sex-specific function 6§ E

The expression of RNAI irt2-1 mutant line KET1 et2-1 and,ET1 et2-1plants)
resulted in a range of embryo phenotypes. Most gosbarrested at the globular stage and
at the transition between globular and heart sfagble 3, phenotype C and Figure 38, K
to Q), while others continued development and &cesat the heart stage (Table 3,
phenotype B and Figure 38, R to T). The seeds oongpaborted embryos appeared
yellow transparent and became dark red or dark bramd shrunken at maturity (Figure
37, J to O), possibly because the absence of arenatubryo caused the seed coat to
collapse (Figueroat al, 2005). Moreover, the presence of aborted embshosved that
fertilization occurred and that embryogenesis wsriupted after fertilization (Kuniedst
al., 2008). It was therefore possible that the embryese morphologically disrupted and
the seeds were aborted due to lack of normal erdos(Koehleret al, 2003; lwakawaet
al., 2006; Johnstoet al, 2007; Gustet al, 2009). AlthoughArabidopsisendosperm does
not store the reserves of the seed, it most prghabitrols the flux of nutrients delivered
by the vascular tissue of the mother to the emlarys protects the embryo from physical
and osmotic stresses (Garahtal, 2003). Since successive divisions and cellulaosa
are two important events of endosperm developmeturang early after fertilization, it is
necessary to analyze endosperm in young seeds.udowewas difficult to distinguish
between abnormal and normal seed when they both yoemg and white (Li and Thomas,
1998; Kristof et al, 2008). Therefore, additional experiments showdperformed for

examination of endosperm development, for instamcéntroducing endosperm-specific
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markers such as KS22 (Ungetial, 2008) or KS177 (Sorensen al, 2001; Garcieet al,
2003; Ingouffet al, 2005).

Analyses ofi;ET1 et2-landi2ET1 et2-1plants revealed a number of aberrant
developmental phenotypes that correlated with ¢tegtive reduction in transcript levels of
AtET1 while AtET2transcript was completely lost. In particular, tiant lines with more
pronounced reduction IRtET1transcripts (lines 6, 7, 8, 11, displaying phepetglass C)
showed defects in early embryogenic stages, whéesassevere reduction led to proceed
to heart stage of embryogenesis (lines 1, 5, 19e8Hibiting phenotype class B). Thus,
only embryos weakly affected by loss of functionynteave been able to develop into
mature seeds, while severely influenced embryos foay shrunken seeds. Since these
defective seeds have not been observed in eith#reofingleetl-1 or et2-2 mutant, it is
reasonable that the defective seeds carrying abemebryos are related to the loss of
function in bothAtET genes. Loss of their expression severely affectie mametophyte
development and embryogenesis suggesting thatateegrucial for regular development
of embryos and survival of plants or they mighttcolhmultiple gene networks affecting
plant development. In plant species, epigenetic ifisations of chromatin, which
regulates transcription, have been proposed to ataymportant role in modulation of
many developmental pathways (Berger and Gaudin3)20taken together with putative
function of GIY YIG domain, we speculate that AtEactors are likely to participate as
components of chromatin-remodelling complexes ataly @ role in transcriptional

regulation through nicking activity.

The lack of phenotypic alterations in individual tawis is probably because of
functional redundancy IRtET family. Redundant functions are often due to défe
members of a family having overlapping developmientées. It has previously been
reported among the member of several plant mulagimilies. Gene members can
exhibit functional redundancy, depending on theeeitof divergence of function by
changes in their coding sequences and/ or expregsitterns. An interesting example of
partial redundancy within gene families has beeponted for the Arabidopsis
CAULIFLOWER and APETALA1 genes in which double mutants have a dramatic
cauliflower-like floral meristem defect, whileauliflower single mutants have a wild type
phenotype andapetalal single mutants have a milder floral-defective piigpe

(Budziszewskiet al, 2001). Since 65 % oArabidopsisgenes are considered to be
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members of gene families, redundant functions might expected in this species
(Budziszewskiet al, 2001; Sappkt al, 2004). Moreover, 37.4 % dirabidopsisgene
families have more than 5 members in comparisorh wi2.1 % in Drosophila
melanogasteand 24.0 % irCaenorhabditislegangMladeket al, 2003; Shopinsket al,
2006) which creates redundant function and explaihg many gene knock-out do not
exhibit any visible phenotype (Willmann, 2001).

In other cases, phenotypic analyses might be diffior impossible due to lethal
mutants in homozygous state or redundant functibrmembers in large multigene
families. For example, there are 31 combinationsionfle, double, and multiple knock-
outs for a family of five genes (Bouche and Bouct#901). Using RNAIi approach or in
combination with mutants may be suitable choice gbenotypic investigation in these
cases. For instance, Arabidopsishe CUC1 (CUP-SHAPE-COTYLEDONL1), CUC2, and
CUCS3 regulate embryonic shoot meristem formatioth lamundary specification of lateral
organs including cotyledons (Aidat al, 1999; Hibaraet al, 2006). Overexpression of
MIR164A and MIR164B targeting mRNAs of CUC1 and CJ@ the cuc3-2 mutant
caused an almost complete lack in axillary bud fdrom, demonstrating a redundant
function of CUC1, CUC2 and CUC3 (Hibaea al, 2006; Nikovicset al, 2006; Ramaret
al., 2008).

Conclusions and outlook

As members of ET family, AtET factors are charaetst by several highly
conserved sequences with typical cysteine patt&Vvits. this characteristic, AtET proteins
are difficult to be synthesized as recombinant g@inst in E. coli. By using a tightly
regulated expression vector and modified purifargtiboth AtET proteins were obtained

successfully fronk. coli.

Analyses of protein-DNA interaction by EMSA demaagtd that purified AtET
proteins bind to DNA fragments containing seed-ggenapA USP or LeB4promoters as
well as random sequence probes. Thus, AtET factors likely function as non-sequence
specific DNA-binding proteins. It is possible thainding property is restricted to ET
domains (ET repeats). This observation was supgdijethe results from Western blot

since specific nanobodies against AtET proteinsrdit block binding between proteins
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and DNA fragments. In addition to ET repeats, Atta€tors consist of a DNA single
strand cutting domain (GIY-YIG-like domain) similar that of bacterial UvrC protein and
GIY-YIG homing nucleases, which successfully repth&lY-YIG domain of the UvrC
protein inE. coli. This result suggested that AtET factors with itieherent DNA nicking
activity may be involved the catalysis of change$igher order DNA structure, such as,
for example, nucleosome sliding. It is highly imsting to note that the plant-specific
AtET factors have recruited GIY-YIG domain and eliad to the DNA-binding ET

repeats in order to control DNA nicking.

It is conceivable that AtET factors with the craticbiochemical activities such as
DNA nicking and subsequent epigenetic control agals to the imprinted DNA
glycosylase DME would play essential role duringpartant developmental stages such as
plant reproduction. Unfortunately, knocking-out leaxf the AtET genes €t1-1 andet2-1
mutants) did not exhibit any obvious morphologigdlenotypes, suggesting that their
function may be masked by functional redundanclgetefore initiated a double mutant by
crossing betweertl-1andet2-1 However, | have not yet obtained homozygous ntutan
lines for both loci and these experiments are atlyebeing continued. Interestingly, a
combination between knock-down fétET1 (RNAI) and knock-out forAtET2 (et2-1
mutant) revealed novel phenotypes. Aberrant poltevelopment and subsequent
disruption of embryogenesis in these mutant pletgo embryo abortion. It is unclear if
there is endosperm and/or suspensor failure. Siecdack the data of endosperm and
suspensor development in these plants, additiongderaments such as detailed
morphological marker analysis using CLSM will beeded to distinguish between these

possibilities.

Taken together, the data suggest that AtET fa@aogscrucial for male gametophyte
development as well as regulation of embryogenddiking a parallel to the DNA
glycosylase DME involved in excision of methylategucleotides and thereby
establishment of active transcription marks, theADiNcking activity of AtETs together
with their expression in the seeds suggest a pbisiif a comparable function of ET in
imprinting. They might involve as components ofahatin-remodelling complexes and
modulate gene transcription through their nickingwty.
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5. Summary

EFFECTOR OF TRANSCRIPTION (ET) factors are strualiyr characterized by
highly conserved C-terminal cysteine containingiczand DNA binding repeats, strictly
confined to the plant kingdom as evidence fromrtbecurrence in both higher plants [for
instance, BNnET oBrassica napusand HRT Hordeum Repressor of Transcription) of
Hordeum vulgarpand lower plants such &hyscomitrella paten€€T homologues were
initially isolated as novel transcription factorgpeessed abundantly in seedg-bfvulgare
and B. napus Subsequent work in our lab has established thBT2 in Arabidopsisis
involved during seed germination and xylem difféi@ion presumptively through the

modulation of a plant hormone gibberellin.

In the present study, | have focused on the trobewing objectives: (i) technology
development such as AtET protein production in é@&tand nanobody production for
further functional work; (ii) biochemical analysssich as the DNA binding activity of
AtET and anin vivo demonstration of a conserved DNA single strandirgutfunctional
domain in AtET; and (iii) functional analysis ofetiAtET family based on T-DNA mutants
and RNAI constructs. The major aspect of the toibgective was to establish by genetic
analysis that the functionally redundant ET genasehpleiotropic role during plant
development as implied from their ubiquitous gerpression, particularly during plant

reproduction.

The full length of AtET proteins (approximate 55daBb kDa for AtET1 and AtET2
proteins, respectively) were synthesized and mdiffrom bacteria as recombinant
proteins. A total of the four ET repeats within AtHAtET2 contain twelve conserved
cysteine residues at the C-terminal. InherentlyETAtproteins are difficult to be
synthesized as recombinant proteingEincoli due to their cysteine-rich domains, likely
because cysteines could form aberrant intra- ernmblecular disulfide bridges leading to
cause mis-folding and degradation. By using thhtlygregulated expression vector and
modified purification, we obtained sufficient amaoupurified AtET proteins for the
nanobody production using phage library screenBwh the purified AtET proteins and

corresponding nanobodies serve as establishedroesdior further experiments.
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Protein-DNA interaction performed by electropharetobility shift assay (EMSA)
demonstrated that AtET factors bind not only to DMAgments containing seed-specific
promoters but also random probes. Thus, they mketyl function as non-sequence
specific DNA binding proteins. It is possible tradditional interacting factors might be
required to direct specific DNA binding. The obs#ren that specific nanobodies against
AtET proteins did not block the interaction betwe®kT factors and the oligonucleotide
probes suggests that the nanobodies do recogniteirprregions outside of the DNA-

binding ET domain.

Transfection of full lengtPAtET1 and AtET2 genes under their native promoters in
Arabidopsis protoplasts in transient assays indicated the eawclocalization of the
corresponding AtET proteins. The accumulation @sth proteins allowed us to clearly
demonstrate the localization in the living planticeén vitro. Both the DNA binding
activity and nuclear localization of AtET1 and AtETPprovide clear evidence for their

function as transcriptional regulators.

Another interesting characteristic feature of Atiactors is DNA single strand cutting
domain (GIY-YIG-like domain) similar to that of bacial UvrC protein and GIY-YIG
homing nuclease. This domain is located in the mgcexon in all AtET members
separated from ET domain by an intron. By domairapping experiments, | could
demonstrate that the AtET2 GIY-YIG-like domain ganeductively cooperate with the C-
terminal domain of the bacterial UvrC protein. S@inthe single amino acid exchange
(R>A) results in the near complete loss of thisvatgt the single strand cutting activity of
the GIY-YIG domain must clearly be required for itelecular function. This domain
might be involved in the catalysis of changes ighler order DNA structure, such as, for
example, nucleosome sliding or may contribute rélaxation of supercoiled chromatin

domains.

Functional redundancy between AtET1 and AtET2 weseeted due to (a) their
homologous protein sequence and conserved domants;(b) their overlapping gene
expression reported in publicly available indexedroarrays. Thus, temporal and spatial
expression pattern AtET2 alone was examined by marker analysis in transglames
carrying a double reporter (GU$-glucuronidase; GFP, green fluorescent protein
transcriptionally fused to a 1.7 kb putative AtEptbmoter (pET2). The reporteveere
detected either by histochemical (GUS) analysislaiection of GFP. GUS staining was
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well defined in meristem and vascular tissues eflbegs such as shoot apexes, root tips,
vein of expanded cotyledons, and central cylindeoots. In mature plants, GUS activity
was detected in the veins of rosette and cauliaeele similar to that observed in
seedlings. In reproductive organs, GUS was appsgreletectable in pollen and in the
chalazal region of the ovules but no expression feasd in the embryo sacs. These
observations were further confirmed by GFP detacts well. Together, while pET2
promoter expression is ubiquitous through plantettgymental stages, it is exclusively
expressed in the male gametophyte (pollen), ndhénfemale (embryo sac) implying a

sex-specific expression of ET.

Analyses of individual T-DNA insertion mutants ofEl gene family did not show
obvious morphological phenotypes indicating the spgmbty of functional redundancy
between these family members. An exception to ithis was a subtle precocious seed
germination phenotype iaetl mutant in analogy to the previously reported dataet2 |
therefore constructed a double mutant betwatérl andet2-1 by genetic crossing. As an
alternative to this ongoing work, a combinationviEen knock-down foAtET1 (RNAI)
and knock-out forAtET2 (et2-1 mutant) was performed to dissect their functiohe T
obtained data indicate that loss of function inhb&tET genes can cause pollen
developmental defect, but has no alteration on kengametophyte development. In
addition, down expression of these genes disruptsygenesis and consequently lead to
embryo abortion at various stages, suggesting AbAT factors are essential for male
development as well as normal embryogenesfsabidopsis These mutant phenotypes in
reproductive tissues are consistent with the olesemxpression patterns of the AtET2

promoter.

Overall, the data reported in this work supportrib&on that both AtET1 and AtET2
are novel and redundant DNA binding plant transimp factors with DNA nicking
activity that function pleiotropically during plamtevelopment. Equally important is the
discovery that these factors are critical for mgémetophyte development as well as

regulation of embryogenesis.
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6. Zusammenfassung

EFFECTOR OF TRANSCRIPTION (ET) Faktoren sind stou&tl durch C-
terminale, hoch-konservierte, DNA- und Zink- bindenrepetitive Protein-Domé&nen mit
einem definierten Cystein-Muster charakterisieiie ®urden urspriinglich als putative
Transkriptionsregulatoren wéahrend der SamenentumckionVicia fabg Brassica napus
und Hordeum vulgarebeschrieben. ET-Faktoren werden ausschlie3lichPflanzen
gefunden und das Vorkommen von ET-&hnlichen Geme@Genom vonPhyscomitrella
patensbelegt ihre phylogenetische Konservierung. Nacleiotte Arbeiten arabidopsis
thaliana zeigten, dass ET-Faktoren -wahrscheinlich durcle dfodulation des
Phytohormons Gibberellin- an der Regulation der &#mimung sowie der

Xylemdifferenzierung beteiligt sind.

Drei Entwicklungen stehen im Mittelpunkt der vogenden Arbeiten: a) die
Schaffung methodischer Voraussetzungen fur dieeneiAnalyse von ET-Faktoren durch
Synthese in Bakterien und die Erzeugung spezifrséimikorper franobodieys b) die
biochemische Analyse der DNA-Bindungsaktivitat sewdie in vivo Untersuchung zur
Funktion einer DNA-Einzelstrang schneidenden Pral@mane und c) die genetische
Charakterisierung der ET-Genfamilie auf der Basim W-DNA-Mutanten und RNAI-
Konstruktionen. Letzteres zeigt, dass die funktiorelundanten ET-Gene eine pleiotrope
Rolle bei der Kontrolle pflanzlicher Entwicklungnsbesondere wahrend der Reproduktion
spielen.

Vollstdndige ET-Proteine (AtET1, 55 kD und AtET2; &D) wurden inE. coli
synthetisiert und als rekombinante Proteine isbl@ie geringe Syntheseeffizienz wird auf
die hohe Zahl konservierter Cystein-Reste in deer \ET-Domanen zurickgefiuhrt.
Wabhrscheinlich  fuhrt die Ausbildung aberranter antr und intermolekularer
Disulfidbriicken zu Fehlfaltung und Abbau der Pno¢ei Durch die Anwendung eines
streng regulierten Expressionsvektors sowie eineadifimierten Verfahrens zur
Proteinreinigung wurden ausreichende Mengen an iBfeld fur die Erzeugung
spezifischer Antikbrpem@nobodiesausphage displayBibliotheken erhalten. Sowohl die
gereinigten ET-Proteine als auch die erzeugtenkarger sind wertvolle Werkzeuge fur

weitere Experimente.
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Untersuchungen zur Interaktion isolierter ET-Pro¢emit DNA durchelectromobility
shift assays (EMSA) zeigen, dass ET-Faktoren sowohl an sameifsgmhe
Genpromotoren, aber auch Sequenz-unabhangig an tidien. Moglicherweise werden
weitere interagierende Proteine fur eine Sequengrsptezifische DNA-Bindung bendtigt.
Die Beobachtung, dass die erzeugten Antikorperlalieraktion von ET-Faktoren und
DNA nicht blockieren, spricht daftir, dass die Abtiger Proteinregionen aul3erhalb der

DNA-Bindungsdomane erkennen.

Transiente Expression von ET-Genen unter Kontrdiée nativen Promotoren in
Arabidopsis Protoplasten zeigt, dass ET-Proteiie vivo im Zellkern vorliegen.
Kernlokalisation sowie DNA-Bindung legen eine Fuakt von ET-Faktoren als

Genregulatoren nahe.

Eine interessante Besonderheit von ET-Faktorerdast Vorkommen einer DNA-
Einzelstrang-schneidenden Protein-Domane (GIY-YI@vane). Ahnliche Domanen
werden in bakteriellen UVRC-Proteinen sowie in GI'tG-Nukleasen lfoming nucleasés
gefunden. In allen bekannten ET-Genen wird diesen®w allein vom zweiten Exon
kodiert, wahrend die repetitiven ET-Domanen voregrirseparaten Exon kodiert werden.
Versuche mit ausgetauschten Protein-Domademéin swappingbelegen, dass die GIY-
YIG-Doméane der ET-Faktoren funktionell mit der Craénalen Doméane bakterieller
UVRC-Proteine kooperieren kann. Ein Aminosaureausstia im aktiven Zentrum (R>A)
fuhrt zum Verlust der kooperativen Aktivitat. Diegigt, dass die DNA-Einzelstrang-
schneidende Aktivitat der ET-Faktoren fir ihre nkolare Funktion bendtigt wird. Die
Doméane konnte z. B. Veranderungen hoherer DNA-8irek katalysieren, wie sie bei
Veranderungen von Nukleosomamu¢leosome slidirpgoder bei der Dekondensation von
Chromatin gupercoilecchromatin) beschrieben wurden.

Fur die detaillierte Analyse des Expressionsmusters AtET2 wurden transgene
ArabidopsisLinien erzeugt, die ein doppeltes Reportergen (GR§lucuronidase; GFP,
green fluorescent protein) unter der Kontrolle sing.7 kb AtET2Genpromotors
exprimieren.

Die Reporter wurden histochemisch bzw. fluoreszealdisch nachgewiesen. Beide

Reporter werden in Meristemen und vaskularem Gewalre Keimlingen und adulten
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Pflanzen wie z. B. Spross- und Wurzelapex, Gefafden Kotyledonen sowie im
Zentralzylinder der Wurzel nachgewiesen. In repktigden Organen wird GUS-Aktivitat
in Pollen sowie in der chalazalen Region der Ovuddaer nicht im Embryosack, gefunden.
GFP-Detektion bestatigen diese Beobachtungen. Déenétoraktivitat vOnAtET2 im
mannlichen, nicht aber im weiblichen Gametophytegistv auf eine sex-spezifische
Expression von ET-Genen hin.

Individueller T-DNA-Insertionsmutanten derAtET-Genfamilie zeigen keine
auffalligen phanotypischen Veranderungen. Zusammen den oben beschriebenen
Vorkommen konservierter Proteindomanen sowie demnliégiien Genexpressionsmuster
legen diese Befunde die funktionelle Redundanz Meglieder der Genfamilie nahe.
Ausgenommen davon ist der schwach ausgepragte ®péaheziiglich der vorzeitigen
Keimung vonetl und et2-Mutanten. Entsprechende Doppelmutanten werdenng&ijég
erzeugt und untersucht. Als eine Alternative zursgahaltung beider Gene wurde ein
AtETLspezifisches RNAI-Konstrukt in diet2Mutante transformiert. Bisherige Daten
zeigen, dass der Verlust beideT-Genfunktionen zu Stérungen der Pollenentwicklung,
nicht aber der Entwicklung des weiblichen Gametophyfihrt. AuRerdem fihrt der
Verlust beiderET-Genfunktionen zu einer Unterbrechung der Embryegenund dem
Absterben des Embryos.

Die beschriebenen Ergebnisse charakterisieren Kiofem als neue, redundant
funktionierende, DNA-bindende  Transkriptionsfakiore mit DNA-Einzelstrang-
schneidender Aktivitat und pleiotropen Funktioneithvend der pflanzlichen Entwicklung.
Die vorlaufige Mutantenanalyse belegt dartiber hénaichtige Funktionen wahrend der

Entwicklung des mannlichen Gametophyten sowie drein Embryogenese.
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Abstract

EFFECTORS OF TRANSCRIPTION2 (ET) are plant-specific regulatory proteins characterized by the presence of two to five C-terminal DNA-
and Zn-binding repeats, and a highly conserved cysteine pattern. We describe the structural characterization of the three member Arabidopsis
thaliana ET gene family and reveal some allelic sequence polymorphisms. A mutation analysis showed that AET2 affects the expression of various
KNAT genes involved in the maintenance of the undifferentiated state of cambial meristem cells. It also plays a role in the regulation of GAS
(gibberellin 3-beta-dioxygenase) and the cell-cycle-related GASA4. A correlation was established between A7ET2 expression and the cellular
differentiation state. AtET—GFP fusion proteins shuttle between the cytoplasm and nucleus, with the AzET2 product prevented from entering the
nucleus in non-differentiating cells. Within the nucleus, AtET2 probably acts via a single strand cutting domain. A more general regulatory role for

ET factors is proposed, governing cell differentiation in cambial meristems, a crucial process for the development of plant vascular tissues.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Gene regulation; Xylem differentiation; Transcription factors; Single strand cutting; GIY-YIG domain

Introduction

Plant growth is determined by the action of a small number
of cells present at the shoot and root apical meristems. The
vascular cambium is a secondary meristem, derived from the
shoot apex. Although these meristems differ in function, a
growing body of evidence suggests that their regulation shares
many common principles and related genes (Groover, 2005).
One of the products of cambial activity is the xylem, which
develops towards the centre of the stem. The differentiation of
xylem cells from the cambium is characteristically accompanied
by a gradual accumulation of lignin, which therefore serves as a
useful indicator of the progression of xylem cell differentiation.
This process is controlled by the activity of several factors,
including the phytohormone gibberellin (GA) and transcription
factors of the KNOTTED-like homeobox KNAT family (Hake
et al., 2004; Scofield and Murray, 2006).

* Corresponding author. Fax: +49 39482 5500.
E-mail address: baumlein@ipk-gatersleben.de (H. Baumlein).

0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.09.061

The plant hormone gibberellin (GA) is essential for the
differentiation of the vascular tissues. Experiments in poplar,
hybrid aspen and tobacco (Israelsson et al., 2003; Biemelt et al.,
2004) have demonstrated that transgenic plants which ectopi-
cally express the biosynthetic gibberellin 3 beta dioxygenase
encoding gene (GA5) exhibit significantly increased levels of
xylem lignification. On the contrary, depletion of active GA by
the ectopic expression of a gene which encodes the GA
degrading enzyme GA2-oxidase inhibits lignin accumulation in
tobacco (Biemelt et al., 2004). Furthermore, expression
profiling in hybrid aspen showed an induction of GA-regulated
genes in the early stages of cell differentiation near the cambial
meristem (Hertzberg et al., 2001a).

Members of the KNAT gene family act as major regulators of
several GA-mediated functions by inhibiting both the biosynthesis
of and the meristematic response to GA. The KNAT genes BRE-
VIPEDICELLUS (BP) and SHOOTMERISTEMLESS (STM) act
redundantly to repress the transcription of Arabidopsis thaliana
GAS5 (gibberellin 3-beta-dioxygenase) (Hay et al., 2002). In
addition, the tobacco protein NTH15 represses the expression of
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the GA20 oxidase gene N7CI2 by interacting directly with an
element in its promoter (Sakamoto et al., 2001a). KNAT gene
expression in the cambium is essential for the control of xylem
differentiation and lignin formation (Smith and Hake, 2003;
Brown et al., 2005; Ehlting et al., 2005). In particular, BP activity
prevents cambium-derived cells from differentiating into lignified
xylem tissue (Mele et al., 2003). Other class I KNAT genes such as
At STM and KNAT?2 and poplar KNAP2 have similar activity
(Israelsson et al., 2003; Ko and Han, 2004; Schrader et al., 2004a;
Groover, 2005; Demura and Fukudo, 2007).

In addition to KNAT genes, the previously characterized
members of the EFFECTOR OF TRANSCRIPTION (ET)
family including the barley protein HORDEUM REPRESSOR
OF TRANSCRIPTION (HRT) are also involved in GA-
mediated processes of xylem differentiation (Raventos et al.,
1998; Ellerstrom et al., 2005). Originally, ET factors have been
isolated as DNA-binding proteins by south-western screens
from Hordeum vulgare, Brassica napus and Vicia faba. They
represent strictly plant-specific proteins characterized by one
(Physcomitrella patens), two (V. faba), three (H. vulgare), four
(B. napus, A. thaliana) or five (Populus trichocarpa) highly
conserved cysteine-containing structural domains with a CXg_
oCX19CX,H consensus sequence, designated as ET repeats.
These repeats have been shown to bind zinc in a stoichiometric
ratio of close to 1:1, although the cysteine pattern differs greatly
from classical zinc finger motifs. The HRT protein interacts
with gibberellin response elements of various promoters,
whereas B. napus ET — although it is able to strongly interact
with DNA — does not show a clear sequence specificity as it was
shown by an ELISA-based binding assay (Mdnke et al., 2004
and Monke et al., unpublished). Barley HRT is targeted to the
nucleus and functional tests in plant cells indicated that HRT can
regulate the activity of certain GA-responsive promoters,
including two a-amylase gene promoters. Northern hybridiza-
tions indicate that HRT transcripts accumulate to low levels in
various tissues and a role for HRT in mediating developmental
and phytohormones-responsive gene expression have been
discussed (Raventos et al., 1998). Recently, we have described a
dicot ET factor from B. napus (BnET) providing evidence for
its role in gibberellin signaling modulation and cell differentia-
tion. BnET is also targeted to the nucleus and its ectopic
expression in either Arabidopsis or tobacco causes a pleiotropic
phenotype including dwarfism due to shorter internodes and late
flowering, reduced germination rate, increased anthocyanin
content and reduced xylem lignification as a marker for
terminal cell differentiation. Transient expression in proto-
plasts and transcript analysis support the notion that this is
most likely due to a transcriptional repression of GA-
controlled genes. In contrast to other GA-deficient mutants,
the shorter internodes were due to fewer but not smaller cells,
suggesting a function of BnET in GA-mediated cell division
control (Ellerstrom et al., 2005).

In this paper, we present the initial characterization of the ET
family in Arabidopsis. A T-DNA insertion in the AtET2 gene
leads to defects in xylem differentiation as detected by
distortions of lignification. Array hybridization and RT-PCR
analysis demonstrate altered expression of several GA-related

genes and members of the KNAT family. Two of the three
AtET genes are specifically up-regulated in differentiating
cells and their regulation involves post-transcriptional control
of their nuclear localization, preventing the AtET1 and AtET2
factors from entering the nucleus in non-differentiating cells.
The molecular function of ET proteins as regulators of
transcription most likely involves the activity of a functional
single strand cutting domain. The data suggest a novel function
of ET factors in the regulation of cell differentiation in cambial
meristems.

Materials and methods
Molecular cloning

PCR, restriction digestion and DNA ligation were performed according to
standard protocols (Molecular Cloning Third Edition, eds. Sambrook J. and
Russel D., CSH Laboratory Press).

CAPS marker for the mutated AtETI allele

A 1244-bp genomic fragment spanning the mutation site and an EcoRI
cleavage site was amplified from the AtETI sequence, using primers 5’-
ATGTTCAAGAGAGACGACTACA and 5’-ATCCTCGCATCGTTTTCTCC.
The amplicon was digested with EcoRI (Amersham) and sized by agarose gel
electrophoresis. The wild-type allele produced a 1082-bp fragment, whereas the
frame-shifted allele produced a 897-bp one.

Plant transformation

The Ws-2 ecotype was transformed by vacuum infiltration as described
(Bechthold et al., 1993).

ProAtET2-driven GUS expression

A 1.5-kbp upstream region of AtET2 was placed ahead of the GUS reporter
gene in the plasmid pMDCI162 (Curtis and Grossniklaus, 2003), using
GATEWAY cloning technology (Invitrogen). GUS activity was assayed in 2-
to 4-week-old homozygous T3 plants following standard histological proce-
dures, and the signal was visualized with a “Axioplan 2 imaging mot” (Zeiss,
Jena, Germany) light microscope or a “StereoLumar V12” (Zeiss, Jena,
Germany) binocular microscope.

In situ hybridization

Segments from the basal 5 mm of stem were fixed for 3 h, following vacuum
infiltration with 2% paraformaldehyde, 0.2% glutardialdehyde, 0.01% Triton
X100 in 0.5 M cacodylic acid buffer, pH 6.8. After two washing steps of 30 min
each in the same buffer, the specimens were dehydrated in a graded ethanol
series (10%, 30%, 50%, 70%, 90%, twice 96%, 100%) for at least 30 min per
step. All buffers were prepared with ddH,0 treated with 0.05% DEPC. The
embedding method was adapted from Tiedemann et al. (2000), using reduced
incubation times. Samples were taken from plants subjected either to short days
(8 h light) until bolting, or maintained under long days (16 h light).
Hybridization was with in vitro transcribed riboprobes as described previously
(Tiedemann et al., 2001) with the following modifications: hybridization
conditions were 16 h at 50 °C, and the sections were washed (2x 1 h) in 50%
formamide in 0.5% SSC. Following RNase-A digestion (20 pg/ml, 5 mM NaCl,
1 mM EDTA, 10 mM Tris—HCI, pH 7.5), the sections were subjected to an
additional stringent wash (50% formamide in 0.1x SSC, 50 °C) for a further
30 min. The primers used for the gene-specific probe synthesis were

T7 promoterAtET1 (antisense probe): 5'-AAACGACGGCCAGTGAATTG
TAATACGACTCACTATAGGGCGAGTGACAACCAAACCGAAGAG;
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T3 promoterAtET1 (sense probe): 5'-AAGCGCGCAATTAACCCTCACTA
AAGGGAACAAAAGCTGGGTTATATTCTCAGTTTCTTCACATTG,;

T7 promoter AtET?2 (antisense probe): 5'-AAACGACGGCCAGTGAATTG
TAATACGACTCACTATAGGGCGGTTGGTATCAGAATAAAAGGA;
T3 promoter AtET?2 (sense probe): 5’-AAGCGCGCAATTAACCCTCACTA
AAGGGAACAAAAGCTGGGTCACAACATCAGAGTCTTTATG.

Gene-specific regions of the primers are underlined. Immunological DIG
detection was performed according to the manufacturer’s instructions (Roche,
Mannheim, Germany).

T-DNA insertion line

The T-DNA insertion line et2-1 was isolated from the Arabidopsis
knock-out facility collection, following an established pool screening
strategy (Sussman et al., 2000). The primer pairs used for the detection
of the wild-type AtET2 allele were 5-ATGGAATTCGGCGACGGCG
and 5'-GGTGATTCTCATTCCCTTATG, and those for the T-DNA insertion
allele were 5'-TGGGAAAACCTGGCGTTACCCAACTTAAT and 5'-
TGCTCTTCACATCTCTTACGTCCTTTTAC.

Lignin measurement

Total lignin content was determined following thioacidolysis, using a
published procedure (Campbell and Ellis, 1992). Four-week-old plants were
pooled into five pools including five plants each, and 200 mg of stems and
rosette leaves was extracted. Three independent measurements (technical
replicates) were performed from each sample. Recovery rates for each
individual experiment were determined by analyzing parallel samples with
appropriate amounts of authentic lignin.

Hypocotyl growth induction

Single plants were grown in soil, and hypocotyl growth was stimulated
by repeated clipping of the bolting stem over 5 weeks. At the end of this
period, fresh hand sections were prepared. Lignin auto-fluorescence was
visualized under an Axiovertl135 fluorescent microscope (Zeiss, Jena) using
an excitation wavelength of 325 nm with detection through a 420-nm long
pass emission filter.

Array hybridization

Plants were grown for 10 days in liquid half-strength MS medium
(Duchefa) with 10 g/l sucrose (Sigma) and 0.5 g/l MES buffer (Duchefa), pH
5.6. Poly A RNA was isolated using the Dynabeads mRNA Direct Kit (Dynal
Biotech), according to the manufacturer’s instructions. First strand cDNA was
synthesized directly on the beads using AMV Reverse Transcriptase
(Promega). The probes were labeled with **P-dCTP via random priming
using the Megaprime DNA labeling Kit (Amersham) and hybridized to the
REGIA 1200 At transcription factors filters (Paz-Ares and REGIA-Con-
sortium, 2002). Data analysis was performed with Array VisionTM software
(Imaging research Inc., Brock University, Ontario, Canada). Two independent
experiments were performed and only expression differences of more than
three-fold were retained.

RT-PCR analysis

Total plant RNA was isolated from 10-day-old seedlings, leaves, stems,
flowers, siliques or dry seeds using the Total RNA Isolation Reagent
(Biomol). Single stranded cDNA was synthesized using the Revert Aid First
strand cDNA Synthesis Kit (Fermentas). Amplicons were separated by 1.5%
agarose gel electrophoresis and were transferred to Hybond+ membranes
(Amersham). cDNA probes were labeled with [*>P]dCTP by the means of the
RediprimeTM II Random Prime Labeling Kit (Amersham) and hybridized to

the membranes. Signal detection was achieved with a Phosphoimager
(Fujifilm). The RT-PCR primer pairs were

AtETI: 5'-ATGTTCAAGAGAGACGACTACATTGC and 5'-AAG-
ATGTCATTCTCATCCCCTTGTGC;

AtET2: 5'-CTATATCATCGGTTTTATCGAAATGGAATT and 5'-AAG-
TGATGCAGAGGTTAGGTGATTCTCATT;

compromised AtET2: 5'-ATCTAAGAGAGAAGCTGAGGCAACAGAAG
and 5'-TGCTCTTCACATCTCTTACGTCCTTTTAC;

STM: 5’-AGAGTGGTTCCAACAGCA and 5'-TTAGTTCCTTGGGGAGGA;
KNAT1/BP1:5'-CACCGTCTGTCTCTGCCTCCTCTA and 5'-ATTCCGC-
CAACGCTACCTTCTCT;

KNAT2: 5'-CGAACTCGCTACCGCTTTGTCCT and 5'-TCGCGGTCATT-
GCTTCTTTGTTG;

KNAT3: 5-CCGGCGGTGGAGAAAACAA and 5'-TCCCCCATCGAA-
CATATTAGCATC;

KNAT6: 5'-CTCCGCCGGTGAAAATCGTGT and 5'-GGTTCCGTAGCT-
GCATCTCAATCT;

FIL: 5'-ATGTCTATGTCGTCTATGTCC and 5'-TTAATAAGGA-
GTCACACCAACG;

GA5: 5'-ATGGCCGTAAGTTTCGTAAC and 5-TTAGATGGGTTTGGT-
GAGCC;

GASA4: 5'-ATGGCTAAGTCATATGGAGC and 5'-TCAAGGGCATTTT-
GGTCCAC;

AtEf-1Bo: 5'-AGGAGAGGGAGGCTGCTAAG and 5-AATCTTG-
TTGAAAGCGACAATG.

Protoplast transformation and transient assay

Transient expression experiments were performed as described elsewhere
(Ellerstrom et al., 2005). AtET2 and GASA4 promoters were cloned into pGUSI
to drive the expression of the GUS reporter gene. Transformed protoplasts were
grown in K3 medium containing 0.9 pM 6-benzylaminopurine and 0.1 uM 1-
naphthalene acetic acid. For the localization of expression, the AtET1, AtET2 and
AtET3 coding regions were used to generate a translational fusion to EGFP,
driven by the CaMV35S promoter in pFF19g (ProCaMV35s-MCS-EGFP-ter)
(Hofius et al., 2004). The empty pFF19g was used as control. The protoplast
suspension was incubated in K3 medium adjusted for either non-differentiating
(4.5 pM 6-benzylaminopurine, 10 uM 1-naphthalene acetic acid, 4.5 uM 2,4-
dichlorophenoxyacetic acid) or differentiating (0.9 pM 6-benzylaminopurine,
0.1 uM 1-naphthalene acetic acid) conditions. EGFP signals were measured in
vivo with a confocal laser scanning microscope, using an argon laser for induction
at 488 nm and detection at 521 nm (CLSM Meta, Zeiss, Jena). The identity of the
EGFP signal was verified by measuring the signal wavelength in A-stack mode.

In vitro mutagenesis of AtET2

The coding sequence of A7E72 was cloned into pCR2.1 (Invitrogen) and
PCR mutagenized using Pfu polymerase (Stratagene) and the mutagenized
primer sequence 5'-GAAAGTGTTAGGTCTGCACTTCAGCGTTATGG. The
position of the mutation is underlined. The introduction of the mutation was
confirmed by resequencing.

Domain swapping

The wild-type UVRC promoter and gene were amplified from Escherichia
coli DH5a using primers 5-GCTGATGTCAAAATCATCATG and 5’-
TCAATGTTTCAACGACCAGAAG and were cloned into pCR2.1. To express
the chimeric UVRC protein containing the AtET2 GIY-YIG domain, the E. coli
UVRC promoter was amplified using 5'-GCTGATGTCAAAATCATCATG and
5’-CCCGGGCTTGATAATGTCTCCGCA. The amplicon was inserted into
pCR2.1 and the resulting plasmid was linearized by Smal restriction. The coding
sequence for the AtET2 GIY-YIG domain, either with or without the R>A
mutation, was amplified by Pfu polymerase with primers 5-ATGTCTTGT-
CCGGGTCTGTATGAG and 5'-GATATCGTTAAGGTTGTTAACAT to ensure
a blunt ended product. The amplicon was inserted into the linearized vector
downstream of the UVRC promoter. The resulting construct was linearized by
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EcoRV digestion and was ligated to the remainder of the UVRC coding
sequence amplified with Pfu polymerase using primers 5-CAGATCCAGC-
AAATTGATGTA and 5'-TCAATGTTTCAACGACCAGAAG. The fidelity of
both constructs was confirmed by resequencing.

Complementation assay

E. coli strain SOLR (Stratagene, La Jolla, CA) was used for the
complementation test. Cells carrying either the empty vector, the E. coli
UVRC gene, the chimeric UVRC protein containing either the wild-type or
R>A mutated AtET2 GIY-YIG domain were grown until the mid-exponential
phase (OD=0.6) in LB containing 50 pg/ml ampicillin. Cells were harvested by
centrifugation at 5000 rpm for 10 min at 4 °C, washed twice and resuspended in
M9 medium. A volume of 4 ml cell suspension was transferred to a 70-mm
diameter Petri dish, producing a <2-mm-deep liquid layer. Irradiation was
applied with a 4-W UV lamp (254 nm) from a distance of 90 cm in a dark room
for 5, 10, 20, 40 or 60 s. At each time point, 100 ul cell suspension were diluted
in M9 medium, and survival rate after irradiation was compared to that of the
non-irradiated sample.

Results
Ecotype-specific polymorphisms in the AtET gene family

The At genome contains three ET-like sequences (Fig. 1). Of
these, AtET1 (At4g26170) shares the highest level of sequence
homology to BnET. AtET2 (At5g56780) and AtET3
(At5g56770) are located adjacent to one another, so they
probably represent the result of a duplication event. AtE72 is an
intact coding sequence, whereas AtET3 lacks the coding region
for the Zn- and DNA-binding C-terminal cysteine repeats (Fig.
1). Resequencing revealed that the Wassilewskaja-2 (Ws-2) and
Columbia-0 (Col-0) ecotypes are polymorphic with respect to
AtETI. The Ws-2 allele is functional, but the coding region in

Col-0 is interrupted by stop codons, suggesting that it is probably
a pseudogene. An adenine deletion at position 114 of the Col-0
cDNA sequence has generated a reading frame shift. Since this
deletion creates an EcoRI site, it was possible to design a CAPS
marker to discriminate between the Col-0 and Ws-2 alleles. The
chosen amplicon was of length 1244 bp and contains an
additional EcoRI site at position 162, which serves as an internal
digestion control. EcoRI restriction thus generated both a 1082-
bp and a 162-bp fragment from the Ws-2 allele, and a profile of
897 bp, 185 bp and 162 bp from the Col-0 allele. Of 85 At
accessions screened in this way, only “Limeport” carries the Col-
0 allele.

Despite the lacking C-terminal repeats, some AtET3
transcript can be detected by RT-PCR (data not shown). Further
resequencing revealed a mis-annotation of the exon—intron gene
structure (At5g56770), as well as a 155-bp shorter coding region
in the Ws-2 allele, resulting from a four base pair duplication at
position 602, which creates a frameshift followed immediately
by a stop codon. AtET?2 is intact in both Col-0 and Ws-2.

A GIY-YIG single strand cutting domain in ET factors

Since ET factors are located in the nucleus (see below), where
they act as regulators of other genes, we searched for the
presence of recognizable protein domains. In addition to the
characteristic ET repeats, this identified a low level of similarity
to the DNA single strand cutting domain present in bacterial
UVRC proteins and in GIY-YIG homing nucleases (Derbyhire et
al., 1997; Aravind et al., 1999, Verhoeven et al., 2000; Stoddard,
2005). The AtET GIY-YIG like domain is present in the second
exon. Based on the derived three-dimensional structure of the
bacterial GIY-YIG domain (Van Roey et al., 2002), the similarity
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AET3 {— V11
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T4 MKSGIYQIKNTLNN------------——---—--- KVYVGSAKDFEKRWKRHFKDLE
PfC GRPGVYRMFDSDTR-------==-=--===-=--= LLYVGKAKNLKSRLASYFRKTG
EcC SQPGVYRMYDAGGT------------------- VIYVGKAKDLKKRISSYFRSNL
HRT NFPGLYELGVARPSYDGVRA—RRNR—S——VVVVVVYLGQADNVRAELQQYGRTGS
OsET NFPGLYELGVARASDEGIRAARRWNGSGGGGVVVVYLGQADSVRAELQQYGRTGH
PpET SGPGLYELGIAVPRSGLSRRDVGKLV--RDDIVVVYLGQADNVRTRLOQYGRSGA
VEET STSGLGREIYKLATR---------------- VVVVYLGKADNVRTRLQSYGRNGA
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Fig. 1. Structure of the A7ET gene family. Schematic representation of the three ET genes in ecotype Ws-2: exons are indicated by grey boxes and the ET repeat regions
are shown in black. The GIY-YIG-like single strand cutting domain in the second intron is hatched. Domain sequences of prokaryotic and plant origin are shown (T4:
phage T4; PfC: UVRC protein of Pseudomonas fluorescens; EcC: UVRC protein of E. coli; HRT: hordeum repressor of transcription, a barley ET factor; OsET, a rice
ET factor; PpET: a poplar ET factor; VIET a broad bean ET factor; BnET: an oilseed rape ET factor; AtET1, 2, 3, AtET factors). The structural features strand, loop and
helix are indicated. Conserved amino acids residues are highlighted in bold, and the arginine residue in helix1 is underlined.
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between the prokaryotic proteins and the plant-specific ET
factors is mainly confined to two conserved f-strands and helix 1
(Fig. 1). The variable length of the loop between both strands in
the plant proteins probably does not disturb the overall structure
of the protein. ET factors from barley, rice, poplar and At
(AtET2, AtET3) all contain extended loops, whereas those from
oilseed rape, broad bean and AtET1 have a loop length similar to
those in T4 bacteriophage, Pseudomonas fluorescens and E.
coli. Further sequence similarity between the prokaryotic and
plant ET proteins resides in helix 1. The most conserved arginine
residue is highlighted (Fig. 1). It is well established that the
replacement of this residue by alanine results in a distortion of
activity (Derbyhire et al., 1997; Kowalski et al., 1999;
Verhoeven et al., 2000). To demonstrate the functionality of
the GIY-YIG-like domain of plant ET factors, the wild-type
domain, as well as the arginine to alanine (R>A) replacement
allele, was used to replace the corresponding GIY-YIG domain
of the E. coli UVRC protein (Fig. 2B). Plasmids encoding the
chimeric proteins were transformed into the UVRC-deficient E.
coli strain SOLR. Survival rates after UV irradiation were
determined in four independent experiments. It was clear that the
wild-type domain can partially relieve the UV sensitivity of
SOLR, whereas the R> A mutation resulted in a reduced survival
rate (although still slightly greater than in the presence of an
empty vector control) (Fig. 2A). These data demonstrate that the
AtET2 GIY-YIG-like domain can productively cooperate with
the C-terminal domain of the bacterial UVRC protein.

To further confirm the importance of the GIY-YIG domain of
the AtET2 factor also in plant cells, transient expression has
been performed using the promoter of a NAM transcription
factor gene (At4g28500). This gene promoter was chosen since
the corresponding gene is down-regulated in the ef2-/ mutant
described below. The transient co-expression of AtET2 in At
protoplasts resulted in an increased activity of the NAM
promoter-GUS construct (Fig. 2C). In contrast, the R>A
mutation in the AtET2 protein caused a near complete loss of
this effect, as the promoter activity remained at a similar level to
that in the control (empty vector). Thus, the GIY-YIG domain
must be involved in the function of the AtET2 protein.

Expression of AtETI and AtET?2 in vascular tissues

Due to low native expression levels, RT-PCR was used to
assess the expression patterns of AtET] and AtET?2. Both genes
were expressed ubiquitously in plant organs (Fig. 3A).
Surprisingly, the A¢Et2 transcript was undetectable in the cauline
leaves. During seed development, AtET2 was more strongly
expressed in the early stages and was down-regulated in mature
seeds, whereas AtET] was predominantly expressed in mature
seeds. This inverse expression pattern in early and late seed
development precisely reflects previously reported patterns (de
Folter et al., 2004). An analysis of A¢ plants transformed with a
ProAtET2-GUS-nosT construct provided an explanation for the
ubiquitous expression of AtET2. The promoter activity was
detectable within the vascular tissues of stems, hypocotyls,
leaves and flowers in homozygous T3 plants (Figs. 3B, 4B, C
and 5A). In mature rosette leaves, expression was detectable in
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Fig. 2. Functional activity assays of the GIY-YIG single strand cutting domain.
(A) UV survival curve of various chimeric ET-domain-constructs. The UV-
deficient E. coli strain SOLR was transformed with the authentic E. coli wild-
type UVRC protein (ecuvre), the E. coli UVRC with its N-terminal GIY-YIG
domain replaced by the corresponding wild-type domain of AtET2 (etwt) and
the E. coli UVRC protein with its N-terminal GIY-YIG domain replaced by the
AtET2 domain carrying the R>A point mutation (etmut). The survival rate in %
is given as a function of the irradiation time in seconds. The standard deviation
of the mean of four replicates is given. (B) Schematic structure of the domain
swapped chimeric proteins. The four plant ET repeats are shown in black. GI'Y-
YIG represents the N-terminal single strand domain cutting domain and ENDO
and HhH, respectively, the C-terminal single strand cutting domain ENDO V
and the Helix—hairpin—Helix domain. Domain sizes are not drawn to scale. (C)
Transient co-expression of the AtET2 wild-type factor (ET2WT) and the AtET2
mutant factor (ET2RA) containing the R>A mutation with a NAM gene
promoter-GUS reporter construct. The empty vector was used as a negative
control. Four batches of protoplasts and plasmid preparations have been used.
The bars represent the standard deviation.

the whole vascular bundle region, apart from the fibre caps. In
cross sections of shoots from plants at the time of flowering,
expression was present in the xylem parenchyma as well as in the
phloem and cambium (Fig. 4C). This pattern of expression was
completely reproducible across over 20 independent transgenic
individuals.

To further evaluate the reporter gene-based data, AtET] and
AtET?2 transcripts were localized by in situ hybridization. Both
transcripts were detected within the xylem parenchyma cells in
the vascular bundles (Figs. 4D—H). In shoots — grown under
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Fig. 3. Expression of AtETI and AtET2. (A) RT-PCR analysis of transcripts
from various plant organs shows the ubiquitous expression of both genes. AtEt2
mRNA was not detected in stipules. Expression is normalized according to the
constitutively expressed Efibo. (B) GUS staining of a ProAtET2-GUS-nosT
transgenic line. AtET2 expression is detected mainly in the vascular tissues of
flowers (left) and leaves (right). The pattern is reproducible in >20 independent
lines.

short day conditions — showing pronounced secondary growth,
both transcripts were present in living xylem parenchyma cells,
but a strong signal was also present in the dormant cambial zone
(Figs. 4D, G). In addition, transcripts were also detectable in the
remnant cytoplasm of differentiated fibre cells. A?E7! and
AtET2 transcripts were also found in protoxylem element
parenchymal cells. Although the expression pattern is essen-
tially similar in plants showing little secondary growth, signal
intensity was somewhat lower (Figs. 4E, H). These in situ
hybridization data confirmed that the ProAtET2-GUS-nosT
lines faithfully represent the expression pattern of A7£72 and
showed that AtET! and AtET2 are turned on during the
differentiation of the fibre elements.

Lignin content is reduced in ET2 mutant plants

An initial functional analysis of the A?ET genes was effected
by a study of er2-1, a Ws-2 T-DNA-insertion allele of AtET2
selected from the Arabidopsis knock-out facility (AKF)
collection (Sussman et al., 2000). The insertion event interrupts
the second exon of the gene at nucleotide position 518 and is in
the homozygous state, as demonstrated by both Southern
hybridization and PCR. The absence of transcript was verified
by RT-PCR. The et2-1 mutant showed no obvious differences

from wild type with respect to internode number, height,
flowering time and leaf morphology. Since lignification is
accepted as a reliable marker for the differentiation of xylem
tissue (Mele et al., 2003), the lignin content of leaves and stems
of mature plants was compared. The ef2-/ mutant line contained
about 30% less lignin than did the wild type, both in the leaves
and in the stems (Fig. 4A). This level of reduction corresponds
well to changes in AtET1 and AtET2 expression levels in the
vascular bundles and specifically in the xylem.

Furthermore, we have taken advantage of the potential of
Arabidopsis for secondary growth as it has been described by
Zhao et al. (2000). As in stems and leaves, the ProAtET2-GUS-
nosT construct was active in the hypocotyl xylem (Fig. 5A).
Repeated clipping of the bolting stem generated an increase in
the diameter of the central cylinder of the hypocotyl, as a
consequence of a prolonged xylem differentiation process
induced by a delay in flowering time. After a week induction
period, sections of Ws-2 and et2-1 hypocotyls were compared
by fluorescence microscopy (Fig. 5B). Wild-type plants reacted
with a significant increase in the diameter of the central
cylinder and of the hypocotyl as a whole (Figs. 5C, D). In
contrast, the corresponding changes in ef2-1 were only modest
(Figs. 5E, F). A quantification of these histological data is
shown in Fig. 5B. Taken together, the data suggest that the lack
of a functional AtET2 product perturbs normal cambial
function and lignification.

The et2-1 mutation affects the expression of meristem identity
genes

A combined filter array hybridization and RT-PCR experi-
ment was performed to elucidate the role of AtET2 at the
molecular level. The 1200 transcription factor REGIA con-
sortium macro array was able to identify factors showing a
differential pattern of expression between the ez2-/ mutant and
the wild type (Table 1). Several meristem identity genes were
up-regulated in the mutant, including KNAT6 (class I) and
KNAT3 (class II). As not all KNAT gene family members are
represented on the array, RT-PCR assays were applied for the
members not represented on the array, including BP/ (known to
act as an inhibitor of lignification in the cambium of both A¢ and
poplar), STM and KNAT2. BP1, KNAT6 and KNAT3 were all
up-regulated in the er2-1 mutant, whereas STM and KNAT2
were down-regulated. Interestingly, the YABBY gene filamen-
tous flowers (FIL), a negative regulator of KNAT class I genes,
was also up-regulated in ez2-/ mutant plants (Fig. 6A), as was
the putative GA response inhibitor lateral root primordia
(LRP), a member of the SHI family (Table 1).

Fig. 4. Lignification and A7ET2 expression in et2-/ mutant plants. (A) Reduction in the lignin content of leaves and stems of ez2-/ (grey columns) compared to Ws-2
wild-type (black columns) plants. Four-week-old plants were pooled (five pools containing five plants each). In each pool, lignin concentration was determined by
three independent measurements (technical replicates). The error bars represent the standard deviation of all measurements. (B, C) GUS staining of a 4-week-old plant
showing the expression of AtET2 in the xylem of (B) leaves (cross section of a leaf and the central vein) and (C) stems (cross section of the middle of the second
internode above the rosette leaves). Bar length=100 um. (D-I) /n situ hybridization with AtET probes (D—F) and AtET2 probes (G-I). Sense controls are shown in
panels F and 1. Shoots of short (D, G) and long (E, H, F, I) day grown plants. Both ET factor mRNAs were detected in the cambial cells, the xylem parenchyma and the
phloem region. Remnants of cytoplasm within fiber cells also show some hybridization signal (compare upper right area of panel G). Artefactual probe retention occurs

in the protoxylem element cell wall. Bar length=20 um.
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AtET?2 is required to suppress the GA response genes up-regulated in ez2-1 are directly or indirectly modulated
by GA. We therefore investigated a possible role of AtET2 in
BnET over-expression in tobacco down-regulates GA-  the GA response, using a transient expression assay in At

responsive genes and triggers a feedback response in the GA  protoplasts and the GA-responsive GASA4 promoter (Herzog et
biosynthesis pathway (Ellerstrom et al., 2005). Several of the al., 1995). As previously shown for BnET (Ellerstrom et al.,
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Fig. 5. Xylem differentiation in hypocotyls. (A) GUS (driven by ProA¢ET?) staining of a hypocotyl section from a 2-week-old plant, showing activity in the hypocotyl
xylem tissue. Bar length=30 um. (B) Hypocotyl growth induced by repeated clipping of the bolting shoot results in an increase in diameter over wild-type hypocotyls
(black columns), an effect which is much less pronounced in the e£2-7 mutant (grey columns). Twenty plants each of wild-type and mutant have been analyzed and the
standard deviation is given. (C) Ws-2 wild-type hypocotyl in non-clipped 5-week-old plants. (D) Ws-2 wild-type hypocotyl of 5-week-old clipped plants. (E) er2-1
mutant hypocotyl in non-clipped 5-week-old plants. (F) ez2-1 mutant hypocotyl of 5-week-old clipped plants. Bar length in panels C—-F=400 pm.

2005), the co-expression of A7ET2 driven by a constitutive
CaMV35S promoter down-regulates the ProGASA4GUS con-
struct in terms of its inducibility by GA (Fig. 6B). GASA4
transcript was detectable by RT-PCR in the er2-/ mutant (Fig.
6C). Similarly, GA5 was more strongly induced in the et2-1
mutant compared to wild type (Fig. 6D). These data support the
notion that AtET?2 is required for the suppression of the GA
response.

Transcriptional regulation of AtET2 includes a feedback
mechanism

Feedback regulation is a common means of transcriptional
control. The influence of AtET?2 expression on the activity of its
own promoter was analyzed in a transient expression assay,
where the activity of the ProAtET2GUS construct was shown to
be reduced by the co-expression of AtET2 (Fig. 6E). An in vivo
verification was sought by determining the transcript level of
the et2-1 T-DNA-insertion allele. The 5’ end of the et2-1 AtET2

transcript was tracked by RT-PCR. The lack of a functional
AtET2 product resulted in an increased level of the truncated
transcript (Fig. 6F), consistent with the transient assay data.
Although differences in transcript stability cannot be excluded,
the data are more consistent with the action of an auto-
regulatory negative feedback mechanism regulating AtET2
expression.

AtET?2 expression depends on cell fate

The decision between maintenance in the meristematic state
and cell differentiation can be modulated in vitro by the
application of phytohormones (Valente et al., 1998; Grafi,
2004). We therefore established an A¢ protoplast system, which
can be triggered into a non-differentiating or a differentiating
cell population by two different hormone regimes. Under high
levels of auxin and cytokinin, non-differentiated cells are
spherical and well separated from one another (Figs. 7A, C, E).
Lowering the hormone concentrations drives the cell population
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Table 1
Genes up-regulated in the er2-/ mutant, as determined from a hybridization
experiment with a transcription factor array filter

AGI number Name Function Induction
factor
At1g23380 KNAT6 Meristem identity, 33
gibberellin response
At1g35540 ARF Protein Auxin response 10
At2g40740 WRKYS5S 17
At3g25710 AtbHLH 32 42
At2g45190 Fil (Filamentous- Meristem identity, 38
Flowers) regulation of KNAT
At3g15030 TCP4 Cell division, leaf 42
morphogenesis
At4g22070 WRKY31 19
At5g08330 TCP family Auxin-induced protein 15
bHLH protein
At5g12330 LRP1 Gibberellin response 14
At5g25220 KNAT3 Meristem identity, 30
gibberellin response
At5g53980 Homeobox-leucine 25

zipper protein

Only factors induced at >3-fold in two replicate hybridizations are included.

towards reorganization, enlargement and clumping. Finally, cell
wall lignification is initiated, with the formation of xylem
elements being taken as an indicator of an advanced level of
differentiation (Figs. 7B, D, F). In addition, the expression of
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the two meristem identity genes STM and BP/ was used as a
marker. Both genes were highly expressed in the non-
differentiating cell population, and both were down-regulated
in the differentiating one (Fig. 7G). Semi-quantitative
determination of AtETI and AtET2 transcript levels showed
that both were more abundant in the differentiating than in the
non-differentiating population (Fig. 7G). AtETI and AtET2
exhibited the same overall expression pattern, although the
difference between the populations was more pronounced for
the former.

AtET-GFP fusions exhibit differentiation dependent
sub-cellular localization

Although the expression of AtETI and AtET2 correlated
with differentiation, low levels of both transcripts were
nevertheless detectable in the non-differentiating cell popula-
tion, suggesting a further possibly post-transcriptional control
process to regulated A¢ETI! and A¢tET? functions. The sub-
cellular localization of all three ET factors was determined using
C-terminal EGFP fusions driven by the CaMV 35S promoter
and expressed in the protoplast system described above. Wave-
length scanning was used to verify that the signal was from
EGFP, rather than being an artefact of autofluorescence. None
of the three fusion proteins was present in the nuclei of cells
cultured under non-differentiating conditions (Figs. 7H-J);
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Fig. 6. AtET2-mediated regulation of KNAT genes and the GA response. (A) RT-PCR analysis illustrates up-regulation of BP1, KNAT6, KNAT3 and FIL transcripts in
the er2-1 mutant and down-regulation of STM and KNAT? transcripts. (B) Repression of GA-induced promoter activity in a transient A¢ expression system. The test
construct consisted of the GASA4 promoter fused to GUS and terminated by the nopaline synthase terminator. A7E£72 was expressed under the control of the CaMV35S
promoter and terminated with the nopaline synthase terminator. Results from five independent experiments are shown. (1) ProGASA4-GUS-NOS; (2) ProGASA4-
GUS-NOS+GA3; (3) ProGASA4-GUS-NOS + GA3 +ProCaMV35S-AtET2-NOS; (4) ProGASA4-GUS-NOS +GA3 +ProCaMV35S-NOS. (C) Over-accumulation
of GASA4 transcript in 10-day-old ez2-1 mutant seedlings. (D) Enhanced expression of GAS in leaves in 4-week-old ez2-1 mutant plants. (E) Transient expression of
AtET2 in protoplasts shows reduced activity of GUS driven by ProAtET2: (1) ProAtET2-GUS-NOS; (2) ProAtET2-GUS-NOS+ProCaMV35S-AtET2-NOS; (3)
ProAtET2+ProCaMV35S-NOS. (F) Increased level of truncated transcript derived from the T-DNA insertion allele of A7£72 indicates negative feedback regulation.
Expression levels in panels A, C, D and F are normalized with respect to the constitutively expressed EfiBo.
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Fig. 7. Transcriptional regulation of AtET1 and AtET?2 in protoplasts, cultured under non-differentiating (A, C, E) or differentiating (B, D, F) conditions. (A) Separated
single cells (non-differentiating conditions). Bar length=100 um. (B) Clustered cells (differentiating conditions). Bar length=100 um. (C, D) Single cell cultured
under non-differentiating (C) and differentiating (D) conditions. Bar length=20 pm. (E, F) Lignification of cells under non-differentiating (E) and differentiating (F)
conditions. Bar length=50 pm. The insert shows a magnified cell with lignin incrustation, resembling a differentiating xylem element. Bar length=10 pm. (G)
Increased abundance of AtET1 and AtET?2 transcripts in differentiating cells. The expression of KNATI and STM is used as a marker for meristem identity (ND, non-
differentiating cells; D, differentiating cells). Expression is normalized against the constitutively expressed EF1Bo. (H-M) Subcellular localization of AtET fusion
proteins. All three AtET proteins were translationally fused to EGFP and expressed in protoplasts. Bar length=35 um. (H-J) Under non-differentiating conditions, all
three fusion proteins are located in the cytoplasm and none in the nucleus. In differentiating cells AtET1-EGFP (K) and AtET2-EGFP (L) fusion proteins are present in
the nucleus. (M) No nuclear translocation was observed for the AtET3—EGFP fusion.

instead, the signal was dispersed throughout the cytoplasm and
did not co-localize with either the plastids or the mitochondria
(data not shown). In contrast, the AtET/-EGFP and AtET2—
EGFP fusions were expressed in the nuclei of cells grown
under conditions triggering cell differentiation (Figs. 7K—M).
Although some EGFP signal was still detectable in the cyto-
plasm under these conditions, it was rather weak. The shift into
the nucleus did not occur for the AtET3—EGFP fusion (Fig.
7M). We conclude that, even though A¢tETI and AtET2 are
somewhat expressed in non-differentiating cells, the gene

products are prevented from entering the nucleus and are
therefore inactive as transcriptional regulators.

Discussion

The heterologous ectopic expression of B. napus BnET in
tobacco and A¢ induces alterations in the programming of
cell differentiation (Ellerstrom et al., 2005). The molecular
basis of ET function and its interaction with established
regulatory pathways has been described here through a
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detailed analysis of the small AtET gene family, in which
three members revealed a level of allelic variation at the
sequence level. A characteristic feature of the family is the
presence of the highly conserved repetitive motifs, and it is
these that allow for the clear discrimination between ET and
other gene products with regular cysteine patterns. The
absence of any orthologs in non-plant genomes suggests that
the ET proteins encode plant-specific process(es). The allelic
differences identified probably do have an impact on the
functionality of AtETI. This gene is structurally intact in
Ws-2 and many other ecotypes but is represented by a
frame-shifted pseudogene in Col-0 and Limeport. As a result,
there must be at least some partial functional redundancy
between AtETI and AtET2. AtET3 appears to be a truncated
duplication of AtET2 and encodes a product that lacks the
characteristic ET repeats. We have no data at present to
determine whether the A7ET3 product is non-functional or
whether it acts as a dominant-negative factor. AtET2 is the
only functional ET gene in Col-0.

Xylem differentiation and secondary growth are reduced in
et2-1

The differentiation of xylem from the cambial meristem
involves a series of overlapping processes, including second-
ary cell wall formation and lignification. The inactivation of
AtET2 in the ef2-1 mutant caused an overall reduction in
lignification and compromised the capacity of the hypocotyl
to produce xylem tissue. Thus, it seems probable that AtET?2
is necessary for the orderly differentiation of xylem elements
and fibre cells. The reduced level of lignification is therefore
probably a secondary (although specific) effect of a delay to
or a decrease in the differentiation capability of cambial
derivatives. Since er2-1 plants do not exhibit macroscopical
changes in plant architecture, the lignification phenotype
appears highly localized and cannot be attributed to
pleiotropy. This interpretation is also consistent with experi-
mental data which show that the constitutive expression of
BnET prevents the de-differentiation process in tobacco leaf
cells (Ellerstrom et al., 2005). In situ hybridization experi-
ments clearly showed that the expression of AtET1 and AtET?2
was strongly enhanced in the cambial zone. At this stage, the
vascular tissues are already present, and the remaining
cambium ceases to function as a meristem. In perennial
species such as Populus tremula, but not in At, this state is
reversible (Schrader et al., 2004b). As ET factors likely act as
the trigger for these differentiation processes, we suggest that
ET function is not restricted to the induction of xylem
differentiation but also suppresses cambial meristematic
activity, and in particular its capacity for cell division. The
ectopic expression in tobacco of BnET resulted in the
suppression of cell division and the promotion of cell
differentiation (Ellerstrom et al., 2005). An analogous role
for AtET2 is suggested by the differential expression profiles
of the er2-1 mutant and wild type. Two TCP genes with a
high homology to rice PCFI and PCF2 are strongly up-
regulated in the mutant. The products of these two genes act

as positive regulators of the replication factor PCNA (Kosugi
and Ohashi, 1997), which is consistent with the involvement
of AtET2 in cell cycle repression.

Among the genes showing altered expression patterns in
the er2-1 mutant are several KNAT family members (including
BPI), which are involved in cambial function and xylem
differentiation. BP1 is also involved in the regulation of
internode patterning in the florescence (Smith and Hake,
2003). The over-expression of BPI in At results in a
decreased level of lignification, whereas its loss of function
leads to the over-accumulation of lignin (Mele et al., 2003).
The enhanced expression of BP/ in the er2-/ mutant may
therefore provide an explanation for the reduction in lignin
level. Overall, it is likely therefore that AtET2 is required to
suppress BPI activity in cambium-derived cells in order to
allow their differentiation into lignified xylem cells. The
process might also involve BPI/-related genes such as KNAT6
and KNAT3, both of which are as yet functionally poorly
characterized, but which are up-regulated in the e#2-/ mutant.
No change in expression between wild-type and ez2-/ mutant
is detected for KNAT7, identified in transcript profiling
experiments and shown to be involved in fiber differentiation
(Ehlting et al., 2005; Brown et al., 2005). The two class I
KNAT genes STM and KNAT2 behave differently, as their
expression was significantly down-regulated in the er2-/
mutant. Since at the same time F/L was induced, and the loss
of FIL function resulted in the up-regulation of BPI, KNAT2
and STM (Kumaran et al., 2002), we hypothesize that FIL
may act in an A¢tET2-dependent manner to suppress BP/ and
in an AtET2-independent manner to down-regulate STM and
KNAT2. The same biased mode of regulation has been
demonstrated recently for the chromatin remodeling factor
FIE, which acts in a complex with CLF to regulate BP/ and
KNATG, but requires a different interacting partner to interact
with STM and KNAT2 (Katz et al., 2004; Guyomarc’h et al.,
2005).

The differential regulation of KNAT genes may explain
the partial similarity in phenotype between the BnET over-
expressing tobacco and the At er2-/ mutant. Both show
decreased lignin accumulation, suggesting a function for the
ET factors in xylem differentiation. The inactivation of ET
prevented the blocking of BPI expression and resulted in a
prolongation of the meristematic state. Its over-expression
may trigger an alternative KNOX pathway, which also results
in a decrease in lignin formation. Our hypothesis rests on the
assumptions (as yet unverified) that both ET genes have the
same function, and that the differential regulation of the
tobacco KNOX genes is in principle similar to what occurs
in At.

The effect of ET on the differentiation of xylem cells has
some long-term implications for application in the area of
biomass production. High lignin content presents a major
limitation for the efficient fermentation of plant fibers into
biofuel (Himmel et al., 2007), and thus it is conceivable that the
controlled expression of ET genes could allow for the
modification of the lignin content in biomass crops such as
poplar and willow.
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ET acts as a specific regulator of GA-mediated processes

An important function of KNAT genes lies in their role as
negative regulators of GA-mediated processes (Sakamoto et al.,
2001a,b; Hay et al., 2002). GA is required for the early stages of
cell differentiation at both the shoot apical and the cambial
meristem but is otherwise known to inhibit organogenesis
(Ezura and Harberd, 1995; Hertzberg et al., 2001b; Israelsson et
al., 2003; Hay et al., 2004). At least two ET proteins (HRT and
BnET) have been demonstrated to modulate GA responses
either in vitro and in vivo (Raventos et al., 1998; Ellerstrom et
al., 2005). We have shown, via both transient expression and
transcript profiling, that AtET2 acts as a negative regulator of
the GA induced GASA4, which is known to be involved in the
control of cell division (Aubert et al., 1998). This is consistent
AtET2 functioning both as an inhibitor of cell division and GA
response. A further level of complexity relates to the induced
expression in the ef2-/ mutant of GAS5, which is feedback
regulated by GA, and acts as an important checkpoint between
GA biosynthesis and response (Olszewski et al., 2002). Since
GA5 is not ectopically expressed in the mutant (data not
shown), the induced GASA4 expression cannot be a secondary
effect of enhanced GA biosynthesis but rather appears to
represent an independent regulatory event. Therefore, AtET2
must be involved in the control of both GA biosynthesis and the
GA response, as we have suggested elsewhere (Ellerstrom et al.,
2005).

Transcriptional and post-transcriptional regulation of AtETI
and AtET2

As regulators of other transcription factors, the expression of
ET requires precise temporal and spatial control. We have
shown that the expression of A7ET includes negative auto-
regulation as well as regulation at the transcriptional and post-
transcriptional levels. Two independent approaches — a transient
assay and the analysis of the loss-of-function AtET2 mutation —
demonstrated that the AtET2 product interacts with its own
gene promoter. It remains unclear, however, whether this is due
to direct auto-regulation or is the outcome of a feedback
signaling loop. Nevertheless, this observation provides some
clues as to why AtET2 is expressed at such a low level. The
transcription of AtETI and AtET2 is mainly restricted to
differentiating cells, but some low-level expression continues in
non-differentiating cells, indicating that additional levels of
regulation must be required for the biased function of ET factors
in non-differentiating and differentiating cells. It is intriguing
that both A¢tET1 and AtET?2 expression can toggle between the
cytoplasm and nucleus, depending on cell fate. The AtET1 and
AtET2 gene products in the meristematic cells are kept inactive
by being prevented entry into the nucleus. A similar shuttling in
response to exogenous signals has been noted for a range of
animal (STAT and SMADs), yeast (Aftl) and plant (PHORI)
proteins (Darnell, 1997; Heldin et al., 1997; Yamaguchi-Iwai et
al., 2002; Amador et al., 2001). For the moment, the nature of
the trigger is unclear, as is whether the shuttling process is a
cause or a consequence of the differentiation process.

An interesting structural detail of the three AtET proteins is
that none possesses an obvious nuclear localization signal
(NLS), so their entry into the nucleus probably requires
interaction with an additional factor carrying such a signal.
This feature appears to be unique for the A¢ET family, since
other monocot and dicot ET sequences do have a bona fide NLS
(Raventos et al., 1998; Ellerstrom et al., 2005). It is possible, of
course, that they carry an NLS sequence, which is not
recognized by current motif detection software. The AtET3
product, however, does not enter the nucleus under differentia-
tion conditions. It completely lacks the characteristic ET
repeats, and so is probably a truncated version of AtET2. As a
result, it is uncertain whether AtE73 is even a functional gene.
The lack of Zn- and DNA-binding repeats may completely
compromise its functionality, or it may act as a dominant-
negative regulator of the level of protein—protein interaction.

Overall, the data point to ET factors functioning as novel
regulators of cell differentiation required for xylem differentia-
tion in the cambial meristem, a crucial process in the
development of vascular plants.

ET-mediated gene regulation may include the insertion of DNA
single strand nicks

The bacterial UVRC protein is required for DNA excision
repair (Friedberg et al., 1995). The protein is targeted to UV-
induced DNA lesions, where it introduces a single strand cut 8-
bp 5’ and another 4-bp 3’ of the lesion. The two cuts are
processed by two structurally and functionally distinct
domains, the former involving the C-terminal ENDO V and
Helix—hairpin—Helix (HhH) and the latter involving the N-
terminal GIY-YIG (Lin and Sancar, 1992; Friedberg et al.,
1995; Derbyhire et al., 1997; Kowalski et al., 1999; Aravind et
al.,, 1999; Verhoeven et al., 2000; Van Roey et al., 2002;
Stoddard, 2005). The GIY-YIG domain is also present in the
so-called “homing nucleases”, which are encoded within
mobile group I, group II and archaea introns, as well as in
inteins (intervening sequences which are spliced and excised
post-translationally; Stoddard, 2005). As a result, the domain
has been re-designated URI (UVRC and intron-encoded
endonucleases; Aravind et al., 1999). The sequence similarity
between plant ET factors and the prokaryotic UVRC proteins is
only in the single strand cutting GIY-YIG domain, which
suggests that a UVRC-like ancestral domain may have been
recruited by ET proteins and attached to the DNA-binding ET
repeats. The suggested domain shuffling event is consistent
with the exon—intron structure of ET genes, with the GIY-YIG
domain represented by a separate second exon. The HhH
domain has been identified in a number of plant regulatory
proteins, such as DME and ROS1 (Choi et al., 2002, 2004;
Morales-Ruiz et al., 2006).

The functionality of the ET-derived single strand cutting
domain was demonstrated by substituting the AtET2 GIY-YIG
domain for the corresponding domain of the E. coli UVRC
protein. This showed that the plant domain productively
interacts with the C-terminal UVRC ENDOV/HhH domain.
The functional importance of the AtET2 GIY-YIG domain is
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also involved in stimulating the activity of a NAM gene
promoter, a putative first target promoter of AtET2. Since the
single amino acid exchange (R>A) results in the near complete
loss of this activity, the single strand cutting activity of the GI'Y-
YIG domain must clearly be required for its molecular function.
Thus, we suggest that the nicking activity of the plant ET factor
GIY-YIG domain may be involved in the catalysis of changes in
higher order DNA structure, such as, for example, nucleosome
sliding (Langst and Becker, 2001). Alternatively, it may
contribute to the relaxation of supercoiled chromatin domains,
which are implicated in the control of differentiation and
development. The importance of the relief of torsional tension
in DNA to the triggering of transcriptional activation has been
recently described (Ju et al., 20006).

Our conclusion is that plant-specific ET factors have
recruited a single GIY-YIG domain from prokaryotic repair-
related proteins by a domain shuffling process, joining this
domain to the DNA-binding ET repeats. The resulting protein
factor is not involved in the repair process but acts as a gene
regulator. The regulatory mechanism — in part analogous to
the function of DME and ROS1 — includes the insertion of
nicks, with an impact on higher order structures of chromatin
packed DNA required for differentiation processes. In planta
approaches are needed to test this hypothesis further.
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