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1. Introducton

1. Introduction

“[Macromolecules] carry their own names in the form of the dispositions of nucleo-
tides and amino acidsin chemical space, either as linear sequences or on the surfa-
ces of three-dimensional structures. The objects have their own names: they are
chemical names written in the language of DNA sequences and the arrangements of
amino acids on protein surfaces. It is the interactions between these objects that

create the processes that produce outcomes for cells, organs and organism.”

This sentence from Sydney Brenner clearly reveals the most challenging task of today’s
science: not isolated proteins, but only their interactions with each other lead to a real
understanding of their function.

Proteins, the fundamentals of life, have a multitude of functions. they are catalytically
active nano-machines producing complex compounds and storable forms of energy,
they build stabilizing structures and regulating gates where boundaries have to be over-
come; they are involved in the perception of internal and external signals and provide
tools for their implementation — but al of these tasks cannot be accomplished by a sin-
gle protein, but require the interactions with others.

To completely understand a protein’s function, it is thus essential to look at the context
inwhich it acts. Thisisnot an easy task, but often the presence of certain conserved do-

mains with known functions proves to be a very helpful tool.

1.1 Domains are conserved building blocks of proteins

Domains are spatially distinct regions of the protein that can fold and function in isola-
tion (DOOLITTLE, 1995; JANIN and CLOTHIA, 1985).

Interestingly, three-dimensional structures are often more conserved than sequences.
Two sequences can diverge beyond the limits of sequence similarity detection methods,
but can still have a similar structure and function. Good examples for this phenomenon

are adenylate cyclase and DNA polymerase: though they lack obvious sequence simila-
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rity, both enzymes contain certain conserved residues at their active sites and catalyse
similar reactions (ARTYMIUK et al., 1997).

Both essential and hyper-adaptable domains that are suited to many beneficial functio-
nal niches are of ancient origin and can be found in all three forms of cellular life, that
Is in archaea, bacteria and eukarya. On the other hand, there are domains that are
unique to eukaryotes, like chromatin-associated (e.g., bromodomains) or actin-binding
cytoskeletal domains (like the cofilin-domain) that have not been found in prokaryotic
proteomes (PONTING et al., 2000).

Domains are often formed by a number of repeated elements, created through several
steps of duplication and recombination within a single gene (OHNO, 1999).

These repeats can be classified into three groups, namely those forming linear rods like
in spectrin, superhelices (e.g., in HEAT repeats) or those forming closed structures like
b-trefoils or b-propellers (PONTING and RuUssELL, 2002). Examples for members from

each of these groups are shown in figure 1.1.

A spectrin B protein phosphatase C sialidase

Fig. 1.1: Domains formed by repeats can be categorised into three groups: A: linear rods as in spec-
trin from Drosophila melanogaster (chain A, PDB id: 2spc; YAN et al., 1993), B: superhelices like in
the regulatory domain of human protein phosphatase 2a, pr65 alpha formed by HEAT-repeats (chain
A, PDB id: 1b3u; GROVES et al., 1999) or C: closed structures as the sialidases/neuraminidases re-
peats forming a b-propeller found for example in the N-terminal domain of Micromonospora sialidase

(PDBid: 1eur; TAYLOR €t al., 1992; GASKELL et al., 1995). All structures are viewed with RasMal.
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1.2 Molecular propellers. neu, RCC, WD-40 and kelch repeats

To date, four classes of repetitive elements are known to form b-propellers: neu, RCC,
kelch and WD-40 repeats. RCC and neu have only a very limited distribution and are
present in just one class of proteins, from which they got their names. neu-repeats were
discovered in neuraminidases/sialidases that cleave sialic acid from glycoproteins, and
RCC repeats have merely be found in the regulator of chromosome condensation
(RCC1). Neu repeats form propellers with six blades (CRENNELL et al., 1993 and 1996),
RCC those with seven blades (RENAULT et al., 1998).

These highly restricted repetitive elements stand in contrast to the WD-40 repeats that
are found in many different classes of proteins. The best characterized WD-40 protein
and the one, in which the WD-40 repeats have originally been found, is the b-subunit of
the heterotrimeric guanine nucleotide-binding (G)-protein (FONG et al., 1986).

This protein-complex is comprised of three subunits: the a-, b- and g-subunit (Ga, Gb
and Gg). The trimer is associated with membrane-bound G-protein-coupled receptors
through Gb. Upon activation of the receptor, the GDP bound by Ga is exchanged for
GTP and subsequently Ga and the Gb/Gg-dimer dissociate. Both components will then
elicit the cellular response.

The crystal-structure of the heterotrimeric complex has been solved (WALL et al., 1995;
LAMBRIGHT et al., 1996) and is shown in figure 1.2.

Other prominent members of the WD-40 repeat family are the RACKSs (receptor for
activated C kinase) that are highly homologous to Gb.

RACKSs are anchor proteins that participate in protein kinase C (PKC) signalling. They
do not only bind to PKC, but also to other proteins like phospholipase Cg (DISATNIK et
al., 1994), dynamin (RODRIGUEZ €t al., 1999), integrins (LILIENTAL and CHANG, 1998),
Src (CHANG et al., 1998) and phosphodiesterase 4D5 (YARwWOOD et al., 1999). They
connect different signalling pathways and different organelles or sites within the cell

(ScHECHTMAN and MocHLY-ROsEN, 2001) and changes in the expression pattern of
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mammalian RACK proteins are related to different forms of cancer (BERNS et al., 2000;
CASTAGNA et al., 1982).
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A trimeric G-protein B structure of WD-40 repeats

Fig. 1.2: The trimeric G-protein as an example for WD-40 proteins A: Three-dimensional structure
of the human trimeric G-protein (PDB id: 1got; viewed with RasMol). The WD-40 repeat domain
forms the b-propeller in the centre of the protein, while Ga and the small Ggare at the sides (WALL
et al., 1995; LAMBRIGHT et al., 1996). B: Consensus sequence of WD-40 repeats and schematic illu-
stration of the three-dimensional structure. Colours used in the sequence indicate the position of the

strand in the schematic three-dimensional structure. Taken from SMITH et al. (1999).

Not much is known about the function of plant RACKs. RACK-like proteins have been
found in many plants like Arabidopsis (accession U77381 and AB020749), alfalfa (Mc-
KHANN et al., 1997) and rice. The best characterised plant RACK is an auxin-inducible
gene from tobacco, arcA (auxin-responsive gene in cultured cells; IsHIDA et al., 1993
and 1996). Besides its hormone-responsiveness, it is thought to be involved in the cell
cycle arrest caused by salicylic acid and UV irradiation (PERENNES et al., 1999).

Most WD-40 proteins contain seven repeats, but the number varies from three (as in
coronin from Trichomonas vaginalis; BRICHEUX et al., 2000) to sixteen (like in Q55563
from Synechocystis spec.; KANEKO et al., 1995). They are only weakly conserved and
consist of about forty to sixty amino acids that are initiated by a glycine-histidine di-
peptide and stop with the tryptophan-aspartic acid dipeptide that gave rise to the name
(WD; SMITH et al., 1999).

Although they do not share any conserved residues, both the WD-40 and the kelch re-

peats, another propeller-forming group of repetitive elements, form the same tertiary
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structure: each repeat builds a four-stranded b-sheet resulting in a blade-like structure
that liestilted around a central axis forming ab-propeller (ITo et al., 1999; illustrated in
figure 1.3). The b-strands are linked via loops that can project above, below or at the
sides of the circular structure. The result is a flattened shape with three accessible surfa-
ces. the top, the bottom and the rim.

Although galactose oxidase from the fungus Hypomyces rosellus is the only kelch do-
main protein with a known three-dimensional structure, it is proposed that this propel-
ler-like arrangement is conserved among all kelch domain proteins, because of the inva
riant ordering of primary sequence in al other known b-propellers and the sequence
identities within the kelch motifs (MURzIN, 1992).

Kelch repeats are typically between 44 and 56 amino acids in length and have a very
low sequence identity. Only eight conserved key residues are necessary: four hydropho-
bic amino acids that are followed by a double glycine and two separated aromatic
residues, typically tyrosine and tryptophan (ADAMS et al., 2000). An alignment of one
kelch repeat from different kelch domain proteins together with the consensus sequence
is shown in figure 1.3. It also indicates the characteristic spacing of the conserved resi-

dues.

Kelch domains typically consist of six or seven kelch repeats (ADAMS et al., 2000), but
sequences containing fewer repeats are also deposited in the databases (like FbfB from
Stigmatella aurantiaca with only three repeats, SILAKOwsKI et al., 1998). However, it
is not clear, whether or not these proteins are able to form b-propellers as the most ad-
vantageous number of repeats for the formation of such a structure is seven like in ga-
lactose oxidase, athough six repeat-propellers are sterically possible, if they contain
small residues on the inner strands (MURZzIN, 1992).

Kelch repeats are found in many different protein types, including enzymes, as opposed

to WD-40 repeats that have so far only been reported from regulatory proteins.
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Fig. 1.3: Kelch repeats form b-propellers. A: Three-dimensional structure of galactose oxidase from
Hypomyces rosellus at pH 4.5 (PDB id: 1gof; viewed with RasMol). B: similar to A, but only the
kelch domain with seven kelch repeats (named b1-b7) is shown (taken from ADAMS et al., 2000). C:
Alignment of one kelch repeat from six different kelch domain proteins. The consensus sequence is
given below: only the diglycine, tyrosine and tryptophan residues are conserved in over 90% of all
kelch repeats. Arrows mark individual b-strands (colour coded as in B; according to ADAMS et al.,

2000). Abbreviations: h hydrophobic residue, | large residue, p polar residue, s small residue.

1.3 Kelch domain proteins are multifunctional all-rounder

Kelch domains, like the WD-40 repeats, usually represent only one part of a protein.
They are often combined with other domains that alow these proteins to function in
many different contexts. Therefore, the presence of kelch repeats does not reveal a

protein’s function, although many of the so far characterized kelch domain proteins are
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associated with the cytoskeleton. However, most kelch repeat-containing proteins share

the property of acting via protein/protein interactions.

The repeats were first found in the Drosophila kelch gene, which, when mutant, confers
female sterility. The resulting incomplete egg-shell is goblet-shaped, kelch being the
German word for goblet (ScHUPBACH and WIESCHHAUS, 1991).

In Drosophila, the egg cell is connected with 15 nurse cells via intracellular bridges
(the so caled ring canas) that result from incomplete cytokinesis (for review see
SPRADLING, 1993; CooLEY and THEURKAUF, 1994). During maturation of the egg, dif-
ferent proteins are added to these arrested cleavage furrows. Among them are F-actin
(KocH and KING, 1969), a phosphotyrosine containing protein (ROBINSON et al., 1994),
the Hu-li tai shao ring cana protein (YUE and SPRADLING, 1992; ROBINSON et al.,
1994) and the kelch protein (XUE and CooLEY, 1993; RoBINSON and COOLEY, 1997).
Kelch is the last protein to be located in the ring canal and does not arrive until the
maximum number of actin filaments has been recruited to it (TILNEY et al., 1996).
Upon the arrival of kelch, the ring canal expands from a diameter of 3-4 um to 10 um.
The kelch mutant shows normal morphology of the ring canal before the time of this
expansion, but becomes disorganised later on and results in a female sterile phenotype
due to insufficient plasma transfer into the oocyte.

It is assumed that kelch is required to maintain the organisation of actin filaments rather
than for their assembly (ROBINSON et al., 1994; TILNEY et al., 1996).

Besides the Drosophila kelch protein, many other proteins containing kelch repeats
have been found to be associated with the cytoskeleton. The human protein mayven
shares 63% identity with the Drosophila kelch and has also been shown to bind actin. It
is predominantly expressed in brain tissue and changes its distribution within the cell
upon depolarisation of primary neurons (SOLTYSIK-ESPANOLA et al., 1999).

The human kelch domain protein Keapl interacts not only with actin, but also with
myosin. Keapl suppresses the transcription factor Nrf2 and thus prevents the induction
of detoxifying and oxidative stress proteins in the presence of electrophiles and reactive

oxygen species (VELICHKOVA et al., 2002).
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Another interesting example of kelch domain proteins are a- and b-scruin. Both pro-
teins are composed of two kelch domains, one at the N- and one at the C-terminus.
They share 67% identity with each other, but a-scruin is involved in cross-linking the
actin filaments in the acrosomal process of Limulus sperm (ScHMID et al., 1991 and
1994; SHERMAN et al., 1999; WAY et al., 19954a), while b-scruin is located within the

acrosomal vesicle, where no actin isfound (WAY et al., 1995D).

Although most of the above mentioned kelch domain proteins interact with the cytoske-
leton, their function and mode of action remains unknown. In contrast, the actin-frag-
min kinase of the slime mold Physarium polycephalum that contains six kelch repeats
in its C-terminal half has been shown to phosphorylate actin (EICHINGER et al., 1996)
and therefore has kinase activity.

Another kelch domain protein with enzymatic activity is galactose oxidase that oxidises
primary alcohols to aldehydes (MCPHERSON et al., 1992). It is also different from most
other proteins in that it is extracellular. Another extracellular protein containing kelch
repeats is attractin that promotes monocyte spreading and T-cell clusters in the human
immune response (DUKE-COHAN et al., 1998).

There is even a kelch domain protein among the class of transmembrane proteins, enco-
ded by the mouse mahogany locus that suppresses agouty-lethal-yellow pigmentation
and obesity (GUNN et al., 1999; NAGLE et al., 1999)

1.4 Plant kelch domain proteins

Kelch domain proteins are also found in the plant kingdom. The first two genes enco-
ding such proteins, ZEITLUPE (ZTL) and FKF1 (for flavin-binding, kelch repeat, F
box) from Arabidopsis thaliana were published simultaneously; both are clock-associa-
ted proteins involved in the determination of the flowering-time (NELSON et al., 2000;
SOMERS et al., 2000). ZTL was also published as LKP1 (LOV kelch protein 1) by Kiyo-
SUE and WADA (2000). A third member of the ZTL-like kelch proteins, LKP2, has been
characterised by ScHuLTz et al. (2001) and is aso involved in the circadian clock.
Overexpression of these genes leads to an early flowering phenotype and the lack of

functional ZTL causes late flowering.
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Besides the kelch domain, all three proteins also contain the F-box motif. They belong
to the large group of F-box/kelch domain proteins, afamily with at least 48 membersin
Arabidopsis (ANDRADE €t al., 2001). Studies on mammalian F-box proteins indicate
that they are involved in the controlled degradation of cellular regulator proteins
through ubiquitination and proteolysis by the 26S proteasome (BAI et al., 1996; Sko-
WYRA et al., 1997).

The second group of plant kelch domain proteins is the family of protein phosphatases
with kelch-like repeat domains (PPKLs, KuTuzov and ANDREEVA, 2002). In the Arabi-
dopsis genome there are four such PPKLs of which three have been found in EST-data-
bases and are therefore expressed. They all contain five complete kelch repeats and an
additional one lacking the C-terminal half. So far nothing is known about their target
proteins or the context in which they act.

1.5 Object of thisthesis

As mentioned above, there are currently only two groups of kelch domain proteins de-
scribed in plants — the ZTL-family of clock-associated genes and the protein phosphata-
ses with kelch-like repeats. Nevertheless, by the end of 2002 there were already 126
proteins containing a kelch domain listed in the Pfam database (http://pfam.wustl.edu/
index.html; BATEMAN et al., 2002) for Viridiplantae and 155 for Metazoa (see table 1).

Number of kelch domain | Tab. 1: List of all proteinsfound in the
Taxon proteinsfound Pfam-database containing a kelch do-
Eukaryota  Viridiplantae 126 main
Euglenozoa 1
Mycetozoa 2
Fungi 12
Metazoa 155
Alveolata 1
Bacteria Proteobacteria 6
Firmicutes 1
Archaea Crenachaeota 1
Euryarchaeota 1

10
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Out of these 126 plant kelch domain proteins, 123 are from Arabidopsis and three are
from rice. It can be assumed that kelch repeats are not only versatile and important
components of metazoan proteins, but are of equal importance in plants. It shows that
there is a backlog in research on plant kelch domain proteins and therefore, it seemed
reasonable to work on a novel type of kelch domain protein that was found in maize
(HUEROS, unpublished).

This protein, preliminary called ZmKEL 1, was furthermore of special interest, because
it also contains a conserved sequence stretch in the N-terminus that can be found in se-
veral other plant proteins and is for that reason thought to be a novel, plant-specific
domain. However, none of these proteins has a precisely defined function, and thus no

prediction regarding the function of this domain was possible.

The subject of this thesis was to analyse the function of ZmKEL 1 including the role of
this novel N-terminal domain. As the presence of a kelch domain does not indicate a
defined function, nothing about the cellular context in which it acts was known.
Proteins showing homology to ZmKEL1 are present in Arabidopsis and rice. The pre-
sence of an Arabidopsis-homologue was thought to be particularly helpful as it facilita-
tes working with transgenic RNAI-, antisense- or overexpression-lines and it was hoped
to find knock-out mutants in the huge collection of T-DNA- and transposon-insertion
lines available for Arabidopsis.

An important tool in this thesis was the yeast two-hybrid system that provided access to
putative interacting partners and was used to understand the context in which the novel

kelch domain protein acts.

11
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2. Material and Methods

2. Material and Methods

2.1 Material

2.1.1 Chemicals, radioisotopes, enzymes and oligonucleotides

Chemicals were obtained from Biomol (Hamburg), Duchefa (Haarlem, NL), Fluka
(Neu-Ulm), Invitrogen (Karlsruhe), Merck (Darmstadt), Roth (Karlsruhe), Serva (Hei-
delberg) and Sigma (Deisenhofen).

Enzymes were purchased from Invitrogen, New England Biolabs (Frankfurt/Main),
Promega (Mannheim) and Roche (Mannheim).

Radi oisotopes were ordered from Amersham Buchler (Braunschweig). Custom synthe-

sized oligonucleotides were prepared by Invitrogen and Operon (Koln).

2.1.2 Antibodies
All readily available antibodies (both primary and secondary) used in thisthesis are lis-
ted in table 2.1.

Tab. 2.1: List of readily available antibodies used for this work.

. species of ) working i
antigen o conjugate o supplier/reference
origin dilution
) Amersham Phamacia
actin mouse - 1:500 ] ]
Biotech (Freiburg)
glutathione-S- ] Sigma (Saint Louis,
rabbit - 1:2000 . i
transferase Missouri, USA)
immuno- i
. rabbit - 1:2000 HUEROS et al., 1998
phillin
mouse 1gG goat peroxidase 1:5000 Sigma
rabbit 1gG goat peroxidase 1:5000 Sigma

Antisera raised in the course of this thesis are listed in table 2.2. Polyclonal immune
seraagainst ZmRIK and ZmRACK were prepared by Biogenes Gesellschaft fur Biopo-
lymere mbH (Berlin). Preimmune sera were checked prior to immunisation to find suit-
able animals. Antigens were provided as purified GST- or (His)e-tag-fusions. Immuni-

sations were performed according to the company’ s standard protocol.

13
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antigen name of antissrum | Tab. 2.2: List of all antisera made in the course
GST-ZmRACK (aa 1-334) 59 of this work. Two rabbits were immunised with
denatured 60 each antigen and the numbers given to the ani-
(His)e-ZmRik (aa 1-284) 57 mals were used for the identification of the an-
native 58 tisera.
GST-ZmRik (aa 1-284) 79
native 80

Standard working dilution for all six antiserawas 1:1000 if not otherwise stated.

2.1.3 Vectors

The following cloning and expression vectors were used in thisthesis:

pAD-GAL4-2.1, pBD-GAL4 Cam and pBluescript KS (+) from Stratagene (La Jolla,
Cdlifornia, USA); pGEM-T and pGEM-T easy from Promega (Mannheim); pGEX-3X
and pGEX-4-2T from Amersham Pharmacia (Little Chalfont, Buckinghamshire, GB);
pQEGO from Qiagen (Hilden); pMON999 Y FP (SHAH et al., 2001).

Modification of pMON999 Y FP necessary for C-termina fusion constructs: the Y FP-
sequence was amplified via PCR without the stop-codon and the original YFP was ex-

changed for this PCR-product using the Ncol and BamHI sites.

2.1.4 Microorganisms and plant material
All microorganisms used in thisthesis are listed in table 2.3.

Tab. 2.3: List of microorganisms.

name genotype reference
Escherichiacoli BL21- F, ompT, hsdS(rg'mg’), dem®, Tet', gall (DE3), endA, Hte, Stratagene (La Jolla,
CodonPlus(DE3)-RP  [argU, proL, Cam'] California, USA)
, Nal®, StrS, RifS, Thi', Lac, Ara’, Gal*, Mtl", F, RecA*, , )

E. coli M15[pREP4] . . Qiagen (Hilden)
Uvr™, Lon
recAl, endAl, gyrA96, thi, hsdR17(rk’, mk"), supE44,

E. coli XL1-blue BuLLocK et al. (1987)

relAl, lac, [F, proAB®, lacl%ZDM15, ::Tn10(Tet")]
Mata, ura3-52, his3-200, ade2-101, lys2-801, trp1-901,

Saccharomyces leu2-3 112, gal4-542, gal80-538, LY S2::UASgaL1- Stratagene (La Jolla,
cerevisiae YRG-2 TATAGaL1-HIS3, URA3::UASGA| 4 17mersixa)- TATAcvcr- California, USA)
lacz
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2. Material and Methods

Plant material:
Nicotiana tabacum Bright Yellow 2 (BY-2)
ZeamaysL.cv AGIY

Zea mays suspension cell line HE/89

2.2 Methods
2.2.1 Standard molecular biology methods

Standard molecular biology methods, including the culture of microorganisms, nucleic
acid manipulations and cloning, were performed as described in MANIATIS et al.
(1989).

Isolation of plasmid DNA from E. coli was made using the QIAprep Spin Miniprep kit
and the QIAGEN Plasmid Midi/Maxi kit (all from Qiagen, Hilden) according to the
manufacturer’s protocol.

The preparation of plasmids from yeast was done as described by HOFFMAN and WIN-
STON (1987). Plant genomic DNA was isolated according to SHARP et al. (1988), and
poly(A)"-mRNA was isolated following the protocol of BARTELS and THOMPSON
(1983).

Nucleic acids were quantified via spectrophotometry at 260/280 nm.

The amplification of specific DNA-sequences was done via polymerase chain reaction
(PCR, SAIKI et al., 1985), either with Tag- or Pfu-polymerase (Promega, Mannheim),
following the manufacturer’ s protocol using the provided buffers.

PCR-products were purified using the QIAquick Purification kit from Qiagen as descri-
bed by the manufacturer.

Cloning of PCR-products was performed by inserting restriction enzyme sites into the
oligonucleotides. Alternatively, the pGEM-T (Easy) Vector kit from Promega was used
for Taq PCR-products.

DNA-fragments were isolated from agarose gels using the QIAex |1 Gel Extraction kit

(Qiagen).
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2.2.2 High-efficiency transformation of yeast

10x amino acid stock solution: 0.2g/l of adenine hemisulfate salt, L-arginine,

(L-histidine HCI monohydrate), L-methionine, (L-tryptophan), uracil; 0.3 g/l of
L-isoleucine, L-lysine, L-tyrosine; 0.4 g/l of L-serine; 0.5 g/l of L-phenylaa
nine, 1 g/l of (L-leucine), L-glutamate, L-aspartate; 1.5 g/l of L-valine, 2 g/l of
L-threonine; amino acids written in brackets have to be left out for certain selec-
tive media

PEG/LIAC: 10 mM TrigHCl pH 7.5, 1 mM EDTA, 100 mM lithium acetate,
40% (w/v) PEG 3350

SD: 0.67 (w/v) yeast nitrogen base (w/o amino acids), 2% (w/v) glucose, 1x
amino acid stock solution; 1.5% (w/v) agar (where necessary)

TE/LiAc: 10 mM Tris/HCI pH 7.5, 1 mM EDTA, 100 mM lithium acetate
YPDA: 2% (w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) glucose; 2% (w/v)

agar (where necessary)

High-efficiency yeast-transformation was performed according to GIETZ et al. (1997).
An over-night culture of the corresponding yeast-strain was used to inoculate 300 ml of
Y PDA to give an ODgy Of 0.1-0.2. After three hours of shaking at 30° C, the cells were
washed with sterile dH,O and resuspended in 1 ml of TE/LiAc. To 1 ml of cell suspen-
sion, 100 ug of plasmid-DNA, 2 mg of saimon sperm DNA and 6 ml of PEG/LIAC
were added and then incubated at 30° C for 30 minutes. After the addition of 700 ul
DM SO, the cells were kept at 42° C for 15 minutes with occasional swirling. After this
heat shock, they were allowed to recover in YPDA for two hours, then washed tho-
roughly with dH,O and plated on selective SD plates.

2.2.3 Sequencing reactions

DNA sequences were determined by the MPIZ DNA core facility (ADIS) on Applied
Biosystems (Weiterstadt) Abi Prism 377 and 3700 sequencers using BigDye-terminator
chemistry. Premixed reagents were purchased from Applied Biosystems.
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2.2.4 Transfer of nucleic acids onto nylon membranes and hybridisation with
radioactive probes
20x SSC: 3 M NaCl; 0.3 M trisodium citrate; pH 7
100x Denhardts. 2% (w/v) Ficoll 400, 2% (w/v) polyvinylpyrrolidone, 2% (w/v)
BSA
prehybridisation/hybridisation buffer (PHB): 5x SSC, 5x Denhardts, 50% (v/v)
formamide, 1% (w/v) SDS, 100pg/ml salmon sperm DNA

Electrophoretically separated nucleic acids were transferred onto nylon membranes via
capillary blot, according to SOUTHERN (1975), using 10x (RNA) or 20x (DNA) SSC as
transfer buffer. The transfer was done over night and the nucleic acids were immobi-
lized by baking the membrane under vacuum for two hours at 80°C.

Prehybridisations were done in PHB for two to three hours at 42°C and hybridisations
were carried out over night in fresh buffer at the same temperature. Filters were washed
for 2x 5 minutes with 2x SSC/0.1% SDS, 2x 5 minutes with 0.2x SSC/0.1% SDS (at
room temperature) and 2x 15 minutes with 0.2 x SSC/0.1% SDS at 42° C.

Membranes were sealed in plastic foil and exposed to X-ray films (Kodak X-Omat) or

phosphoimager screens.

2.2.5 Preparation of *P-labelled DNA-probes

Radioactively labelled probes were generated from 25-50 ng of purified PCR-product
using the Rediprime Il kit from Amersham Pharmacia basing on random primed |abel-
ling (FEINBERG and VOGELSTEIN, 1983 and 1984) according to the manufacturer’s pro-
tocol. Unincorporated nucleotides were removed with the QIAquick Purification kit

from Qiagen (Hilden).

2.2.6 Protein extraction from plant material and quantification
Extraction buffer: 0.5 M NaCl, 50 mM Tris/HCIl pH 7, 1 mM EDTA, 1 mM
DTT, 100 ul/20 ml proteinase inhibitor cocktail (for use with plant cell extract;
Sigma, St. Louis, Missouri, USA)
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The plant material was ground to a fine powder in liquid nitrogen, mixed with two
times the amount of extraction buffer and centrifuged for 15 minutes at 9,000x g. The
protein concentration of the supernatant was determined using the BioRad protein assay
system based on the method described by BRADFORD (1976).

2.2.7 Purification of GST- and (His)s-fusion proteins
glutathione-agarose: 70 mg glutathione-agarose/5 ml MTBS
GST-elution buffer: 50 mM Tris/HCI pH 8.0, 10 mM glutathione (reduced)
MTBS: 150 mM NaCl, 16 mM NaHPO,4, 4 mM NaH,PO,
His-lysis buffer: 50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole; pH 8.0

His-wash buffer: lysis buffer, 20 mM imidazole

His-elution buffer: lysis buffer, 250 mM imidazole

The purification of GST-fusion proteins was done according to the protocol of SmMITH
and JOHNSON (1988). An over-night culture of the corresponding E. coli strain was in-
oculated 1:10 in 500 ml LB + antibiotics, grown until the ODggo reached 0.6 and then
induced with afinal IPTG-concentration of 1 mM.

After four hours, the cells were harvested and resuspended in 9 ml of MTBS. Lyso-
zyme was added to afinal concentration of 1 mg/ml. After incubating on ice for 15 mi-
nutes, the cell suspension was sonicated five times each for 15 seconds. The lysate was
centrifuged at 10,000x g for 15 minutes and the supernatant was incubated with 1 ml of
glutathione-agarose on a shaker for one hour at 4° C. After washing five times with
1 ml MTBS, the fusion proteins were eluted with 2x 200 pl GST-elution buffer.

The purification of (His)s-tagged recombinant protein is based on the technique de-
scribed by PORATH (1992) and was performed as described above with the following
changes: The cell pellet was resuspended in 3 ml lysis buffer per g of cellsand 1 ml of
Ni-NTA-agarose (Qiagen) per ml was added to the cleared lysate. Washing and elution
were done in the same way, but using the His-washing and -elution buffer.

Quality and quantity of the purified protein were assayed via SDS-PAGE and aliquots
were stored at —70° C.
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2.2.8 Protein separation by SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blot analysis
Coomassie: 50% (v/v) methanol, 10% (v/v) acetic acid, 0.05% (w/v) Coomassie
Brilliant Blue R-250
Coomassie destain: 7% (v/v) acetic acid, 50% (v/v) methanol
Laemmli buffer: 0.25 M Tris/HCI pH 8.2, 0.4% (w/v) SDS, 767 mM glycine
Ponceau: 3% (v/v) trichloracetic acid, 0.2% (w/v) Ponceau S
SDS sample buffer (6x): 0.28 M Tris/HCI pH 6.8, 20% (v/v) glycerol, 4% (w/v)
SDS, 0.3 M 2-mercaptoethanol, 0.001% (w/v) bromphenol blue
TBS:. 1.37 M NaCl, 0.1 M Tris, 5mM KCI; pH 7.4
TBST: TBS + 0.05% (v/v) Tween®20
transfer buffer: 25 mM Tris, 192 mM glycine, 20% (v/v) methanol

Proteins were separated on 10-15% SDS polyacrylamide gels according to LAEMMLI
(1970). The gels were either stained with Coomassie (one hour at room temperature,
shaking) and destained (for more than two hours) or were subject to Western blotting
and immunodetection.

Transfer onto nylon membranes was done by electroblotting (four hours, 300 mA or
over night at 150 mM) and transfer efficiency was controlled with Ponceau staining.
Membranes were blocked in TBS + 5% (w/v) skimmed milk powder for one hour, in-
cubated with the first antibody for one to eight hours, washed (2x with TBST, 1x with
TBS, 15 minutes each) and incubated with the second antibody for one hour. After
washing as before, bands were detected using the ECLO Western Blotting Detection

System on HyperfilmO ECLO (both from Amersham Pharmacia).

2.2.9 Subcellular fractionation
Buffer I: 0.5 M sucrose, 0.05 M TrigHCl pH 7.5, 1 mM EDTA, 0.1% (w/v)
BSA, 0.05% cysteine (w/v), 100 ul/10 ml proteinase inhibitor cocktail (Sigma,
St. Louis, Missouri, USA)
Buffer 11: 0.5 M sucrosein 0.05 M Tris/HCI pH 7.5
Buffer 111: 0.4 M sucrosein 0.05 M Tris/HCI pH 7.5
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Subcellular fractionations were done as described by MAsLowsk! et al. (1977).
Approximately 20g of maize leaf material was homogenised in a Waring blendor with
50 ml of buffer | and filtered through four layers of cheesecloth. An aliquot of the fil-
trate was kept for further analysis and the supernatant was subsequently centrifuged at
200x g (15 minutes; pellet washed once with 10% sucrose), 1,000x g (10 minutes, pel-
let washed twice with buffer 11), 10,000x g (15 minutes), 14,000x g (15 minutes) and
100,000x g (one hour, pellet resuspended in buffer |1 and centrifuged again at 80,000x
g for one hour). The 14,000x g pellet was discarded.

The remaining pellets comprised the following crude fractions. nuclei, chloroplasts, mi-
tochondria and microsomes. The supernatant after the 100,000x g centrifugation con-

tained the soluble, cytosolic proteins.

2.2.10 Preparation of antibody-sepharose
CNBr/acetonitrile: 62.5% (w/v) cyanogen bromide in acetonitrile
Trig/saline/azide (TSA) solution: 10 mM Tris/HCI pH 8.0, 0.14 M NaCl,
0.025% (w/v) sodium acide

Antibodies were coupled to sepharose using the cyanogen bromide activation method
described by CUATRECASAS (1970). First, the immune serum was dialysed against 500x
volumes of 0.1 M NaHCO3/0.5 M NaCl for twenty-four hours at 4° C. Aggregates were
removed by centrifuging for one hour at 100,000x g. The protein concentration was ad-
justed to 5mg/ml by measuring the optical absorption at 280 nm, assuming that 1 mg
1gG/ml = Aggp/1.44.

Meanwhile, the amount of Sepharose CL-4B equal to the volume of antibody was
washed with 10x the volume of water and resuspended in the same amount of 0.2 M
NaCOs. Dropwise, 3.6 ml of CNBr/acetonitrile per ml slurry were added to the slowly
stirring sepharose. The sepharose was filtered and aspirated to semi-dryness. After wa-
shing with the same amount of 0.1 M HCI, it was wetted with 0.1 M HCI and immedi-
ately mixed with the prepared antibody solution. After stirring over night at 4° C, an
excess of 50 mM glycine was added to saturate al remaining reactive groups. The
antibody-sepharose was stored in TSA solution at 4° C.
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2.2.11 Co-immunoprecipitation
binding-buffer: 150 mM NaCl, 20 mM Tris/HCI pH 7.5, 0.1% (v/v) Igepa

A crude protein extract was prepared as described in 2.2.6, but using binding-buffer in-
stead of the stated extraction buffer. The antibody-sepharose was washed with binding-
buffer and approximately 1 ml antibody-sepharose/10 ml protein extract were incubated
over-night on an over-head shaker. The beads were washed 5x with binding-buffer and
eluted with 1 ml of 0.1 M glycine, pH 3. The eluate was precipitated with 2.5 volumes
of methanol and incubating over-night at —20°C.

2.2.12 Coupled in vitro transcription/translation reaction
Radioactively labelled protein was obtained in a coupled in vitro transcription/transla
tion (TNT) reaction using the TNT Rabbit Reticulocyte Lysate kit from Promega accor-

ding to the manufacturer’ s instructions.

2.2.13 Invitro pull-down assay
binding buffer: 150 mM NaCl, 20 mM Tris/HCI pH 7.5, 0.1% (v/v) Igepa

In vitro pull-down assays were performed with modifications according to GOLDSTEIN
et al. (1999). Approximately 20 pg of purified GST-fusion protein were bound to 200
pl of glutathione agarose and free binding capacities were blocked with 300 pl binding
buffer containing 5 mg/ml skimmed milk powder for one hour. The agarose was
washed with binding buffer, resuspended in 200 ul of binding buffer plus 1 mg/ml milk
powder and 5-10 pl of **S-labelled protein were added and incubated for two hours. All
steps were performed at 4° C and samples were incubated on an over-head-shaker.

After washing with 5x 1 ml binding buffer, the samples were subsequently analysed via
SDS-PAGE (see 2.2.8) and the dried gel was exposed to an X-ray film over night.

2.2.14 Culture of the maize suspension cell line HE/89
The maize suspension cell line HE/89 was cultivated as recommended by MOROCZ et
al. (1990) in modified N6 maize culture medium according to CHu et al. (1975), in
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which the original micro-elements were exchanged for M S-microelements (MURASHI-
GE and SK00G, 1962).

2.2.15 Culture and transient transformation of BY-2 protoplasts
K3: 4.3 g/l MS-sdlts (Duchefa, Harlem, NL), 0.4 M sucrose, 100 mg/l inositol,
230 mg/l xylose, Iml/l M S-vitamins (Duchefa, Harlem, NL); pH 5.6
MaMag: 450 mM mannitol, 15 mM MgCls, 0.1% (w/v) MES; pH 5.6
Enzyme solution: 1% (w/v) cellulase, 0.1% (w/v) pectolyase, 0.4 M mannitol;
pH 5.5
WS5: 154 mM NaCl, 125 mM CaCl,, 5 mM KCl, 5 mM saccharose; pH 5.6-6.0
PEG-solution: 25% (w/v) PEG 1500, 0.1 M MgCl5, 0.45 M mannitol, 20 mM
HEPES; pH 6.0

The culture of the tobacco Bright Yellow 2 (BY -2) cell suspension line was done accor-
ding to NAGATA et al. (1992). Protoplasts were prepared from cells harvested three
days after subculture as described by OKADA et al. (1986). Cells were resuspended in
50 ml of enzyme solution and incubated on arotary shaker (120 rpm) for approximately
three hours at 28° C until the digestion of the cell walls was complete. The protoplasts
were washed with MaMg, counted and the cell density was adjusted to 2x 10%300 pl
with MaMg.

For the transient transformation, a modified version of the protocol by NEGRUTIU et al.
(1987) was followed by mixing 300 ul of protoplast solution with 10-20 pug of DNA
and 600 pl of PEG-solution. After incubating for 20 minutes at room temperature, 10
ml of K3 were added. Expression analysis was done after an over night incubation at
28° C.

2.2.16 Transient transformation of maize leaf cells with particle bombardment
Maize |leaves, of approximately two weeks old maize plants, were cut and put on petri
dishes containing 1% agar and 85 uM benzimmidazole. The coating of the gold parti-

cles was done as described by SCHENK et al. (1998). The bombardment was performed
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with the particle delivery system Biolistic® PDS-1000/He from Bio-Rad (Hercules, Ca-
lifornia, USA) using rupture disks bursting at 900 psi.

2.2.17 Microscopy

Fluorescence microscopy was done using a Zeiss Axiophot light microscope equipped
with epiflourescence optics. For visualizing GFP-fluorescence, a HQ GFP LP filter
with an excitation wavelength of 450-490 nm and an emission of LP 520 nm was used.
Confocal laser scanning microscopy was performed on the Carl Zeiss LSM 510 META
laser scanning microscope using suitable filter-sets for YFP and chlorophyll-autofluo-
rescence. For excitation, the 514 nm band of the argon-laser was used. Between thirty
and forty optical sections in z-direction were taken and the three-dimensional recon-

struction was made with the software provided by Carl Zeiss, Jena.

2.2.18 Computer software

Sequence analysis was done using the indicated World Wide Web based programmes
and the GCG-package version 9.0 from the Genetic Computer Group (Madison, Wis-
consin, USA).

X-ray films were scanned using Photo-Paint 8.0 (Coral Corporation). Image processing
was performed using Photo-Paint 8.0, Cora DRAW 8.0 (Coral Corporation) and Adobe
Photoshop 4.0 (Adobe Systems).
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3. Results

3. Results

3.1 Insilicoanalysisof ZmKEL1

By the end of 2002, the GOLD Genomes Online Database (http://igweb.integrated
genomics.com/GOLD/) lists already 117 completely sequenced genomes: 16 from
archaea, 86 from bacteria and 15 from eukaryotes, including Arabidopsis thaliana
(THE ARABIDOPSIS GENOME INITIATIVE, 2000), Oryza sativa L. ssp. indica (Yu et
al., 2002) and ssp. japonica (Gorr et al., 2002). Most of this data is publicly
available through web-based databases and provides a valuable tool for a variety
of applications.

Besides these enormous collections of mere sequence data, more and more genes
and proteins are analysed in detail and their functions are revealed. These results
often elucidate general molecular mechanisms that can be converted into algo-
rithms to predict certain properties of novel genes or proteins. Although the re-
sults of such computational approaches are only of theoretical nature and have to
be confirmed experimentally, they often provide a good starting-point for further

anaysis. Therefore, it was reasonable to first analyse ZmKEL1 in silico.

A BLAST-search (http://www.ncbi.nlm.nih.gov:80/BLAST/; ALTSCHUL et al.,
1997) was made to find homologues of ZmKEL 1, ideally with assigned functions.
One homologue from Arabidopsis and two from rice were found and were
designated AtKEL1 and OsKEL1/OsKEL2, respectively. Unfortunately, the se-
guences from these three kelch domain proteins resulted only from sequencing
projects and therefore do not provide a hint as to the function of ZmKEL1. An
alignment of these three together with ZmKEL 1 is shown in figure 3.1.

Only OsKEL1 shows high homology over the whole length of ZmKEL1 (72%
identity on the amino acid level). The other two kelch domain proteins are rela-
tively high conserved in the C-terminal kelch domain (58 % identity on the amino
acid level) and the N-terminus (53% identity), but not in the central region (14%
identity).
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ZMKEL1 . MVTSKSSWSQVVKNTRPTNL SVAARNNOPQDMEAY FEETRNG! QEeHS REMEEM=K TR SHYRNIKE NN e ERE V&l Y ERS 89
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ZmKEL1  GNEKFCPESNAYSQESKG. . B TSYPAQVINAACIEP L IENeFIRNAI [ Ol eVIeeKMHEFINF EL DHAQT RWL [Vis] 172
OsKEL1  SNEKFCPESNANL ) T sYPAQVAGIARICNPL RESeF ea: W QRVPGAPGQAL [ [F o=z e gz A BvVD| 173
AtKEL1  GCEQLNFDPYGYTS] RUEMZNP! SVRL QEENSEEKFKPL S, EHEFNFEL DHFQT RL IEeNETh 113
OsKEL2  STIEQLNI DRF&MSEQSNDAKTNAKTPFRFSTRTE PlaBPESKYKSVIENIMRKD. . . . . .. KESEFBFEL DHEOT R (KSR 161
ZmKEL1  SEEPNSF. . ... Wi EFAAAZADEHAKELVLEP GWAPE CEGNNNLEEK VRS YAR! YKKNTEVE. §GTRD. . . . HAGSGDESS 252
OsKEL1  SETNNG. . . .. VS[gVAQEADEHVRS. . . [ . WAPVYAGNNGL (33K Y{3sY. INNNKF. [EQYRT GDVVH. HASSGNEHV N, 251
AtKELL  ..SFAVK..... PKIZEMNT[ENTRQI FRLI S8 . . ... ... ... .. N2 . KNENSEEYKPSEN. [EPYGSL EVSL SSGGESDESAAASHP] 179
OsKEL2  AEVRANQNKLSI PKIgEATAHTVPNPWNRPLPFL TRKAPVVSDKVEESNIMDVDQF NVSSHSHDI §PHTL PDVENEL ASTET TSRENLNK 251

OsKEL1 DTT|g. ESEEYAL SGKEVEVQQQQQQQQQEQSGQQDELEF. K EN. LKMLSV[6QRKETFYANATET(SSI DAYS[eK. . . DVQ. . 333
At KEL1 SENHPDVON[H. . . .. ... IQ DKDHYRE[N. LKDLVFSHDEHGDNSL TETV[EQANI PT{@KNLEDRD. . 235
OsKEL2 BASGEDDLVAGLIKE. . .. ... ...t DNESVDDDQHAMDL PVKLEEL SHL QQKEANFL[EDAPVSTSAQSI RQDTR 316

ZmKEL1 | LDGSSNLPETL DKL SLEHSDLLVQLLDSESCEAKMI DA SGRIEVVE[NQAWSNKE VKHL QGVMNERML ({3 VEKGTYVTH 423
OsKEL1 .. D...DLPENL BOF SWEHSKLL MHSL DSESCIEVK/®VDI IYERAI VE[QNQAWSNNEL KYL QGVNERML [x\VVERKGT\YK TN 418
Y.

ZmKEL 1 EELBE. Qv ETEREDYALSDR. V. VQVQQQYP. . DK. . QAEVLFDR.GEQGCI TFPG. OQV\HE_?FYANTTQTDNDAYSEEYAQEVKYA 333
BDL DG

AtKELL  ........... TLE[ZETCS. E[€KI DGSCLVSSPLPHYI SQYVHE] RACGLENSTINl CYLEEKLDKAHKEI YQRTERZCNMBES| SGPR 313
OsKEL2 FAATLPKDSFNATEQCETS. .. ........... LKDISFVQCHE YQ!I [INDL S[INT EEME[IMKVDSDQEI L L {BK[EL VKVVERKYEHN 392
ZmKEL1 NS[{I DPL TMDDSL NQFJEQCMGSEDV[RY] €FS. . SHPEIRSFSESLEI MTPMKPNAVCGKEN SSTVARECEINEAYL [€eGhle. . ACHF 509
OsKEL1 NS[I DPLT[NDDSL SQF\YEQCEGSEDV[RY] €FS. . HEPSINSIESIESIL o)V MTPEKSIYAVCKSAPNST VARD SN [eeGole. . VCUF 504
At KEL1 | TINAGGSDBEI HS. . PDDTS[EDPTEA[ML ML pKDEETWRSSVOSY FIZSRNVVKAHSSIYSCI RENASVAKMDENY\F€eDpleG. RGYT 400
OsKEL2 EQQLEKSHSSSAPL FGYTNDDVEGPS[L EHNE!I N. . SEERSY ClgATEI METEMPNYSSARAIZIAVAT[KDHV[FI FlgewNEl RSLYY 480
ZmKEL 1 SRDDIASTEESHT CI €vSV\[eRIYAF(eleleile T K CIEISEV Sy HESWEKI QPYL EKRZAL NGYARNeVINZAYEer N 599
OsKEL1 RRDDWUT T{®ZSFTH VSF AMGGGDGNIEeF SDVENF DPIN{GKW [N L DKHEAL AGYS NN cAMPNeler N 594
At KEL1 NSAESFNQTDGQYSL [egPANER| CATL [HANGGGNGUYSF SDVEMEDPBIGEW (338 leel=RFANASVERTEEI YAVGGY 490

OsKEL2  NIRESINEGANKY GLIACHNHENEHMACAT L NEF A [Searles oS ESEUAVANEAVSAEY SL S0P ROAPAAAEIIEVL [jvi [EevDE 570

ZmKEL1 Vi CAERDPRE KYSAGEECETHTANEHI FS| YD TRAKA| TVEVZEEREVPERVMVER—UNY THEFHS S| FT 689
OsKEL1 Vi SEAERMDPRE[ZSWN KL STCKelely T RARDDNI FS| YR AEAK] 4V ERYEP RS WAYAEP M\NNRGY 358 FA 684
At KEL1 (=Y L NIIA E RIZDP RE[FSWVYNIENSIMESIRRGCHESIL \V L [N[=K I FBG. . E| IS MEHET GTUMT GEZVKDL [NENSAVEYVK YV 578
OsKEL2 N OSINER Y lEEGF T QEERYRT RizES[ESVVYRGDSL HAL [€f€L NRN. . FEiSME! FDTRANSIIRRGS|gL SVPRAHGCAVTEDENAYL 658

ZnKEL1  FEEVREEART IMEVYEHTREECEUVTT. G. . . . . . Lo.... KS. | ERECY. CSAI V. . L 732
OsKEL1  FlEeV[{es VE eCEllv TTESSSVFSYLFEDFTEADVELAGETI PAI TNHI 743
AtKELL | €ev[deE] VEEK E GEGV YRS S I'. . ERECHL SAVAL. . . 621
OsKEL2 | (g€l QSSEE. YVETNMEVI{aZeQals! SG. . . . ......... KAFEK[FAFACAVAI . . . 700

Fig. 3.1: Alignment of all four kelch domain proteins from Arabidopsis (AtKEL1), rice
(OsKEL1 and OsKEL2) and maize (ZmKEL1). The numbers on the right indicate the position
of the last amino acid of the row within each protein. Shading: black: 100% conserved, dark
blue: at least 75%, bright blue: at least 50%.

The alignment with OsKEL 1 indicates that the coding sequence of ZmKEL is al-

ready the full-length and that no essential parts are missing.

No proteins, other than OsKEL1, were found with significant homology to the
central region of ZmKEL1, but the BLAST-algorithm identified several proteins
that share homology with the N-terminus of the kelch domain proteins. The ho-
mology applies only to this region. The remainder of these proteins is not con-
served, and they greatly vary in length. The shortest consists of 204 amino acids,
while the longest is composed of 1615 residues. Most of these proteins are from

Arabidopsis and rice, but homologues for this N-terminal region of ZmKEL1
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have also been found in carrot, garden pea and grapefruit. Figure 3.2 shows an

alignment of some of these proteins together with the four kelch domain proteins.

ZMKEL1 LGAVEEGET NNl QECHSRQMFEMEKTHI SYYRNIKEEHPEENF NDDORREYERYEFASGNEKF CPESNAWSQDS. . . . . . 105
OsKEL2 L GGV V[gCENNNJF DECF T K QMEZEMEORNI L YYKNV K HERPIERF NS NRQNHERF KT STEOL NJDRF| EQSNDAKT 100
OsKEL1 LGA NNIl AECHSRQIFEMERT HL SYYoNJIKESHPIFNF N\ DDRKBY €BY A SNEKF CPESNAWL QDG. . . . . . 106
ALKELL e T ERESNHYPYYQKD! [ERPMERF NS DRTMHERFZAGCEQL NFDPYGWI SDG. . . . . . 56
BAB90687_Os | GGY[JiFVENNDMEENL KRQIZEMZS RY RDSYRANRFERPIIRYNGS T HQNHERFFAA SF€GT NJDPTAVEDKKC. . . . . 292
BAB08438_At 1 GGY[lzVeNNDYMEENL KRQIZENZPRYRDSYRANT e BPMRy NS THONHERY I SFecT NJEL NAF EDKKC. . . . . 145
BAB08877_At LPGY[NEMENGRYK TDCYRY RV[gel [FRGGKDVYE Sk eV MByDF EKRLMY[eV Y[ FATVGEeRL DNEPERFEGK. . . . . . . 137
NP_189345_At  LGGY[lzVENNDYMOEDMKRHAZEMEPRYRDSYRANT HemP MRy NG T T HQRHENFZAT TF€GT NDATAMEDKKC. . . . . 236
CAD37200_Ps L GGY[l5VSNNDYJMOEDL KR! PRYRDSYRANT HERPIERYNNT THONHENF FAT CFEGSNEDPTIVEDKKC. . . . . 152
NP_180850_At | GGL NT KIJRPDCF RF SVMeVQEKRKDF YK G el [y DYpL KL WY ERF FAS SACGMKL ERNAFGGS. . . . . . . 261
NP_181059_At  EY MSNNSHIRKECL SRK | GL GGFJKHVKARM FEFEKREMHEYFOCSDEAI NJFEPNAFRSSCKQ. . . . 96
NP 187711 AL oottt MAY | KNID] F sDRTRHERFERASEEK L NIDSKAWSPNGTDP. . . 49
CAA04664_Cp LGGY[EVENNDIMQEDL KRQNFEM=ZPRY RDSYRANT HERPIZRYN] T T HQNHERFFAT GF €GSNEDPTAMEDKKC. . . . . 244
T06822_PS  ............ MQEDL KRQWFEM=PRYRDSYRANT NP MRy N1 T HQRHENF T CF eGSNIDPT/MEDKKMP. . . . 64
NP_200997_At  LPGY[EMSNGRKTDCYRYRV[gel [ZRGGKDVYESNK eV MaByDF EKRLAY[eVY[FATvVGEeRL DNEPERFEGK. . . . . . . 133
P37707_Dc VGGY[lEVENNDIVOENL KROBFEMEPRY RDSURAN T [HERPIERY NS THQUHEY F A SFEGT NIIDP TEWEDKKN. . . . . 148
ZMKEL1 . KGKTSYRESAMR. . . . VKVWEFPLAENQFRNAJ AN)jYQKI PGVPGQKL HF[gK FEMDHA 161
OsKEL2 NAKTTPEZNOYRFS. . . . TRTECPPLPESKYKSVll NN\RKDKP. . . . . . . SHgRFEMDHR 150
OsKEL1 . KGKTSYZNOVAMR. . . . | KVWEVPLAESQFRGAINLANNY QRMPGAPGQKL HF[gQF [SBDHA 162
At KEL1 . SERTSY|ZNOYPI S. . . . VRLQEEPL SFEKFKPANADNNYSSHH. . . . .. ... FUGEL RIS 103
BAB90687_Os . PGESRF@ASKVA. . . . TRKI . YDPLSEDAFRPJLHHMDGPK. . . . . . .. .. @RLEMSVA 337
BAB08438_At . PGESRFZASNR. Al . . . TRKVEL. PLEEDSFRPLHH\YDGPK. . . . . . . . .. ERLEMSV. 189
BABO8B77_At  ...... YOV/GFR. . . . | VMNSLPLTENTEKSARYENKGSK. . ... ... .. FIReEL S 178
NP_189345_At . KGESRFZAONRI R. . .. VRKI €K. AL[EEDSFRPVLHHDGPK. . . .. ... .. FRNEL S 280
CAD37200_Ps . KGESRFZA®RI R. . . . VRKI [€K. ALEEDSFRPVLHHDGPK. . . . . . . . .. @RLERSY. 196
NP_180850_At  ...... FRAeN TL CVRFKVF SD®I PLAESQFKKANI ENYNNKNK. . . . . . . . . < TERT HK 307
NP_181059_At  ...... FlgeVKFT. . . . EKWRERPLCESEFGNANHENFTPTK. . .. ... .. INF GRSKA 138
NP_187711_At  ....SPY/ZNONKVR. . . . VRVREEPLPEEKESPVIVENNDDK. . . . . . . .. \WEMDRG 93
CAA04664_Cp . KGESRFZA®NRI R. . . . VRKL[EK. ALEEDAFRPVLHHDGPK. . . . . . .. .. RLERSY. 288
T06822_Ps . KAKSKVISSGKNSV. . . SERI @TALERKI HSGQFLLLMWPSFALS. . . . CQgQRTMDPD 117
NP_200997_At  ...... YAV[GFR. . . . | VMNSLPLTENTEKSAYENGKGSK. . . ... .. .. KERsPH 174
P37707_Dc . QGESRFZA®YRVM. . . . TRKI [€E. PLISEDSFRPJLHHMDGPK. . . . . . . . .. RLEEN . 192

Fig. 3.2: Alignment of the proteins containing the N-terminal domain found in ZmKEL1.
Numbers on the right give the position of the last amino acid of the row within each protein.

Shading: black: 100% conserved, dark blue: at least 75%, bright blue: at least 50%. Abbre-
viations: AT Arabidopsis thaliana, CP Citrus x paradisi, DC Daucus carota, PS Pisum sati-

vum

The alignment suggests that the N-terminus of ZmKEL 1 contains a novel, so far
undescribed domain. Unfortunately, none of the proteins containing this domain
has an assigned function and, consequently, does not imply arole for this domain.
As long as no function for this domain has been revealed, it will be designated
LFL-domain in accordance to the highly conserved tripeptide leucine-phenylaa
nine-leucine.

Interestingly, this novel domain is always at the N-terminus of a protein and pro-
teins with the LFL-domain have only been found in plants. It can thus be assumed
that this novel domain is plant-specific.

Pfam (BATEMAN et al., 2002; http://pfam.wustl.edu/index.html) identified six
kelch repeats in the C-terminus of each of the four kelch domain proteins, con-
sisting of 34 to 47 amino acids each. A graphical overview of the domain struc-

ture of all four kelch domain proteinsis given in figure 3.3.

27



3. Results
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Fig. 3.3: Graphical overview of the domain structure of AtKEL1, OsKEL1, OsKEL2 and
ZmKEL1. White boxes display the LFL-domain, grey boxes represent kelch repeats and vari-
able regions are indicated with black bars. Numbers indicate the position of selected amino

acids. Drawn to scale.

Furthermore, analyses with the PSORT-agorythm (http://psort.nibb.ac.jp/form.

html) did not reveal any convincing targeting signals.

3.2 Thetwo-hybrid system: Finding interacting partners of
ZmKEL1

Most kelch repeat proteins described so far function via protein-protein interac-
tions (reviewed by ADAMS et al., 2000). For this reason, it can be assumed that
ZmKEL1 aso acts in a protein complex and knowing the interacting partner(s)
will provide an inside into the cellular context in which it acts.

A very suitable tool for this attempt provides the yeast two-hybrid system (FIELDS
and SONG, 1989), because it allows the screening of complete cDNA libraries for
putative interacting partners (CHIEN et al., 1991). It further makes it possible to
identify the domains or even single amino acids involved in an interaction bet-
ween two proteins (L1 and FIELDS, 1993).

The system is based on the properties of the Gal4 transcription factor that consists
of two physically separable domains: the DNA binding domain (BD) and the tran-
scription activation domain (AD). Both domains on their own are transcriptionally

inactive, but when fused to interacting proteins, and by these brought into close
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vicinity, they constitute a functional transcription factor and drive the expression
of areporter gene like, for example, HIS3.

For library screens, the protein of interest is transcriptionally fused to the BD of
Gal4 (“bait”), while the cDNA library is fused to the AD (“prey”). Cotransforma-
tion of both bait and prey plasmid into a histidine-auxotroph yeast strain should
only result in colony growth in the absence of histidine, if the hybrid proteins in-
teract with each other and thus reconstitute a functional transcription factor that

then drives the transcription of HIS3.

For a two-hybrid screen with ZmKEL1, the full-length cDNA was amplified via
PCR with added Smal/Sall-sites. The PCR-product was cloned into the correspon-
ding sites of the vector pBD-GAL4 Cam and was used as bait in a screen with a
maize endosperm cDNA library made seven days after pollination (dap; custom-
made by Stratagene, La Jolla, CA, USA). It was the same library from which the
kelch domain protein was isolated initially and was thus likely to contain the
cDNAs from interacting partners.

Some proteins cannot be used as baits because of their autoactivating properties.
This is frequently a problem with transcription factors. In this case, 3-amino-
1,2,4-triazol (3-AT), an inhibitor of the HI S3-encoded | GP-dehydrogenase, can be
used to reduce background growth. To test for the autoactivating properties of
ZmKEL1, the bait together with the empty AD vector were cotransformed into
the yeast strain YRG-2 and plated onto selective medium with different concen-
trations of 3-AT. The cotransformants showed only very weak growth on plates
without 3-AT and this background was completely suppressed with 1 mM 3-AT.
To minimise unspecific interactions, the screen was performed with 5 mM 3-AT.
In total, 5.2 x 10° cotransformants were analysed and sixty-six colonies grew on
selective media. After rescuing the plasmids and transforming them back into
yeast, fourteen candidates still showed histidine-auxotrophy and were sequenced.
Seven of these clones did not show significant homology to any other protein or
were homologues of proteins with unknown functions. Four clones were known

false-positives frequently found in two-hybrid screens (protease, proteasome sub-
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unit, heat-shock protein, ribosomal binding protein; for reference see list of fre-
guently found false-positives on http://www.fccc.edu/research/labs/golemis/main_
false.html).

Furthermore, b-tubulin was found, and twice a gene that showed highest homol o-
gy (89% identity on the amino acid level) to a gene from rice called rwd (rice pro-
tein containing the WD-40 repeat; IWASAKI et al., 1995).

The putative interaction with b-tubulin was very interesting, because kelch do-
main proteins are known to interact with the cytoskeleton, but the interaction was
only very weak in the two-hybrid system, and it was not possible to purify tagged

recombinant b-tubulin under native conditions for pull-down assays.

3.2.1 Analysis of the two-hybrid clones 15 and 20
The rwd-like clones (clones 15 and 20) were the most promising ones as they
were found twice independently. Figure 3.4 shows the alignment of these two

clones together with the rice homologue RWD.

20 e e e e e e e 0
15 GTRPQQPLQPQSPTATMAGAQESL SLVGTMRGHNGEVTAI ATPI DNSPF| VSSSRDKSVLVWDL TNPVHSTPESGVTADYGVPFRRL TGH 90
RWD . ... ... MAGAQESLVLAGVMHGHNDVVTAI ATPI DNSPFI VSSSRDKSL L VWDL TNPVQNVGEGAGASEYGVPFRRLTGH 74
20 e e e e e e e e e e e 0
15 SHFVQDVVL SSDGQF AL SGSWDGEL RLMDL STGL TTRRFVGHEKDVI SVAFSVDNRQI VSASRDKTI KLWNTL GECKYTI GGHI GGGEGH 180
RWD SHFVQDVVL SSDGQFAL SGSWDGEL RLMWDL STGVTTRRFVGHDKDVL SVAFSVDNRQI VSASRDRTI KLWNTLGECKYTI GGDL GGGEGH 164
20 L [EQISWDRT VKVWNL TNCKL RCL [EGHGGYVNAVAVSPDGSL CASGGKDGVTL LWDL AEGKRL YSLDAGSI | H] 71
15 NNV XSS NS e/ N RVE(E SWDRT VKVWNL TNCKL RCIL BGHGGYVNAVAVSPDGSL CASGGKDGVTLLWDLAEGKRL YSLDAGSI | H 270
RWD WNENE{aVINSSTL NSO I RVSIE SWWDRT VKVWNL TNCKL RCINL [AGHGGYVNAVAVSPDGSL CASGGKDGVTL LWDL AEGKRL YSLDAGSI | H 254
20 SLCFSPNRYWL CAAT QDSIKI WDL ESKHYVQDL KP[s| (@]} QNN SMSADGSTL Y] SHRV' G4 g 151
15 [SL CFSPNRYWL CAAT QDSKI WDL ESKHYVQDL KP[BI (@)% qQl SMSADGSTL Y] SEXV' ey g 350
RWD SL CFSPNRYWL CAAT QDS|BK| WDL ESKHI[RVQDL KP|=I (3% O VL| INNWSADGSTL Y& 1Y GaSYAJ 334

Fig. 3.4: Sequence alignment of the two clones 15 and 20 found in the two-hybrid screen with
RWD fromrice. Shading: black: 100% identity, blue: 66% identity. The numbers on the right

give the position of the last amino acid of the row within the protein.

The alignment suggests that clone number 15 contains aready the full-length co-
ding sequence, while clone number 20 is only a partial length. It cannot be deter-
mined, if both two-hybrid clones represent the same or different genes: Although
the amino acid sequences differ in four residues only (with two different amino
acids directly at the 5'-end of clone number 20), there are already 28 exchanges

on the nucleotide level (data not shown).
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A -LW B -LWH +7.5mM 3-AT

Fig. 3.5: Control plating for clones 15 and 20. A: Selecting for the presence of both bait and
prey plasmid on media without leucine and tryptophan (—LW). B: Testing for the ability to in-
teract on medium additionally lacking histidine (-LWH) +7.5 mM 3-AT. The way of plating is
indicated in the middle.

Control platings after a new cotransformation revealed that the rwd-like clones 15
and 20 only conferred histidine-auxotrophy in the presence of Zmkel1 fused to the
BD, but not when cotransformed with the empty BD-vector (see figure 3.5). This
indicates that the interaction between the kelch domain protein and the RWD-like
protein is specific in the two-hybrid system.

As mentioned above, the two-hybrid clones share highest homology to RWD
from rice. RWD consists of seven WD-40 repesats that are assumed to form a b-
propeller like the kelch repeats (WALL et al., 1995; LAMBRIGHT €t al., 1996; see
also figure 1.2). Thisisthe typical characteristic for both the b-subunits of the tri-
meric G-protein (Gb) and the receptors for activated C kinase (RACK; Buslis and
KHORANA, 1990). Both proteins are highly homologous - a fact that made it diffi-
cult to classify the two-hybrid clone into one of the two groups.

To solve this problem, a phylogenetic tree with characterized Gbs and RACKs
was made (see figure 3.6). The tree has two branches that clearly separate the Gbs
and the RACK proteins. The two-hybrid clone can be found on the RACK-branch
and is even closer related to mammalian RACK proteins than to plant Gbs. Thus

the two-hybrid clone was named ZmRACK.
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Gb
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GNB1Hs
GNB3 Hs
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ZGB1Zm
GBB3 Nt
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- At: Arabidopsis thaliana
AtArCAL Ce: Caenorhabditis elegans
Msghl Ms Dm: Drosophila melanogaster
Hs: Homo sapiens
RWD Os Ms: Medicago sativa
Nt: Nicotiana tabacum
ZmRACK Zm Os: Oryza sativa
Sc: Saccharomyces cerevisiae
RACK [RACK1 Ss Ss: Sus scrofa
lRACKl Hs Zm: Zea mays

Fig. 3.6: Phylogenetic tree displaying the relationship between the b-subunit of the trimeric
G-protein (Gb) and the receptors for activated C kinase (RACKS). ZmRACK is highlighted in

red and plant proteinsin green.

3.2.2 Pull-down assayswith ZmRACK

To repeat the interaction between the kelch domain protein and ZmRACK with
another technique than the two-hybrid system, pull-down assays with *S-labelled
ZmKEL and GST-ZmRACK were made.

To obtain GST-tagged ZmRACK protein, the coding sequence of Zmrack was
amplified with added restriction sites for BamHI and EcoRI and cloned into the
same sites of the vector pGEX-4T-2. Zmrik was amplified via PCR with added
Xhol and BamH] sites and cloned into the vector pBS-K S(+). *S-labelled ZmRIK
was obtained in a coupled in vitro transcription/trandlation (TNT) reaction. Nega-
tive controls included GST (from the empty vector pGEX-4T-2) and the unrelated
protein luciferase (included in the TNT kit from Promega).
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Fig. 3.7 Pull-down assays with *Slabelled ZmRIK and GST-ZmRACK. Samples were
separated on a 10% SDS-PAGE and the size of maker bandsin kDa is given on the left.

As shown in figure 3.7, no interactions were obtained with GST alone or with **S-
labelled luciferase, but **S-ZmKEL was able to specifically bind to the GST-fu-
sion of ZMRACK. For this reason, the kelch domain protein was named ZmRIK

for Zea mays RACK-interacting kelch domain protein.

3.3 Determination of the domain(s) of ZmRIK involved in thein-

teraction with ZmRACK
The fact that ZmRIK consists of three domains (the N-terminal LFL-domain, the
central region and the kelch domain) raises the question as to which of these re-
gionsisrequired for the interaction between ZmRIK and ZmRACK.

3.3.1 Pull-down assays with different partial lengths of ZmRIK

To identify the region of ZMRIK responsible for the interaction with ZmRACK,
more pull-down assays were made. For this purpose, it was necessary to clone
five more constructs as shown in figure 3.8 A. The corresponding regions of
Zmrik were amplified via PCR with added restriction sites for Xhol and BamHI
and cloned into the vector pBS-KS(+). The TNT-products of these clones together
with the full-length of ZmRIK were then used for pull-down assays with GST-
ZmMRACK. The results are shown in figure 3.8 B.
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A sketch of constructs used B pull-down assays

Fig. 3.8: Determination of the domain(s) responsible for the interaction of ZmRIK with
ZMRACK. A: Schematic drawing of the constructs used. B: Pull-down assays with different
partial lengths of ZmMRIK. Explanations. 1. TNT-product, 2: GST + TNT-product, 3: GST-
ZmRACK + *Slabelled ZmRIK

The TNT-reaction of ZmRIK(aa 1-174) was not very efficient and was thus not
very informative. However, it is evident that only those constructs were able to
interact with ZmRACK that included the central region of ZmRIK and this region

on its own was aready sufficient for binding.

3.3.2 Two-hybrid testswith each of the three domains of ZmRIK

To avoid the problem with the insufficient amount of **S-labelled ZmRIK (aa 1-
173), the two-hybrid system was used to support the results from the pull-down
assay’s.

The same constructs as shown in figure 3.8A were amplified with added Sall sites
and cloned into the vector pBD-GAL4 Cam. The right orientation of the inserts
was verified through PCR and sequencing. These constructs, together with pAD-
Zmrack, were cotransformed into the histidine-auxotroph yeast strain YRG-2. Se-
lection for the presence of both plasmids was performed by plating the cotransfor-
mants on medium without leucine and tryptophan (-LW) and the ability to interact
was tested on medium additionally lacking histidine (-LWH). To reduce unspeci-
fic background growth, 15 mM 3-AT were added.
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The drawback of the two-hybrid system was that ZmRIK (aa 173-732) showed ve-
ry strong autoactivating (intrinsic transcription activation) properties (data not
shown). Weak autoactivation was also observed with ZmRIK (aa 173-444). For

this reason, only the results of the platings with each of the three domains and the

v
N/

Fig. 3.9: Two-hybrid plating with ZmRACK and different partial lengths of ZmRIK. The way
of plating isindicated on the right. The plates were incubated for two days at 30°C. Explana-
tion: 1: ZmRIK(X)-BD + pAD, 2: ZmRIK(X)-BD + ZmRACK-AD, 3: pBD + ZmRACK-AD
(plated on - LW). Bold numbers: plated on -LWH + 15 mM 3-AT. X: indicated partial length
of ZmRIK.

full-length of ZmRIK are shown in figure 3.9.

ZMRIK (aa 1-173) ZMRIK (aa 444-732)
ZmRIK (aa 173-444) ZmRIK (aa 1-732)

Growth was only observed with the full-length of ZmRIK and ZmRIK (aa 173-
444), representing the central region of ZmRIK. The LFL-domain and the kelch
domain were not able to confer histidine-auxotrophy, indicating that they did not
interact with ZmRACK.

These data coincide very well with the results obtained from the pull-down assays
and clearly indicate that the central region of ZmRIK with its amino acids 173 to
444 is necessary and sufficient for the interaction with ZmRACK. The central re-

gion of ZmRIK was therefore designated the RACK-interacting (RI) region.

3.4 Testing the ability of the RIK-homologuesto interact with dif-
ferent RACK proteins

The results from chapter 3.3 clearly indicate that the central region is necessary
and sufficient for the interaction between ZmRIK and ZmRACK. But the aign-
ment from figure 3.1 shows that only OsKEL1 shares significant homology to
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ZmRIK in this region and that AtKEL1 and OsKEL2 do not. This suggests that
only OsKEL 1 might be able to interact with RACK-like proteins, but not AtKEL 1
and OsKEL2.

3.4.1 Pull-down assayswith all RACKsand all kelch domain proteins

To test this hypothesis, the coding sequence of Atkell was amplified via RT-PCR
from polyA*-mRNA prepared from different Arabidopsis var. Columbia tissues
and cloned into the pGEM-T system from Promega (in an orientation that sense-
RNA was obtained from the T7-promoter).

For unknown reasons, the coding sequence of Oskell was recalcitrant to amplifi-
cation. It was only possible to amplify the central region of Oskell from total
RNA prepared from rice leaves and stems. This RT-PCR product, containing an
artificial start-ATG, was subsequently cloned into the BamHI/Xhol sites of the
vector pBS-KS(+). The same was made with Oskel2, but with added recognition
sites for EcoRI and Xhol.

Sequencing of the two full-length kelch domain proteins showed that AtKEL1 had
the same sequence as published in the databases, but Oskel1 had a 9 bp insertion
adding the amino acids tyrosine, leucine and glutamine at position 572. Whether

or not thisis cultivar-specific was not further analysed.

Besides Zmrack and rwd from rice, there are two RACK-like genes in Arabidop-
sis: AtARC with the accession number U77381 and AtRACK with the accession
number AB020749. Figure 3.10 shows an alignment of all four RACK proteins
that share an over-all identity of 82% on the amino acid level.

The two RACK proteins from Arabidopsis together with the rice rwd were cloned
via RT-PCR using the same polyA*-mRNA/total RNA as for the cloning of the
kelch domain proteins. The RT-PCR products were cloned into the BamHI and
EcoRI sites of the vector pGEX-4T-2. The four GST-tagged RACK proteins were
purified and used for pull-down assays together with the **S-labelled kelch do-

main proteins.
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RWD YACAQES] INGYMgEHNDWYVTAI ATPI DNS[ZZI SLLV“DNPVQNVGEGAGASE 'MSRRL TGHSHFV@DVVL SSDGQF A| 90
At RACK . . . Kel YRARTD VAFNWNELESINSDI (YT ANEIE | LN</MIK. . . D. . DK. . . S. ®RRL TGHSHFV|[EDVVL SSDGQF A 78
At ARC . . . KET AR T EMAFNNNELESINADI [MYSASEIE | LN</MEK. . . D. . DK. . . A. ®RRL TGHSHFV|[EDVVL SSDGQF A 78
ZmRACK YACAQSSHSHVET Yz IN€SVTAI ATPI DNS[ZEl VSSSRDKS L VIADINPVHSTPESGVTAD] MSRRL TGHSHFV@DVVL SSDGQF A 90
RWD L SGSWDGEL RLWDLETGYT TRRFVGHBKDVL SVAF SIYDNRQI VSASRDRTI KLWNTLGECKYTI [e[ejs]NeGGE GH|\[eWVSCVRFSPNT [gQP| 180
At RACK L SGSWDGEL RLWDL /A (ST TRRFVGHIIKDVL SVAF SPIDNRQI VSASRDRTI KLWNTLGECKYT! SEI=HS GEGH WVSCVRFSPNT RYP| 164
At ARC L SGSWDGEL RLWDL AYAGYSITRRFVGHIKDVL SVAF S[EDNRQI VSASRDRTI KLWNTLGECKYT| SE=SMIGGE GHg{® W\ SCVRFSPNT RQP| 165
ZmMRACK L SGSWDGEL RLWDLSTGET TRRFVGHSKDVISVAF SIYDNRQI VSASRD[NT| KLWNTLGECKYT| [e[ejs]NeGGEGH|\[eEWVSCVRFSPNT[ZQP] 180
RWD [T1 VSISO VKVVINL IINCKL ReNL EGHEGY VNAVAV SPDGSL CASGGKDGVIIL L VDL AEGKL YSLIBAGS | HSLOFSPNRYWECAAT SSERD
At RACK [TI VSIASWDINT VKVWNL [8NCKL RIS SIGY[NIYVAVSPDGSL CASGGKDGV[lL LWDL AEGK[4L YSL[HAGS] | HSLCFSPNRYWL CAAT[S 254
At ARC TI VS”S\I\ VKVWNL SINCKL RSl GYVERIVAVSPDGSL CASGGKDGV| LLV\DLAEGKLYSLSMI HHLCFSPNRYV\LCAAT 255
ZmRACK ITI VSESWDIRT VKVWNL JINCKL Rl&3) €GYVNAVAVSPDGSL CASGGKDGV]YL LWDL AEGKIHL YSL[BAGS] | HSL CFSPNRYWL CAAT ] 270

RWD S| KI WDL ESKIgIRV{ODL Kzi= B AVAS < R, QWM(EY CTSLNWSADGSTLMGY TDGYI RN EGES]YLe] 334
At RACK S| [{ WoL ESKSYV(EDL K YD INSK NS eeN QAN Y CT SL NWSADGST L [#SGY TDGYYRV! . € RY. . 326
At ARC HGARWN=SINS| YEBINNYpL KAEAE[NADNSGPAAT KRKVI (apSN\\NEYNsle Sy R SexgusleV/ [l . € RN . 327
ZmRACK BSIVKI WDL ESKgV{eDL KiZD/ RNV < N, INORMINY Y CT SLEWSADGSTLJQIGY TDGSll RVWNI EGifeY/Ne] 334

Fig. 3.10: Alignment of the four RACK-like proteins AtARC and AtRACK from Arabidopsis,
RWD fromrice and ZmRACK from maize. Shading: black: 100% conserved, dark blue: 75%

conserved, bright blue: 50% conserved.

First, the ability of OsKEL1(aa 174-439) to interact with GST-RWD, the rice-
homologue of ZMRACK, was tested and the results are shown in figure 3.11.
GST was used as a negative control.

As aready anticipated from the alignment of the four kelch domain proteins
shown in figure 3.1, the central region of OsKEL1 was aso able to specifically
interact with its corresponding RACK protein, RWD. For this reason, this kelch

domain protein from rice was named OsRIK.

1 2 3 1: ®*S-OsRIK (aa 174-439)
2: GST + %S OsRIK (aa 174-439)
3: GST-RWD + *S-OsRIK (aa 174-439)

Fig 3.11: Pull-down assay with GST-RWD and **S-labelled OsRIK (aa 174-439).

In a next step, the ability of the other two kelch domain proteins to interact with
RACK-like proteins was tested. ZmRIK was used as a positive control. The re-
sults of the pull-down assays are shown in figure 3.12.

Interestingly, ZmRIK was not only able to bind to ZmRACK, but also to the two
RACK proteins from Arabidopsis and to RWD from rice. The kelch domain pro-
teins from Arabidopsis and rice showed no interaction with any of the four RACK

proteins.

37



3. Results

1 2 3 4 5 6

1: TNT-product
35

S 2:GST +1

AtKEL1

3: GST-AtARC + 1
¥s a 4: GST-AtRACK + 1
OsKEL?2

5: GST-OsRWD + 1
®s 6: GST-ZMRACK +1

Fig. 3.12: Pull-down assays with all four RACK proteins from Arabidopsis (AtARC and
AtRACK), rice (OsRWD) and maize (ZmRACK) and the three kelch domain proteins (AtKEL1
from Arabidopsis, OsKEL2 fromrice and ZmRIK from maize).

These findings coincide with the results from chapter 3.3. As these two kelch do-
main proteins from Arabidopsis and rice are homologous to the N- and C-termi-
nus of ZMRIK, but do not share the RI region that gave rise to the name of

ZmRIK, they were named RLP for RIK-like proteins.

3.4.2 Thecentral region of ZmRIK confers RACK-binding on AtRLP

As the central region of ZmRIK has been shown to mediate the interaction with
ZmMRACK, it should be possible to get an interaction of AtRLP with aRACK pro-
tein, if its central region is exchanged for the corresponding maize region.

To test this, each of the three domains of AtRLP were amplified separately via
PCR and cloned into the vector pBS-KS(+) as shown in figure 3.13.

pBS LFL central region kelch domain pBS
domain
— ] LT e—

[
|
|
Xhol EcoRV Xbal Sacl

Fig. 3.13: Schematic drawing of the cloning strategy required for exchanging the central re-
gion of AtRLP for the RI region from maize.
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This construct was designated RLP(AAA), indicating that al three domains are
from the Arabidopsis kelch domain protein. RLP(AZA) was cloned by exchan-
ging the central region of RLP(AAA) for the RI region of Zmrik.

Pull-down assays were made with *S-labelled ZmRIK (positive control), RLP
(AAA) and RLP(AZA) together with GST-ZmRACK. As can be seen in figure
3.14, there was no interaction between RLP(AAA) and the RACK protein, but
RLP(AZA) was able to specifically bind to GST-ZmRACK.

maker 1 2 3 4 5 6 7 8 9 1: ®*S$ZmRACK
(kDa) i e o (=1 [ [ [ 2: ®SRLP(AAA)

3: ®SRLP(AZA) 4: GST +1
83 — = - - -
62 — == = 5: GST + 2 6: GST +3
475- 8 BN B 7: GST-ZmMRACK +1
32 - i i 8. GST-ZMRACK + 2

N 9: GST-ZMRACK + 3

Fig. 3.14: Pull-down assays with ZmRACK, RLP(AAA) and RLP(AZA) with GST-ZmRACK.
Samples were separated on a 10% SDS-PAGE, 1pl of each TNT product and the total volume

of each pull-down reaction was |oaded.

The central region of ZmRIK thus conferred the ability to interact with RACK
proteins and this confirmed the finding that the central region is sufficient for the

interaction with RACK proteins.

3.5 Southern blot analysis of Zmrik and Zmrack

Since the genomes of Arabidopsis thaliana and rice have been sequenced (THE
ARABIDOPSIS GENOME INITIATIVE, 2000; YU et al., 2002; GoFF et al., 2002), the
copy number of genes in these plants can easily be determined. The Arabidopsis
database reveals that AtRLP (accession NM_120244) is a single copy gene and
that the genome contains two RACK genes (AtARC and AtRACK with the acces-
sion numbers U77381 and AB020749, respectively).

The situation in rice is just the opposite. While there is only one rack (rwd), there

are two rik or rik-like genes: Osrik resembling Zmrik, and Osrlp that is only con-
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served in the N- and C-terminal domains. To get an idea about the copy number
of ZmRIK and ZmRACK in maize, Southern blot analyses was performed.
Genomic DNA of the maize line A69Y + was hydrolysed with different restriction
enzymes, electrophoretically separated and blotted onto a Hybond-N nylon mem-
brane. The filters were successively hybridised with a *P-labelled PCR-fragment
of the full-length of Zmrack (bp 1-1005) and a partial length of Zmrik (bp 282 to
1831 = 1549 bp). The hybridisations were performed at 42°C and washing steps
were done at medium stringency. The results are shown in figure 3.15.

T T _ = i _ o T _ =
%%88“8 S|z§marker %5883‘38
m o W o § X (in bp) M @ W W 4

- - Y% 12216 Y -

pory % 8144 ¥ - e
aa Y% 6108 ¥
—— — ¥% 5090 ¥
— Y4 3054 3
— Y4 2036 3
¥ 1636 3
¥ 1,018 34
¥ 516 ¥

A Zmrack B Zmrik

Fig. 3.15: Southern blot analysis of Zmrack (A) and Zmrik (B). Each lane contained 10 pg of

genomic maize DNA cut with the restriction enzymes indicated above. The filter was stripped

and used for both hybridisations. The position of marker bands (in bp) is indicated in the

middle.

The Zmrack-specific probe detected between one and three main bands. As the
genomic sequence of Zmrack is not known, these results do not reved, if there are
one or two copies in the maize genome and it can only be stated that Zmrack is a

low copy gene. The fact that the two-hybrid clones number 15 and 20 contained
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twenty-eight differences on the nucleotide level suggests there are two copies of
Zmrack in the maize genome.

The hybridisation with a probe specific for Zmrik showed similar results. One or
two main bands were detected together with several weaker ones, but it is not pos-
sible to determine, if Znrik isasingle copy gene or if there are two copies present

in maize.

3.6 Analysisof the expression patternsof ZmRIK and ZmRACK
The expression patterns of ZmRIK and ZmRACK were analysed both on the tran-
script (Northern blot) and on the protein level (Western blot).

The results should give an insight into the impact of the two proteins. Expression
in only one/few tissue(s) would indicate a specialised function, while a ubiquitous

expression would point towards a more general function.

3.6.1 Northern blot analysis

The first Northern blots were made with 25 pg of total RNA, but no bands could
be detected with a Znrik-specific probe. This indicated that the expression level
was very low and thus poly-A"mRNA was isolated from different maize tissues
(shoots, leaves, husks, kernels harvested at different dap, silks, anthers and pol-
len). Approximately 2 g of each sample was loaded onto a 0.7% denaturing aga-
rose gel and blotted onto HybondN nylon membranes (Amersham). ¥P-labelled
probes were made from the full-length coding region of Zmrack (bp 1-1005) or
from bp 282-1831 of Zmrik. b-tubulin was used as |oading control.

As the expression of Zmrik was extremely low, it was necessary to expose the fil-
ter to a phosphoimager screen for two weeks to obtain at least a weak signal,
while Zmrack-specific probes produced a suitable signal aready after a one-day
exposure to anormal X-ray film.

Figure 3.16 A shows that both probes detected only one band of approximately 3
kb (in the case of Zmrik) or 1.6 kb (Zmrack), and this coincided with the expected

sizes estimated from the corresponding coding regions.
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Zmrik showed the highest expression in leaves, husks, kernels (mixture of 12 to

24 dap), unpollinated cobs and silks and a weaker expression in shoots. It was be-

low the detection limit in anthers and pollen.

marker S L HKusS AP
36 % )
— Zmrik
26 ¥%
19 %
14y, | SR r- Zmrack
26 Y%
19 % - ﬂ.‘! b-
' tubulin
A different maize tissues
marker 8 10 12 14 18 25 30 (dap)
36 % — Zmrik
2.6 ¥
19 % - m Zmrack
14 ¥ 8
26 ¥ b-
19 % . tubulin
B kernel development

S: shoot

L: leaves

H: husks

K: kernels (8-25 dap)
uC: unpollinated cob
Si: silks

A: anthers

P: pollen

Fig. 3.16: Northern blot analysis of the expression of Zmrik and Zmrack in A: different maize

tissues and B: kernels at different developmental stages. The positions of marker bands and

their sizesin kb are given on the | eft.

The relative levels of Zmrack transcript were similar to those from Znrik: the

highest amounts of transcript were found in leaves and kernels, followed by un-

pollinated cob, silks, shoots and husks. Only a very weak signal was obtained

from anthers and the amount of Zmrack-transcript in pollen was also below the

detection limit.
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A difference was observed during kernel development: while the amount of
Zmrik-transcript increased during the maturation of the kernels, it remained con-

stant in the case of Zmrack.

3.6.2 Western blot analysis

For an expression analysis of ZmRACK on the protein level, polyclonal antibo-
dies were raised against the whole protein. Prior to immunisation, preimmune sera
of several rabbits were tested on crude extracts of different maize tissues and two
rabbits without cross-reactivity were chosen. Immunisations were carried out with
native GST-ZmRACK that was also used for the pull-down assays (see chapter
3.2.2).

Both antisera (named 59 and 60) were then used for Western blot analysis with
crude protein extracts from different maize tissues. Equal loading was controlled
by running an extra gel until all proteins have just migrated into the separating
gel. The gel was stained with Coomassie Brilliant Blue and the amount of protein

was adjusted where necessary (data not shown).

Of each protein sample, 20 ug were loaded onto a 12% SDS-PAGE and blotted
onto nylon membranes (Schleicher and Schuell, Dassel). The blots were incubated
for one hour at room temperature (antiserum 59) or over night at 4° C (antiserum
60).

As can be seen in figure 3.17, both antisera detected a protein with an apparent
molecular weight of 36 kDa. This is exactly the size calculated from the cDNA
and thisindicates that both antisera detect the correct protein.

Both antisera detected a very similar expression pattern. ZmRACK was found in
every tissue tested, showing the strongest expression in roots, shoots, husks, cob
axis, kernels (collected between twelve and twenty-four dap) and anthers. The ex-
pression was much weaker in leaves and silks, but was still detectable. The

amount of protein did not change during seed development.
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marker RS L HCaK S A rabbit no. R SL H CaK S A

40 ¥a

30 ¥%

40 Ya

30 % —_—_—_— — - — 60

A anti-ZmRACK preimmune serum

marker 4 6 11 1418 20 24 27 rabbitno. 4 6 11 14 18 20 24 27

40 ¥
30 ¥

B anti-ZmRACK preimmune serum

Fig. 3.17: Western blot analysis of ZmRACK expression A: in different maize tissues, B: du-
ring kernel development. Numbersin B indicate the age of the kernelsin dap, numbers on the
left give the size of marker bands in kDa. Abbreviations: R: roots, S: shoots, L: leaves, H:

husks, Ca: cob axis, K: kernels (twelve to twenty-four dap), Si: silks, A: anthers.

Antisera were also raised against ZmRIK. For this purpose, four rabbits were im-
munised: two with denatured GST-fusion protein and two with native (His)s-fu-
sion protein.

For the GST-fusion, the coding region of ZmRIK (aa 1-284), including the LFL-
domain and about half of the RI region, was amplified via PCR and cloned into
the BamHI and EcoRI sites of pGEX-3X. The construct was transformed into the
E. coli strain BL21-CodonPlus(DE3)-RP, but no native protein could be purified.
Instead, a huge amount of protein was found in inclusion bodies. Therefore, the
protein was eluted from a 10% SDS-PAA-gel, run on a 9-18% gradient gel and
was again eluted from the gel. The purity of this protein was more than 99% as
judged from Coomassie staining. Two rabbits (numbers 79 and 80), with no cross-

reactivity to maize proteins, were immunised with this antigen.

As an antiserum against the native protein might prove more useful in co-immu-
noprecipitations, it was tried to purify (His)s-tagged protein under native condi-

tions.
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The same region of znrik as for the construction of the GST-fusion was cloned
into the Bglll and Ncol sites of the vector pQEG60. This construct was transformed
into the E. coli strain M15[pREP4] and it was possible to purify this fuion protein
under native conditions. This antigen was used to immunise the rabbits with the
numbers 57 and 58.

R S L H CaK S A rabitnoo R S L H CaK S A

marker
60 % —_— — . 57
60 ¥ — e

— — —_— 58 i

60 % .. - "_-'r 79

60 % = - = =@y -~ == 80

A anti-ZmRIK antisera corresponding preimmune sera

4 6 11 1418 20 24 27 rabbitno. 4 6 11 14 18 20 24 27

marker
60 ¥ . 80
Dt _§ 1 L
B anti-ZmRIK antisera corresponding preimmune sera

Fig. 3.18: Western blot analysis of ZmRIK expression A: in different maize tissues, B: during
kernel development. Numbersin B give the age of the kernelsin dap, numbers on the left give
the size of marker bands in kDa. Abbreviations: R: roots, S: shoots, L: leaves, H: husks, Ca:

cab axis, K: kernels (twelve to twenty-four dap), Si: silks, A: anthers.

All four antisera were tested on crude extracts from different maize tissues and
kernels at different developmental stages. The results are shown in figure 3.18.

For unknown reasons, the antiserum 79 always showed a high background and
was not used for further experiments. The antisera 57 and 58 showed some weak

cross-reactivity with other proteins, but number 80 detected only one clear band.
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It also had the highest titer and was used in most of the following experiments.
The expression pattern of ZmRIK was very similar to that of ZmRACK. ZmRIK
was expressed in all tissues analysed, with the highest expression in shoots, cob
axis, kernels and anthers and with a very low expression in silks. As opposed to
ZmMRACK, the amount of ZmRIK protein increased during seed maturation. This
coincided with the results form Northern blot analyses

The expression patterns detected with all antiserawere similar and the only differ-
ences were seen in roots. While the amount of protein in roots detected with the
antisera 57 and 80 was lower than compared to the expression in leaves, it is the
opposite with 58. These differences might result from posttrangational modifica-
tions of the protein in roots that mask the epitopes for antiserum 57 and 80 and,

therefore, inhibit proper binding of the antibody.

Surprisingly, al three (and even number 79) antisera detected a band of 60 to 62
kDa, but the predicted molecular weight of ZmRIK (as deduced from the cDNA)
is 81 kDa. Such a big difference in the apparent molecular weight can sometimes
be explained with running-abnormalities during gel electrophoresis, but this
usually results in a higher apparent molecular weight (MATAGNE et al., 1991;
CASAREGOLA €t al., 1994). As the TNT-product of ZmRIK runs at its expected
size of 81 kDa, this can be excluded.

The fact that all four preimmune sera did not show any cross-reactivity with
maize proteins prior to immunisation, and that all antisera detected only one main
band, led to the conclusion that ZmRIK must be co- or posttranslationally modi-
fied, resulting in the deletion of a peptide of approximately 20 kDa. Another ex-
planation could be alternative splicing, but this can be excluded from the Northern
blot results (see chapter 3.6.1).

It is unlikely that an internal region of the protein is deleted, and it is more likely
that this modification takes place at either the N- or at the C-terminus of ZmRIK.
Kelch domains are one structural unit making it improbable that only parts of it
are removed. Deleting the comlete kelch domain would result in a protein of

approximately 50 kDa, making it too small for the detected protein. But if the
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LFL-domain was deleted, the remaining protein would have a molecular weight
of 61 kDa.

It can therefore be hypothesised that the N-terminal LFL-region is not present in
the mature protein and that this region contains a recognition site for this modifi-

cation rather than a functional domain.

3.7 Co-immunoprecipitation with anti-ZmRACK antiserum

The availability of specific antisera made it possible to verify the interaction bet-
ween ZmRIK and ZmRACK also with co-immunoprecipitations (co-1P).

For a negative control, unspecific rabbit serum was coupled to sepharose using
the cyanogen bromide method and was incubated with a crude protein extract
from mai ze shoots. The eluate was loaded onto a 12% SDS-PAGE and blotted on-
to a nitrocellulose membrane, which was cut into stripes and incubated with dif-
ferent antisera. The results are shown in figure 3.19A. Neither ZmMRACK nor
ZmRIK can be detected in the eluate using the antisera 59 and 80. This indicates
that there is no unspecific binding of ZMRACK or ZmRIK to the sepharose beads.

Many kelch domain proteins are known to interact with actin and this has also
been shown with Co-1Ps (HERNANDEZ et al., 1997). For this reason, it was aso
tested if there was unspecific binding of actin to the sepharose-beads. Unfortuna-
tely, it was indeed detected in the eluate, making it impossible to use this method
for the detection of an interaction between ZmRIK and the actin cytoskeleton. It

was not possible to optimise the procedure.

In anext step, the anti-ZmMRACK antibody 59 was coupled to sepharose and used
for a co-1P with a crude extract from maize shoots. The results are shown in figure
3.19B. A band of approximately 55 kDa was detected in al lanes and is caused by
co-eluted antibody, because it is detected by the secondary anti-rabbit antibody,

even when no first antibody was used.
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The anti-ZmMRACK 59 antiserum detected a band with an apparent molecular
weight of 36 kDa that could not be detected with its preimmune serum. This
showed that coupling the antiserum to the sepharose beads did not inhibit its bin-

ding capacity.
marker marker
(kDa) Il (kDa) 2 3 4 5
90 ¥ 90 ¥
|
60 % 60 %
.. - - » o &
40 ¥ 40 ¥4 — <
30 % 30 %
A negative control B co-I P with anti-ZmRACK 59

Fig. 3.19: Co-IP with a crude protein extract from maize shoots. A: negative control with
rabbit serum coupled to sepharose. B: co-IP with anti-ZmRACK 59 coupled to sepharose. Ar-
rowheads indicate the position of ZmMRACK and ZmRIK, respectively. Explanation: first anti-
body I: anti-ZmRACK 59, 11: anti-ZmRIK 80, I11: anti-actin; 1: no first antibody, 2: preim-
mune serum 59, 3: anti-ZmRACK 59, 4: preimmune serum 80, 5: anti-ZmRIK 80.

While no band of 61 kDa was detected with the preimmune serum of ZmRIK 80,
the corresponding immune serum clearly detected a band at the size of ZmRIK.
Therefore, it was also possible to show an interaction between ZmRIK and
ZmRACK with aco-1P.

This aso indicated that the band detected with the anti-ZmRIK antisera was in-
deed ZMRIK: if the 61 kDa bands detected in the Western blots resulted from un-
specific cross-reactions, it is unlikely that this protein also specifically interacts
with ZmRACK.

3.8 Subcellular localization of ZmRIK and ZmRACK

Knowing the subcellular localisation of a protein often provides a hint to its func-
tion. This can be analysed in different ways, but the easiest is fusing the protein of
interest to a fluorescent protein and to transiently transform protoplasts with this

construct. This was done with both ZmRACK and ZmRIK using yellow fluores-
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cent protein (YFP) fusions and their localisation was analysed in tobacco proto-
plasts and in maize leaf cells. The availability of specific antisera also allowed the
analysis of the subcellular localisation of the endogenous proteins with subcellular

fractionations.

3.8.1 Expression analysis of ZmRACK-YFP and YFP-ZmRIK (aa 173-732)
in BY-2 protoplasts

To analyse the subcellular localisation of ZmMRACK and ZmRIK in tobacco BY -2
protoplasts, Y FP-fusions with both proteins were prepared. Unfortunately, the N-
terminal fusion of ZMRIK to YFP (or to any other fluorescent protein) inhibited
the fluorescence of Y FP and could not be used. Therefore, only the C-terminal fu-
sion was analysed.

As already described in chapter 3.6.2, it can be assumed that the N-terminal LFL-
domain is not present in the mature ZmRIK protein. The fusion was therefore on-
ly made with ZmRIK(aa 173-732), containing the RI region and the kelch do-
main. This excluded the risk that the fluorescent protein will be separated from
the rest. The coding region of Zmrack was PCR-amplified with added Ncol sites,
Zmrik(aa 173-732) was amplified with added BamHI sites and both PCR-products
were cloned into the corresponding sites of the vector pMON999 Y FP. Both con-
structs, together with the empty vector (YFP-control), were transiently trans-
formed into BY -2 protoplasts. The expression was analysed twenty-four hours af -

ter the transformation and the results are shown in figure 3. 20.

A YFP fluorescence bright-field B ZmRACK C ZmRIK

Fig. 3.20: Localisation-studies of YFP-tagged ZmRACK and ZmRIK in BY-2 protoplasts. A:
YFP-control, fluorescence (left) and bright-field image (right). B: ZmRACK-YFP and C:
YFP-ZmRIK(aa 173-732).
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YFPisasmall protein without a targeting sequence, leading to a ubiquitous loca-
lisation of the protein. But aso the Y FP-fusions of ZmRACK and ZmRIK did not
show any particular subcellular localisation: the fluorescence was observed in all

cellular compartments.

3.8.2 Localisation of ZmMRACK-YFP and YFP-ZmRIK (aa 173-732) in maize
leaf cells
Protoplasts provide a convenient system for studying the localisation of proteins
tagged with a fluorescent protein, but their morphology is not always comparable
to intact cells within amulti-cellular context. For this reason, the above mentioned
Y FP-constructs were also transiently transformed into young maize leaf cells us-
ing particle-bombardment. The expression analysis was done with a confocal la-
ser scanning microscope, making twenty-five to forty sections in x-direction for
each cell. The pictures shown in figure 3.21 are overlays of all individual images
and show not only the Y FP-fluorescence (displayed in green), but also the chloro-

phyll autofluorescence (red).

A YFP B ZmRACK-YFP C YFP-ZmRIK(aa 173-732)

Fig. 3.21: Confocal laser scanning images of particle-bombarded maize-leaves viewed with
filters specific for YFP and chlorophyll fluorescence. A: YFP control, B: ZmRACK-YFP, C:
YFP-ZmRIK(aa 173-732).
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The results are similar to those obtained with the BY -2 protoplasts: both Y FP-fu-
sion proteins do not show any particular subcellular localisation and have a simi-
lar distribution within the cell.

3.8.3 Subcdllular fractionations

The results obtained with the recombinant Y FP-fusion proteins must not necessa-
rily represent the subcellular distribution of the endogenous protein. On the one
hand, adding the Y FP-fusion might inhibit the proper function of the protein re-
sulting in an artificial localisation. On the other hand, the fusion proteins are over-
expressed and this massive amount of protein might also lead to mislocalisations.
Further, it cannot be completely excluded that the LFL-domain of ZmRIK con-
tains some kind of a targeting signal, which, when not present in the fusion pro-
tein, might also lead to an artificial localisation. To circumvent these problems,
subcellular fractionations were made.

This was done with two different tissues, namely maize leaves and kernels,
harvested between sixteen and twenty-five dap. Differential centrifugation was
used to obtain fractions enriched in nuclei, chloroplasts, mitochondria, micro-
somes and cytosolic proteins. Approximately 20 ug of each fraction were loaded
onto a 10 or 12% SDS-PAA gel and blotted onto nitrocellulose membranes.

As can be seen in figure 3.22, ZmRIK could be detected in al fractions and
showed a similar distribution in the two tissues analysed. Most of protein was
found in the cytoplasmatic and the crude organell fractions, but parts were also
detected in the crude nuclear fraction.

The subcellular distribution of ZMRACK was very similar to that of ZmRIK.
Remarkably, it differed in the two tissues analysed: while there was no signal in
the crude nuclear fraction of leaves, there was a clear band in this fraction from
kernels. This stands in contrast to the localisation of the ZmRACK-YFP fusion in
maize leaf cells, where it has been shown to be clearly nuclear-localised.

It is currently not possible to decide, if the ZmRACK-Y FP fusion protein is not

functional and thus localises improperly, of if the RACK protein present in the
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nuclel of leaves (but not from kernels) has been modified, masking the epitope, so

that it cannot be detected by the antiserum.

F P1L 81 P2 S2 P3 S3 P4 &4

. — — e . —— leaves
F: filtrate
— e — A — i — kernels P: pe”et
(16-25 dap) S: supernatant
A ZmRACK 1: 200x g
2:1,000x g
F P1 S1 P2 S2 P3 S3 P4 44
3:10,000x g
4:100,000x g

- e -—F- kernels

(16-25 dap)

B ZmMRIK

Fig. 3.22: Subcellular fractionations of maize leaves and kernels. Western blots were incuba-
ted with anti-ZmRACK antiserum 59 (A) or anti-ZmRIK antiserum 80 (B).

The results from al three experiments showed that ZmRIK and ZmRACK are
present in the same cellular compartments and that an interaction between these

two proteinsis sterically possible.

3.9 Testing the hormone inducibility of ZmRACK and ZmRIK
The best-characterised plant RACK is arcA (auxin-responsive gene from cultured
cells) from tobacco. ISHIDA et al. (1993 and 1996) have shown that the level of
arcA transcript increases upon the addition of both natural and synthetic auxins,
but not through the addition of abscisic acid (ABA), 1-amino-1-cyclopropane car-
boxylic acid (ACC), gibberellin A3 (GA3) or benzylaminopurine (BAP).
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MsGBL, a RACK-like protein from Medicago sativa, was found to be regulated
by hormones, athough not by auxins but cytokinins (MCKHANN et al., 1997).
Because of these properties of the two plant RACK proteins, it was of interest to
see if the expression of ZMRACK, or maybe even ZmRIK, is aso regulated by
hormones. ISHIDA et al. (1996) and MCKHANN et al. (1997) have obtained their
data through Northern blot analyses, but the availability of specific antibodies for
ZmMRACK and ZmRIK suggested the analysis on the protein level.

According to the procedure described by IsHIDA et al. (1996) for the tobacco BY -
2 system, the maize suspension line HE/89 was cultivated in hormone-free medi-
um for three days before the hormones listed below were added. The cells were
harvested after seven hours, and crude protein extracts were prepared. The hor-
mones used included ABA (5uM final concentration), ACC (1 mM), BAP (4.4
UM), GA3 (5 uM), indole-3-acetic acid (IAA, 11.4 uM), naphthalene acetic acid
(NAA, 54 pM) and 24-dichlorphenoxy acidic acid (2,4-D, 0.9 uM). Included
was aso a sample without hormone-starvation and one without added hormones.

An immunophillin-antiserum (HUEROS et al., 1998) was used as a loading control.

As can be seen in figure 3.23, neither the expression of ZMRACK nor ZmRIK
changed during hormone-starvation and no effects were observed upon the addi-

tion of any of the hormones added to the cell suspension culture.

These findings lead to the conclusion that ZmMRACK and ZmRIK are not induced
(or suppressed) by any of the tested plant hormones and that the hormone-respon-
siveness of the tobacco and afalfa RACK proteins is not a common property
shared by all plant RACK proteins.
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Fig. 3.23: Testing the hormone-inducibility of ZmRACK and ZmRIK. Immunophillin was used

as a loading control. Explanation: +: no hormone-starvation; -: no hormones added; ABA,

ACC, BAP, GA;3, |AA, NAA, 2,4-D: indicated hormones added.

3.10 Two-hybrid screen with ZmRACK as bait

RACK proteins are molecular adaptors that are known to interact with many dif-

ferent proteins. The human RACK1 has been shown to interact not only with bll

protein kinase ¢ (RoN et al., 1994), but also with phospholipase Cy (DISATNIK et
al., 1994), ras-GAP, a GTPase activating protein (VAN DER GEER et al., 1997) and
Src, atyrosine kinase (MOASSER et al., 1999).
This suggests that ZmMRACK might also interact with other proteins than ZmRIK.
For thisreason, ZmMRACK was used as bait in another two-hybrid screen.

For this purpose, the coding sequence of Zmrack was PCR-amplified with added

restriction sites for EcoRl and Sall and cloned into the same sites of the vector

pBD-GAL4 Cam. This construct, together with the seven dap endosperm library,
was then cotransformed into the yeast strain YRG-2.
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A total of 2 x 10° cotransformants were analysed. Six colonies grew on selective
media containing 7.5 mM 3-AT. Sequencing revealed that clone number 4 was a
RNA-binding protein. It was not analysed further as this class of proteins fre-
guently causes unspecific interactions in the two-hybrid system. Clones number 1
and 3 only showed homology to proteins with unknown functions. They were

named Zmuril and Zmuri2 for Zea mays unknown RACK-interacting protein.

Clone number 2 was the maize homologue of arfl from rice (designated Zmarfl)
and number 5 was a homeobox leucine zipper protein that showed highest homo-
logy to Oshox1 from rice (MEIJER et al., 1997). This clone was named Zmhox3,
because Zmhox1 and Zmhox2a/b have aready been described by BELLMANN and
WERR (1992) and KLINGE et al. (1996), respectively.

The last clone was highly homologous to AfVIP, the VIVIPAROUS-interacting
protein from wild oat (JONES et al., 2000). The control platings after retransforma-
tion into yeast are shown in figure 3.24. All five clones found in the two-hybrid
screen specifically conferred histidine-auxotrophy in the presence of ZmRACK-
BD. The interactions were relatively strong, because growth on -LWH + 15 mM

3-AT was not weaker than on —LW.

ZmURI1 ZmARF1 ZmURI2 ZmHOX3 ZmVIP

Fig. 3.24: Two-hybrid platings with ZmRACK-BD and the five putative interacting partners
ZmURI1, ZmURI2, ZMmARF1, ZmHOX3 and ZmVIP as AD-fusion proteins. Plates were incu-
bated at 30° C for two days. Explanation 1. ZmRACK-BD + pAD, 2: ZmRACK-BD + X-AD,
3: pBD + X-AD (on —LW medium), bold numbers on -LWH + 15 mM 3-AT; X: indicated
prey-plasmid.
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4. Discussion

4.1 Isolation of ZMRACK asan interacting partner of ZmRIK, a

novel kelch domain protein from maize
Unlike other domains (e.g. the protein kinase domain), the presence of a kelch do-
main does not implicate a certain function for a given protein. The indications re-
lating to function at the outset of this project was the fact that most kelch domain
proteins act via protein/protein interactions and that they are part of protein com-
plexes.
Different techniques can be used for the identification of interacting partners.
Cross-linking experiments or, if specific antibodies are available, co-immunopre-
cipitations might prove useful, but subsequently require sequencing of the prote-
ins of interest and cloning of corresponding genes.
Genetic approaches like the split-ubiquitin or the yeast two-hybrid system circum-
vent this problem as they directly provide the cDNAS of putative interacting part-
ners. Currently, the two-hybrid system is the most commonly used technique and
has been succesfully applied to identify interacting partners of many kelch do-
main proteins. For example, the interaction between Kellp and Kel2p from yeast
(PHILIPS and HERsCHKOwITZ, 1998), the inhibitory interaction of mammalian
Keapl with the transcription factor Nrf2 (IToH et al., 1999), and its binding to
myosin-Vlla (VELICHKOVA et al., 2002), and the interaction of the microtubule-
associated protein 1B with gigaxonin (DING et al., 2002), were all identified with
the two-hybrid system.
For this reason, the yeast two-hybrid system was also used to identify putative in-

teracting partners for the kelch domain protein of unknown function from maize.

The screens made using a cDNA library prepared from seven dap endosperm suc-
cessfully identified two independent clones for a receptor of activated C kinase
that was designated ZmRACK. A close homologue of ZmRACK, RWD, has been
described from rice (IwASAKI et al., 1995). RWD shares 89% identity on the ami-
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no acid level with ZmRACK. An alignment of the two-hybrid clones together
with RWD showed that one of the clones found was already the full-length coding
sequence, while the other one encoded only for the amino acids 183 to 334. From
the latter it can be concluded, that the C-terminal half of ZmRACK is already suf-
ficient for the interaction with the kelch domain protein.

This interaction could be repeated with pull-down assays and a co-immunopreci-
pitation. Therefore, it can be assumed that the interaction is specific, and thus the
novel kelch domain protein was named ZmRIK for Zea mays RACK-interacting

kelch domain protein.

All RACKs are comprised of seven WD-40 repeats (SCHECHTMAN and MOCH-
LEY-ROSEN, 2001). These repeats form a b-propeller, like the kelch domain, and
they too are known to facilitate protein/protein interactions (compare figure 1.2;
NEER et al., 1994). RACKs are highly homologous to the b-subunits of the trime-
ric G-protein (Gb), but lack the N-terminal a-helix necessary for the correct fol-
ding of the subunit (ScHMIDT and NEER, 1991), and for its interaction with the g-
subunit (Busis and KHORANA, 1990). The presence of a RACK in Chlamydomo-
nas reinhardtii (although originally designated Gb; ScHLoss, 1990), prompted
NEER et al. (1994) to suggest that the biological function of RACK proteins was
established before the separation of the animal and the plant kingdoms occurred.
Mammalian RACK1 is expressed in all tissues, suggesting that it has an important
function in most, if not all, cells (CHou et al., 1999).

Northern and Western blot analysis have shown that also ZmRIK and ZmRACK
are expressed in all tissues analysed (although at different levels), and that the re-
lative levels of the two transcripts/proteins are similar. This points towards a basic
function of ZmRIK and ZmRACK.

Both ZmRIK and ZmRACK were detected in nearly al subcellular compart-
ments. This indicates that an interaction between RIK and RACK can indeed oc-
cur, and that it is not artificially induced by bringing two proteins together (in
yeast) that would not get in contact in vivo.
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4.2 RACKs and protein kinase C signalling in plants: virtually
virgin territory

Several plant RACK sequences are deposited in the databases, but only few of
these proteins have been analysed in detail. In contrast to the situation in plants,
mammalian RACK proteins are very well characterised. They are known to be
molecular adaptors that bind to many different components of diverse signal
transduction pathways and that are responsible for the correct tempora and spa-
cia localisation of their interacting partners (reviewed by SCHECHTMAN and
MOCHLY-ROSEN, 2001).

One such component binding to RACK is protein kinase C (PKC) that gaverise to
the name of this group of adapter proteins. PKC-signalling is part of a complex
signal transduction network that requires the activation of the kinase. External sig-
nals lead to the hydrolysis of membrane-bound phospholipids by phospholipase C
(PLC) to generate diacylglycerol and inositol triphosphate. These two, together
with Ca?*, bind to PKC and cause its activation, resulting in its relocation from
the cytosolic to the membrane fraction (KRAFT and ANDERSON, 1983). Some iso-
forms of PKC have been shown to colocalise with cytoskeletal structures (Za-
LEWSKI €t al., 1988; KiLEY and JAKEN, 1990; MOCHLEY-ROSEN et al., 1990) sug-
gesting the involvement of some kind of anchor or adaptor. The first such adaptor
was isolated from rat and was called RACK1 (receptor for activated C kinase,
RoON et al., 1994). The binding of PKC to its RACK brings the kinase in contact
with some of its substrates, but also away from others and therefore confers the

functional specificity on the different isozymes (MOCHLY -ROSEN, 1995).

Little is known about plant RACK proteins. The best characterised one is ARC
from tobacco. It was found to be induced by the auxin 2,4-D upon hormone-star-
vation (ISHIDA et al., 1993) and it is hypothesised that it is involved in UV light
and salicylic acid-induced cell cycle arrest (PERENNES €t al., 1999). MsGBL from
afalfa has been shown to be involved in cytokinin-mediated cell division (Mc-
KHANN et al., 1997). The rice RACK, RWD, is only characterised in terms of its
expression pattern (IwAsaki et al., 1995). Other RACK-like proteins such as

59



4, Discussion

ARC and RACK from Arabidopsis have not yet been analysed and only their se-
guences are deposited in the databases. Furthermore, no interactions with other
proteins have been so far described, and thus the binding of ZmRIK to ZmRACK
is the first contribution towards understanding of the network in which plant
RACK proteins act.

The fact that both arcA and Msghbl are hormone-induced on the transcript level
(MCKHANN et al., 1997) led to the suggestion that plant RACKSs could have a ge-
neral function in hormone-controlled cell division. To test the generality of this
hypothesis, the hormone inducibility of ZmRACK in the maize suspension cell
line HE/89 was tested. The availability of specific antibodies made it possible to
anayse hormone-induced changes on the protein- and not on the transcript-level.
However, in contrast to the other two studied plant RACK proteins, ZmRACK
(like ZmRIK) showed no hormone-responsiveness.

Changes on the transcript level do not necessarily result in changes in the amount
of protein. It thus remains unclear whether arcA and Msgbl also show changes at
the protein level or, vice versa, if the amount of transcript of ZmRACK changes
upon the addition of hormones. However, it can be stated that hormone-respon-

sivenessis not ageneral feature of plant RACK proteins.

The guestion of whether or not plant RACK proteins could accomplish the same
function as mammalian RACK proteins has still to be answered. One matter of
debate is aso the issue of whether or not plants have a protein kinase C, no such
plant protein sequence has been identified so far. With al the sequence informa-
tion available including the complete genomes of Arabidopsis and rice, no protein
with significant homology to mammalian PKCs could be identified. Early at-
tempts to detect plant PKCs by using antibodies raised against PKC from bovine
brain (ELLIOTT and KOKKE, 1987a and 1987b; MORELLO et al., 1993) did not pro-
duce convincing data, although ELLIOTT and KOKKE (1987) and MORELLO et al.,
(1993) were able to biochemically detect PK C-activity in plants.
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The first convincing evidence for the existence of a plant PKC was presented by
CHANDOK and SoPoRY (1998), who biochemically purified a maize protein with
the typical characteristics of a PKC: the kinase was activated by phorbol myristate
acetate (PMA), the activation was Ca?*-dependent, and the addition of Ca* in the
presence of phosphatidyl serine and PMA lowered its Ky, It was further able to
phosphorylate histone H1, and its activity was inhibited by two general PK C-inhi-
bitors, namely staurosporine and H-7. Although the sequence identity of this PKC
remains still unknown, there is persuasive evidence for the presence of a plant

protein with the properties of PKC.

The fact that RACK proteins are conserved in unicellular algae, plants and ani-
mals suggests that they may aso fulfil the same, conserved, function. The data
available for plant RACK proteins also supports this hypothesis: all so far ana-
lysed plant RACKSs are ubiquitously expressed in all tissues like their mammalian
counterparts, and evidence has been presented that ARCA and MsGBL are in-
volved in signal transduction (MCKHANN et al., 1997; PERENNES et al., 1999). So
at the moment, nothing would contradict there being a similar function for mam-
malian and plant RACK proteins.

4.3 Finding functionsfor each of the three domains of ZmRIK

The fact that RACKSs bind to different components of signal transduction path-
ways raises the question as to what the function of ZmRIK could be. To address
this issue, the (putative) function of each of the three domains will be discussed
below.

The central region of ZmRIK was shown to be necessary and sufficient for the in-
teraction with ZmRACK and was for that reason called the RACK-interacting
(RI) region.

Although AtRLP and OsRLP show relatively high homology to the N- and C-ter-
minus of the RIK proteins from rice and maize, the central regions of these prote-
ins bear no homology to their RI region. As a consequence, the RLP proteins are
not able to interact with RACK proteins. They might still be present in one com-
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plex with the corresponding RACK, and might carry out a similar function to that
of ZmRIK or OsRIK, but with the difference that the interaction between the
kelch domain protein and the rest of the complex is mediated by a protein other
than the RACK itself. Another possible explanation for the function of RLP might
be that the RLP proteins are the result of a combination of three domains with dif-
ferent properties that form a protein with a new function. Unfortunately, the func-
tion of RLP from Arabidopsis and rice was not further analysed.

The fact that RIK proteins have been found in maize and rice, but not in Arabi-
dopsis or members of plant families other than the Poaceae, |eads to the sugges-

tion that RIK's might be specific for this monocotyledonous plant family.

The N-terminal LFL-domain has been identified by its relatively high level of
conservation between different plant proteins and got its name from the invariant
tripeptide leucine-phenylalanine-leucine. Proteins containing the LFL-domain
have been found in such diverse plant families as the Apiaceae, Brassicaceae, Fa-
baceae, Poaceae and Rutaceae, but not outside the plant kingdom. It can thus be
assumed that LFL-domain containing proteins are widespread among many (if not
al) plant families, and that this domain is plant-specific.

Unfortunately, no function is yet known for any protein containing the LFL-do-
main. Interestingly, the LFL-domain is always at the N-terminus of these proteins.
The results from Western blot analyses with anti-ZmRIK antibodies together with
the findings from the co-immunoprecipitations showed that the apparent molecu-
lar weight of ZmRIK was smaller than that predicted from the coding sequence
(approximately 61 kDa versus 81 kDa). As running abnormalities during gel elec-
trophoresis and alternative splicing can be excluded, this suggests that ZmRIK is
trandlated as a pre-protein and that part of it is removed during a so far unknown
maturation process.

As the 61 kDa-protein can still interact with ZmRACK, it is unlikely that the RI
region is deleted. Furthermore, the kelch domain is one functional unit, making it
doubtful that a cleavage takes place within this domain. Removal of the complete

kelch domain would result in a protein of about 50 kDa — too small for the detec-
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ted protein with an apparent molecular weight of 61 kDa. However, the LFL-do-
main is roughly 20 kDa in size and its deletion would result in a protein with a

molecular weight of 61 kDa - matching exactly the size detected with the antisera.

It remains unknown how and where this processing of ZmRIK happens. The pre-
sence of inteins (the so called “protein introns’) can be excluded for two reasons.
On the one hand, inteins can splice out without the requirement of supporting fac-
tors. According to this, the splicing reaction would also take place in an in vitro
transcription/translation (TNT) reaction, but TNT-reactions with the full-length
coding sequence of ZmRIK produced a protein with the expected molecular
weight of 81 kDa. On the other hand, inteins require certain conserved residues
for the splicing mechanism (PERLER et al., 1997; PETROKOVSKI, 1998) that are
not present in the sequence of ZMRIK or any of the LFL-domain proteins.

Further, the cleavage of a targeting leader peptide appears to be unlikely as no
specific subcellular localisation has been found. The fact that no 81 kDa protein
has ever been detected, suggests that the modification occurs with a very high af-
finity during or immediately after translation. The mechanism and the function of

this modification remain unclear.

Unfortunately, no interacting partners for the kelch domain of ZmRIK have been
found and thus its function remains still unknown. Mammalian RACK's bind tran-
scription factors like the Epstein-Barr virus activator protein BZLF1 (SmiTH et al.,
2000), kinases like members of the src kinase family (CHANG et al., 1998 and
2001), and other components of signal transduction pathways like phosphodieste-
rase 4D5 (YARWOOD et al., 1999) and phospholipase Cg (DISATNIK et al., 1994;
RoON et al., 1995), but it is unlikely that ZmRIK could perform one of these func-
tions. In fact, there are kinases among the big super-family of kelch domain prote-
ins, like AFKin (EICHINGER et al., 1996) and the group of plant protein se-
rine/threonine phosphatases with kelch-like repeat domains (PPKL; Kutuzov and
ANDREEVA, 2002), but their kinase activity is not the property of the kelch do-

main.
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The kelch domains of al so far analysed proteins have not displayed any enzyma-
tic properties and their functions may lie exclusively in mediating protein/protein
interactions. Many kelch domain proteins are interacting directly with the cyto-
skeleton, like actinfilin (CHEN et al., 2002), mayven (SOLTYSIK-ESPANOLA et al.,
1999) or IPP (Kim et al., 1999). This interaction is aways mediated through the
kelch domain, and this leads to the hypothesis that the kelch domain of ZmRIK
could also be associated with the cytoskel eton.

For technical reasons, it is not possible to use the two-hybrid system for the iden-
tification of direct interactions with the cytoskeleton: the filamentous nature of its
components causes steric hindrance and prevents the required nuclear-localisa-
tion. The co-immunoprecipitations shown in chapter 3.7 also could not be used to
demonstrate an interaction with actin-filaments, as actin has been shown to bind
unspecifically to the beads. Further, co-sedimentations with **S-labelled ZmRIK
(aa 173-732) were not successful, because the high salt concentrations required
for the maintenance of the actin-filaments caused the aggregation of ZmRIK (data
not shown), resulting in an actin-independent sedimentation of ZmRIK. Thus, be-
cause of technical problems, it was so far not possible to test the hypothesis that
ZmRIK is associated with the cytoskel eton.

Currently, co-localisation-studies with anti-actin and anti-ZmRIK antibodies are

under-way.

4.4 RIK and RACK: A shuttleand itsload?

RACK proteins have been shown to colocalise with the cytoskeleton (MOCHLEY -
ROSEN et al., 1990; ZALEWSKI et al., 1988) and it is assumed that the RACK-
complex moves through the cell along cytoskeletal elements. But so far it was not
possible to show that RACK proteins bind directly to the cytoskeleton, and it re-
mains unknown, as to how the RACK-complex is actually moving through the
cell.

The fact that many kelch domain proteins are associated with the cytoskeleton
leads to the hypothesis that RIK (and maybe even RLP) could be the missing link
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between the RACK-complex and the cytoskeleton. RIK would then act as a shut-
tle for the RACK-complex, using the cytoskeleton like train tracks.

The fact that ZmRIK can be found in all cellular compartments excludes the pos-
sibility that it is permanently bound to the cytoskeleton. Both proteins, ZmRACK
and ZmRIK, are partly cytoplasmic, leading to the assumption that the contact
between RIK and RACK might occur in the cytoplasm. ZmRIK could then bind
to cytoskeletal filaments and carry the RACK-complex along the filaments to the
different subcellular compartments.

This movement has to be coordinated and directed, and it is likely that it requires
the presence of other proteins bound to the complex. These could either interact
with ZmRIK or ZmRACK. Two-hybrid screens with ZmRIK (aa 173-732) did not
identify any convincing binding partners, but different putative interacting part-
ners for ZMRACK were found. Besides two proteins with no assigned functions,
one auxin-responsive factor (ARF) with high homology to OsARF1 from rice,
one homeobox leucine zipper protein homologous to the transcription repressor
OsHOX1 from rice, (MEIJER et al., 1997), and the maize homologue of AfVIP,
the VIVIPAROUSLI-interacting protein from wild oat (Avena fatua; JONES et al.,
2000), have been found to specifically interact with ZmRACK in the two-hybrid
system. Unfortunately, it was not possible to obtain sufficient amounts of in vitro
transcribed/translated proteins for pull-down assays to repeat the interaction with
a technique other than the two-hybrid system. But the fact that the interaction in
the two-hybrid system was specific and very strong makes it likely that the detec-
ted interactions are indeed real.

The interaction of ZMRACK with ZmARF1 and ZmVIP shows that also plant
RACK proteins could also be connecting different signal transduction pathways:
ARFs are transcription factors involved in auxin-induced growth response (UL-
MASOV et al., 1997 and 1999), while VIP and its interaction with VIVIPAROUSL1
is part of an abscisic acid-regulated signal transduction pathway (JONES et al.,
2000).
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4.5 Mutantsof OsRIK: a starting point for further investigations
“Man kann nach wie vor Hypothesen aufstellen und versuchen, sie zu widerlegen
oder zu... - nun ja, wirklich beweisen kann man nie, aber man kann mehr und
mehr zeigen.” (GuUnther Blobel)

[“One can still set up hypotheses and can try to disprove them or to...- well, you

will never be able to prove, but you can reveal more and more.”]

As said by Gunter Blobel, it is not possible to find the ultimate proof for a given
hypothesis. Frequently, mutants provide useful tools to identify the function of a
protein and make it possible to analyse its impact in the context of the living orga-
nism.

Unfortunately, no Arabidopsis-mutants for AtRLP were found and they would
have not necessarily provided a hint as to the function of RIK proteins. Only re-
cently, the collection of the Tos17 mutant lines of the Functional Genomics L abo-
ratory, National Institute of Agrobiological Sciences (NIAS) in Japan was made
publicly available. BLAST search with a database of flanking regions of the trans-
poson insertion lines identified seven different mutants with insertions evenly dis-
tributed over the whole length of Osrik. Two of them, lines NF9873 and NE3539,
are located in an intron and the other five are inserted in different exons. The posi-
tions of the Tos17 insertions in the different lines are shown in figure 4.1 together
with some of the pictures that are available from the NIAS World Wide Web page
(http://tos.nias.affrc.go.jp/~miyao/pub/tosl7/) for four of the lines (NF7037, NE
3539, ND7004 and ND1004).

Tosl7 is arice retrotransposon that is highly active during tissue culture phases,
but remains stably integrated during normal growth (HIROCHIKA, 1997 and 2001).
The average insertion number in the rice cultivar Nipponbare is two per haploid
genome. The mutant lines were regenerated after five month of tissue culture and
have an average of eight insertions (HIROCHIKA, 1997 and 1999). The NIAS
homepage provides also some information on the phenotypes of the mutants, but

they have not yet been correlated to their genotypes. However, the fact that lines
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with insertions in similar regions show similar phenotypes can be taken as an in-
dication that the observed phenotypes indeed result from insertionsin Osrik.

NF7037

NF7037 NE3539 ND7004 NF4049 ND1004
NF9873 ND7048

. T

Fig. 4.1: Sketch of the Tosl7 insertions in respect to their corresponding position within

OsRIK. Pictures of some of the mutants from the NIAS homepage are shown in the top panel.

Arrows mark individual mutant plants or a whole row of mutants

The lines NF7037 and NE3539 with insertions in the LFL- and the RI region both
show a dwarf phenotype. Additionally, NE3539 was described to produce less til-
lering and yellowish leaves. The mutant line ND7004 (inserted at the transition RI
region/ kelch domain) also shows a dwarf and albino phenotype. The more C-ter-
minal the insertions are, the less severe the phenotypes are: ND1004 with a Tos17
insertion in the fifth kelch repeat only shows yellowish leaf-tips and is sterile.

At the moment, not much can be said about the phenotypes of the mutant lines as
at the time of submission of the thesis, the plants were too small to analyse their
genotypes. Severa seedlings already show a dwarf phenotype and have a defec-
tive pigmentation.

Once they are big enough they will be subject to Southern blot analysis. Tos17-
and gene-specific probes will be used to show whether or not the observed pheno-

types cosegregate with the insertion of Tos17 in Osrik.

The available pictures of the mutant lines show that the knock-out lines have very

serious defects. Thisindicates that RIK proteins are involved in essential develop-
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mental processes, and that also this novel class of kelch domain proteins plays an

important role for the coordinated growth and development of the organism.
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5. Summary

Kelch domain proteins are multifunctional all-rounders involved in many cellular
processes. In mammals, kelch domain proteins have been found to be involved in
many important aspects of cellular life, but in plants only the ZEITLUPE-family
of kelch domain proteins has been analysed in detail. The fact that there are 126
plant proteins with a kelch domain listed in the Pfam-database in the end of 2002,
shows that this group of proteinsis of equal importance in plants and that there is
aclear backlog in thisfield.

In this thesis, ZmRIK, a novel kelch domain protein from maize, was analysed.
The protein consists of three domains: the C-terminal kelch domain with six kelch
kelch repeats, a novel conserved region in the N-terminus called LFL-domain and
acentral region that is only conserved in the RIK homologue from rice.

Evidence has been presented that ZmRIK istransated as a pre-protein, of which a
20-kDa peptide is removed during a currently unknown maturation process. It can
be hypothesised that the LFL-domain functions as a recognition site for this
modification, and that this region is not present in the mature protein. The central
region of ZMRIK has been shown to mediate the interaction with a receptor of ac-
tivated C kinase (ZmRACK), but no function could be assigned to the kelch
domain.

The fact that kelch domains are often associated with the cytoskeleton led to the
assumption that the kelch domain of ZmRIK could also mediate an interaction
with the cytoskeleton.

RACK proteins are known to be molecular adaptors that bind to components of
different signal transduction pathways, and that are responsible for their correct
gpatial and temporal localisation. They have been shown to be associated with the
cytoskeleton and it is hypothesised that they use it for their movement through the
cell. The results from the work presented here suggest that ZmRIK could act like
a shuttle, using the cytoskeletal filaments like train tracks for this movement and

thus being the missing link between the RACK-complex and the cytoskel eton.
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6. Zusammenfassung

Kelch-Doméanenproteine sind multifunktionelle Proteine, die an den verschieden-
sten zelluldren Prozessen beteiligt sind. Wahrend diese Familie von Proteinen in
Saugern bereits sehr eingehend untersucht worden ist, ist tber pflanzliche Kelch-
Domaneneproteine kaum etwas bekannt. Bis Ende 2002 waren in der Pfam-Da
tenbank bereits 126 pflanzliche Proteine mit einer Kelch-Domane aufgelistet, was
darauf hindeutet, dass diese Proteinsuperfamilie auch in Pflanzen eine wichtige
Rolle spielt.

Gegenstand dieser Arbeit war die Analyse von ZmRIK, eines neuartigen Kelch-
Domaénenproteins aus Mais. Das Protein besteht aus drei verschiedenen Abschnit-
ten. Im C-Terminus besitzt es die Kelch-Domane mit sechs Kelch-Wiederholun-
gen. N-terminal befindet sich eine bisher noch nicht beschriebene, pflanzenspezi-
fische Domane, die aufgrund eines hochkonservierten Tripeptides aus Leucin-
Phenylalanin-Leucin als LFL-Doméne bezeichnet wird. Die Ergebnisse dieser
Arbeit legen nahe, dass ZmRIK als Pre-Protein gebildet wird, von dem im Verlauf
einer bisher noch unbekannte Prozessierung ein Peptid von etwa 20 kDa entfernt
wird. Es wird vermutet, dass die LFL-Domane im reifen Protein nicht mehr vor-
handen ist und keine funktionelle Doméane, sondern vielmehr eine Erkennungsse-
guenz fur diese Modifikation enthalt.

Die LFL- und die Kelch-Domane werden durch eine Region getrennt, die zusétz-
lich nur noch in einem homologen Protein aus Reis konserviert ist. Diese Region
interagiert mit einem Rezeptor fur aktivierte C Kinase, ZmMRACK, was auch zur
Namensgebung des Proteins fuhrte (Zea mays RACK-interagierendes Kelch- Do-
méanenprotein). Die Interaktion wurde zundchst im Hefe-Zwei-Hybrid-System ge-
funden, konnte aber auch mit in vitro-Bindungstests und Co-Immunprezipita-
tionen nachgewiesen werden. ZmRACK und ZmRIK weisen ein dhnliches Ex-
pressionsmuster auf und sind in fast allen subzelluldren Kompartimenten vorhan-
den. Das zeigt, dass die Interaktion zwischen den beiden Proteinen auch tatsach-
lich stattfinden kann und nicht auf einer artifiziellen Zusammenfihrung zweier in

vivo raumlich getrennter Proteine beruht.
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6. Zusammenfassung

RACK-Proteine sind in Saugern bereits eingehend untersucht worden (nicht zu-
letzt auch wegen Ihrer Beteiligung an verschiedenen Krebsarten), allerdings ist
Uber die pflanzlichen RACK's kaum etwas bekannt. RACK-Proteine sind moleku-
lare Adaptoren, die an Elemente verschiedener Signaltransduktionswege binden
und die fur deren zeitlich und réumlich korrekte Lokalisierung verantwortlich
sind. Es gibt Hinweise, dass die Bewegung des RACK-Komplexes entlang des
Zellskeletts erfolgt, jedoch konnte bisher keine direkte Bindung der RACK-Prote-
ine an das Zytoskel ett nachgewiesen werden.

Was konnte nun die Funktion von ZmRIK sein? Die Uberlegung, dass sehr viele
Kelch-Doménenproteine direkt mit Elementen des Zytoskel etts interagieren, fuhr-
te zu der Hypothese, dass auch ZmRIK (ber die Kelch-Doméane diese Funktion
ausiiben konnte. ZmRIK waére somit das noch fehlende Bindeglied zwischen dem
RACK-Komplex und den Filamenten des Zytoskeletts. Die Koordination des
Transportes zu den verschiedenen Kompartimenten kdnnte durch andere, sich in
dem RACK-Komplex befindende, Proteine erfolgen. Als mégliche weitere Inter-
aktionspartner von ZmRACK konnten ein Homoobox-L eucin-Zipper Protein, ein
ARF-Transkriptionsfaktor und das Mais-Homolog von AfVIP, dem VIVIPA-
ROUS-interagierendem Protein aus Flughafer, im Hefe-Zwei-Hybrid-System

identifiziert werden.
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8. Appendix

Appendix

I. Oligonucleotides

Construct
pBD-ZmRACK

pBD-ZMRACK

pBD-ZMRIK

pBS-OsRIK (aa 174-439)

pBS-OSRLP

PBS-RLP(AAA)

LFL-domain

PBS-RLP(AAA)

central region

PBS-RLP(AAA)

kelch domain

PBS-RLP(AZA)

central region

pBS-ZmRIK

pBS-ZmRIK (aa1-173)

pBS-ZMRIK (aa 1-444)

pBS-ZmRIK (aa 173-444)

pBS-ZmRIK (a2 173-732)

pPBS-ZMRIK (aa 444-732)

pGEMT-AtRLP

PGEX-AtARC

pPGEX-AtRACK

PGEX-OsRWD

PGEX-ZMmRACK

PGEX-ZmMRIK (aa 1-284)

PQEG0-ZMRIK (aa 1-284)

pYFP-ZmRACK

pY FP-ZmRIK (a2 173-732)

Redtriction sites
EcoRI
Sall
EcoRI
Sall
Smal
Sall
Xhol
BamHI
Xhol
EcoRI
Xhol
EcoRV
EcoRV
Xbal
Xbal
Sacl
EcoRV
Xbal
Xhol
BamHI
Xhol
BamHI
Xhol
BamHI
Xhol
BamHI
Xhol
BamHI
Xhol
BamHI
EcoRI
Xhol
BamHI
EcoRI
BamHI
EcoRI
BamHI
EcoRI
Notl
EcoRI
BamHI
EcoRI
Ncol
Bglll
Clal
Clal
BamHI
BamHI

Sequence (5' ® 3'); restriction sitesareunderlined
GATCGAATTCATGGCCGGCGCGCAG
GATCGTCGACTTCTAGCCTGCGTAGCCGT
GATCGAATTCATGGCCGGCGCGCAG
GATCGTCGACTTCTAGCCTGCGTAGCCGT
GATCCCCGGGCCATGGTGACTAGCAAATCC
GACTGTCGACTCAGAGAACAATCGCTGAG
GATCCTCGAGATGCCTTCTACCAACAATGGC
GATCGGATCCTTAGACATCTTCTGAACCCAA
GATCCTCGAGATGGGTGCTGGAAAGAAG
GATCGAATTCTCAAATGGCAACGGCGCA
GATCCTCGAGATGGTTTTGACAGGT
GATCGATATCACATGTCAACTTCCT
GATCGATATCCTGCTAACATCTTTTG
GATCTCTAGAATCTAAGCTGGTATC
GATCTCTAGACCAACTGAGGCAATT
GATCCCGCGGTTACAAAGCCACCGC
GATCGATATCATGTTTACTCCTTCT
GATCTCTAGAACCCAAACATTGTTC
GATCCTCGAGATGGTGACTAGC
GATCGGATCCTCAGAGAACAATC
GATCCTCGAGATGGTGACTAGC
GATCGGATCCTCAAGGAGAAGGAGTAAAC
GATCCTCGAGATGGTGACTAGC
GATCGGATCCTCAATCTTCTGAACCCAAA
GATCCTCGAGATGTCTCCCAACAGTTTCT
GATCGGATCCTCAATCTTCTGAACCCAAA
GATCCTCGAGATGTCTCCCAACAGTTTCT
GATCGGATCCTCAGAGAACAATC
GATCCTCGAGATGGTCATTTATTTAGTTG
GATCGGATCCTCAGAGAACAATC

GATCGAATTCATGGTTTTGACAGGTTTACCCTCTAAC
GATCCTCGAGTTACAAAGCCACCGCAGATAGAAAGCA

GATCGGATCCATGGCGGAAGGACTCGTTTTG
GATCGAATTCCTAGTAACGACCAATACCCCA
GATCGGATCCATGGCCGAGGGACTCGTATTG
GATCGAATTCCTAGTAACGACCAATACCCCA
GATCGGATCCATGGCCGGCGCGCAGGAGTCT
GATCGAATTCCTAGCCGGCGTAGCTGAAACC
GATCGCGGCCGCCTAGCCTGCGTAGCCGT
GATCGAATTCATATGGCCGGCGCGCAG
GATCGGATCCCCATGGTGACTAGCAATCC
GATCGATTCTCACTGCTTATCAGGG
GATCCCATGGTGACTAGCAATCC
GTCAAGATCTCTGCTTATCAGGG
GATCATCGATATGGCCGGCGCGCAGGAGT
GATCATCGATGCCTGCGTAGCCGTA
GATCGGATCCCCTTCTCCCAACAG
GATCGGATCCTCAGAGAACAATC

82




8. Appendix

I'1. Sequences

ZmRIK

MV TSKSSWSQVVKNTRPTNLSVAARNLAOQPAQDLGAVI FGCTNNT.I
ATGGTGACTAGCAAAT CCTCGT GGAGCCAGGT TGTAAAAAAT ACCAGBCOGACAAACCT GT COGT TGCTGCAAGAAACCT CCAACCACAGGACCT TGGAGCOGT GATAT T TGGT TGCACAAACAATACCA

QECHSRQLFGLPKTHI SYVRNI KEGLZPLFLFNYDDRRLYGI YE
TTCAAGAGTGT CACTCACGGCAACT TTTTGGCT TGOCAAAAACACATAT TTCGTATGTACGAAACAT TAAGGAAGGACTACCTCTCTTCCTCTTCAAT TATGAT GATCGAAGAT TGTATGGTATTTACGA

AS GNGKFCPES SNAWS QDS SIKGKTSYPAQVAMRYIKVYVWCFPLAENDAQ
AGCTTCAGGGAATGGAAAAT TCTGT CCTGAATCAAAT GCATGGT CACAAGAT AGCAAGGGCAAAACAAGCT ATCCT GOOCAGGT TGCAAT GOGGGTAAAGGT GTGGTGT TTTCCOGCTAGCAGAGAATCAG

FRNAI I ANYYQKI PGVPGQKLHFF-KFELDHAQTRVYLMDMEFTU®PSZP
TTCAGAAATGCAATTATAGCCAATTACTACCAGAAAAT TCOCGGT GTCOCTGBOCAGAAGCT TCATTTTTTCAAGT TTGAAT TGGAT CATGCTCAAACACGT GT TTTGATGGATATGT TTACTCCTTCTC

S PNSFWTPPAAAPADEHAKELVLSPGWAPET CETGNNNLIKSETKVYV
CTTCTOCCAACAGT TTCT GGACGOOCCCT GCT GCAGCACCAGCT GACGAGCAT GCGAAAGAAT TAGT GT TGT CACCT GGAT GBBCACCAGAGT GTGAAGGGAACAAT AACCT CAAAT CAGAAAAGGT TGT

K SYADI VKKNTFVEVGTRDVDVEHAGSGDESSGGFDETLDT COQYT
CAAGTCATATGCAGACATAGT GAAGAAGAACACAT TTGT GGAAGT TGGGACAAGAGAT GT GGAT GT GGAACAT GCAGGCT CAGGT GATGAATCT TCT GGT GGT TTCGATGAACTGGATTGT CAGTACACA-

PTEREDYALSDRVYVQVQQQYPDKQQAEVLSFDRVYVLQGCI TFPGQ QAQ
(CCAACAGAGAGEGAGGACT ACGCT TTAT CAGATAGSGT GGT TCAAGT GCAACAACAGT ACCCT GAT AAGCAGGCAGAAGT GCTTAGCT TTGAT CBGGT TTTACAAGGGT GCATCACT TTTCCTGGTCAGC

WHSDFYANTTOQTEDNDAYSCEYAQEVIKYAILDGSS SNLZPETTLTDS
AGTGGCATTCTGATTTTTATGCCAATACTACCCAAACT GAGGAT AACGAT GCATATAGCT GCGAGT AT GCCCAAGAGGT CAAATAT GCAAT TCT GGATGGCAGCT CTAATTTGCCAGAAACCT TAGATTC

EVDKLSLGHSDLLVQLLUDSES ST CTEAKLI DAVKAQLSGRI EVMEK
TGAAGTTGATAAACT GTCCCT GGGGCATTCTGAT T TGCTGGT GCAGT TGT TGGACT CTGAAT CATGCACAGAAGCT AAGCT GAT TGATGCAGT GAAACAGT TATCTGGACGAATAGAGGTGATGGAGAAG

K QAWSNKEVKHLQGMNERLILIKRI VELKGTVMTLNSKI DPLTLDD
AAGCAGGCT TGGTCCAACAAAGAAGT CAAACAT CTACAAGGGAT GAAT GAGAGGT TACTGAAAAGAAT TGT TGAACT AAAGGGAACCGT TATGACAT TGAAT TCTAAAATAGATCCTTTAACCCTAGATG

SLNQFVEQCLGSEDVI YLVGGFDGFSSLPSLDSFSPSLDI LTFP
ATTCACTTAACCAGT TTGTAGAACAATGT TTGGGT TCAGAAGATGTCATTTATTTAGT TGGT GG GATGGCTTCTCATCTTTGCOCATCACTAGACTCTTTTTOCCCT TCATTGGACATACTAACACC

LKPMAV GKSYSSTVALEGKI FVLGGGDGACWEFDTVDCYDRSRD
CCTTAAACCAATGGCTGT TGGCAAGT CATATTCCTCAACT GT TGCACTAGAGGGCAAGATAT TTGT TCT TGGT GGTGGT GATGGT GCT TGCTGGT TTGATACAGT TGACT GT TATGACCGAAGCCGTGAT

DWSTO CPSLT CDIKGSLAGVYSVNGRI YAFGGGDS GTJ KT CFSDVEMFDP
GATTGGT CCACATGOCCATOGT TGACT TGT GACAAGGGGAGCCT TGCTGEGGT TAGT GT CAACGGGAGAAT CTATGCAT TTGGT GGT GGAGATGGAACCAAGT GTTTCTCTGATGT TGAAATGT TTGATC

VHGKWI KI QP ML EKRFALAGVALNGVI YAV GGFNGVYQYLSTCAE
CTGTGCATGGAAAGT GGATAAAGAT TCAACCT ATGCT GGAAAAGCGCT TTGCTCTAGCT GGT GTAGCACT AAAT GGT GT GAT T TATGCTGT TGGTGGCT TCAATGGT GT TCAATATCTGAGCTGT GCTGA

RLDPREPNWKMLPKMSAGRGCHTLTVLNETZKIFSI GGYDTRAIKA
AAGACT TGATCCTCGGGAGCCTAACT GGAAAAT GCTGCCAAAGAT GAGT GCAGGAAGGGGECT GTCATACACT TACAGT TCT TAAT GAGAAGATAT TCTCGAT TGGT GGATAT GACACTAGGGCTAAAGCA

MV STVEVYEPRMPSWVMVEPMNYTRGYHSSAVLGGSI FTFGGV K
ATGGTGT CTACTGT TGAGGT GTATGAGCCAAGGAT GCCATCGT GGGT GATGGT TGAACCCAT GAACT ACACCAGAGGATACCAT TCTTCAGCTGT GCTCGGT GECTCAATATTTACCT TTGGT GGGGTGA

GEADTI!I LDVVEHYIKEGCGWMTTS GLIKSI GRRCYZCSAI VL *
AAGGTGAAGCAGACACAATCTTGGAT GT GGT GGAACACT ACAAGGAAGGGT GT GECT GGAT GACAACGGGAT TGAAGT CGATTGGCAGAAGATGCTACTGCTCAGCGATTGT TCTCTGA

ZmRACK

MAGAQESLSLVGTMRGHNGEVTAI ATPI DNSPFI VSSSRDIKSVL
AT GGCCGGCEOGCAGGAGT COCT CTCOCT GGT GEECACGAT GCGOGECCAT AACGGCGAGGT GACGGOGAT CGCGACCCCGAT CGACAACT CGCCT TTCATCGT CTCCT CCTCCOGGGACAAGT CCGTGC

VwWDLTNPVHSTPESGVTADYGVPFRRLTA GHSHFVQDVVLSSDG
TGGTGT GBGACCT GACCAACCOGGT CCACT CCACCCOGGAAT CCBGEOGT CACCGOOGACT ACGGEOGT COCCT TOOGCOGOCT CACCGEOCACT CCCACT TOGT CCAGGACGT CGTCCT TAGT TCOGACGG

QF AL SGSWDGETLRLWDL ST GLTTRRFVGHEIKDVI SV AFSVDNR
OCAGTTCGCACT CTCTGECTCCT GEGACGECGAGCT COGCCT CTGBGACCT CTCT ACCGECCT CACCACCOGCCGCT TOGT CABOCACGAGAAGGACGT CATCTCCGT OGCCT TCT COGT CGACAACCGC

Ql VSASRDIKTI KLWNTLGET CKYTI GGDLGGGET GHNGWYVSCVRF S
CAGATOGT CTOCGOGT COOGCGACAAGACCAT CAAGCT CTGGAACACT CT CGGCGAGT GCAAGT ACACCAT CGBOGECGACCT CEECGEEOGE0GAGEEOCACAACGEGT GBGT CTCCTGCGT TAGGT TCT

PNTFQPTI VSGSWDRTVKVWNLTNCKLRCTLDG GHGGYJVNAVAV
CCCCAAACACCT TCCAGCCCACCAT CGT CTCCGGAT CCTGEGACCGCACCGT CAAGGT CTGGAACCT TACCAACT GCAAGCT GOGCT GCACT CTGGAT GGGCACGGT GGCTATGT TAACGCOGT CGCTGT

S PDGSLCASGGKDG GVTLLWDLAEG GKRLYSLDAGSI I HSLZ CTFSFP
GAGCCCCGACGGGT CGCT GTGCGOCT COGGCGEGAAGGACGGT GT TACT CTGCTGT GGGAT TTGGCT GAGGGGAAGAGECT GTACT CGCTGGACGUGGEGECT CCATCATCCACT CCCTCTGCT TCTCACCC

NRY WL CAATAQDSVKI WDLESKHVVQDLIKPDI QVSKNOQQI MYCTSL
AACCGCTACT GECTCTGOGCT GCGACGCAGGACT CTGT CAAGAT CTGGGACCT CGAGT CGAAGCACGT TGT GCAGGACCT CAAGCCCGACAT CCAGGT CTCCAAGAACCAGAT CATGTACTGTACAAGCT

S WS ADGSTLYTGYTDGSI RVWKI SGYGYAG*
TGAGCT GGAGT GOGGACGGAAGCACCCT CTACACT GGCTACACCGATGGGT CTATCAGGGT TTGGAAGAT CTCOGGGTACGECTACGCAGECTAG
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ZmURI1 (partial)

GGCACGAGGTCAGATTTCAGGGGTTCTTCTGGAAAAACAATTCTAGATAGGCCTGAGCCATCAAAGTCTAATAACTCAGATGATGAGGCACACCAG
TTTTGGCATAAGCAGCTTCCGGATGACATTATTCCAGACTTCACTTCTTTTGAGAAAGTTGAACAAGGGCCTGAACTGTCCCTTGCTGGATTATCCTT
GAATGCACCCCCCTTTTATGGGACAACTTCCAGTCGCTTCTCAAGAGAATATCACGAATTATCTTCTCCAGTTACCAAGGGCCTGGAACTGGAACTA
GAACATACTAATATGCTATATGAAGATAAAAGCAACTGGGAGCAAAATTATATTGGTGATCTTCATATTGCTAATGGAAACCAGGACCTTCATTAT
GATTCTGAATCTGGTGTAAGCTTTTCTGATAGCTTTGCTAGTGAGTATGTTGCCCCATCAGATGGCCTTTTTGCTCCCCTGGAGTACTTGGCATCTCA
GTTCCCTGGATTTTCAGCAGAGAGCCTTGCAGAGCTTTACTACGCAAATGGGTGTGATTTCAACCATACTATTGAAATCCTCACCCAGCTAGAGATG
CAAGTTGATGCTACACCCAATCACACACTGAATCTGCCCCACAGCACACCGAACTTCAGCACTGGGGATTTCCCTGCACTTCCAACAGCTGAGGAC
CAAAATGGTTTCAATCAGGGTAATGTGGATGTACTTGGCATGTTCAATGGGGCGCAGGTTCATCTGCGATGCCTACTGGGAGCTNGGTGATTTGTTT

ZmMURI2 (partid)

GGCACCAGGGGGAGCGCCCTGGCGCTGGAGGATGACGAGGAGGAGCCGGGCGCGGCGGCACTGTCGTCGTCGCCCAACGACAGCGCGGGCTCCTT
CCCGCTGGACCTGGGAGGCCCACGCGCCCACGCCGAGGGCGCCGCGGCGCGGGCCGGCGGCGAGCGGTCCTCGTCTCGCGCCAGCGATGAGGACG
AGGGCGCGTCCGCGCGCAAGAAGCTGCGCCTCTCCAAGGAGCAGTCTGCGTTCCTGGAGGAGAGCTTCAAGGAGCACAGCACCCTCAACCCTAAG
CAGAAGGCGGCGCTGGCGAAGCAGCTCAACCTCCGGCCGCGACAGGTAGAAGTCTGGTTCCAGAACCGCCGAGCCAGGACGAAGCTGAAGCAGA
CGGAGGTGGACTGCGAGTACCTGAAGCGCTGCTGCGAGACGCTGACGGAGGAGAACCGGCGGCTGCACAAGGAGCTCGCGGAGCTGCGCGCGCTC
AAGACGGCGCCGCCCTTCTTCATGCGCCTCCCGGCCACCACCCTCTCCATGTGCCCCTCCTGCGAGCGCGTCGCCTCCGGCCCCAGCCCTGCCTCCA
CCTCGGCACCTGCGTCGTCCACGCCGCCTGCCACAGCCGCCACCACCGCCATCTCGTACGCTG

ZmARFL1 (partial)
Parts of the sequence of the mRNA have been deposited in the databases with the accession number
AY 104269, that codes for a protein with the sequence given below. The two-hybrid clone encoded the last

380 amino acids.

TRPRTRGGMQRKLGSDIWMRMNRPDGY SEMLSGY QPPNEDVRNSQGFCSLPDQIAAGRPNFWHTVNAHY QDQQGNHNL FPGSWSMMPSSTGFGMNRQ
SYPMIQEVGGMSQSCTNTKFGNGVYAALPGRGIDRY PSGWFGHTTPGGRVDDAQPRVIKPQPLVLAHGEALKMKGNSCKLFGIHLDSPAK SEPLK SPPSV

ATPAAEKWMADGIDADKSPEPHK TPKQLGATQV DPVPERCPQASRGTQCK SQGGSTRSCKKVHKQGMALGRSVDLTKFNGY TELVAELDEMFDFNGEL
KGCSKEWMVVYTDYEGDMMLYVGDDPWNEFCSMVHKIFVY TREEVQRMNPGALNSRPEDSGLANSTERGSASTAAAREAPGY QSASSLNSDNC

ZmHOX3 (partial)

GGCACCAGGGGGAGCGCCCTGGCGCTGGAGGATGACGAGGAGGAGCCGGGCGCGGCGGCACTGTCGTCGTCGCCCAACGACAGCGCGGGCTCCTT
CCCGCTGGACCTGGGAGGCCCACGCGCCCACGCCGAGGGCGCCGCGGCGCGGGCCGGCGGCGAGCGGTCCTCGTCTCGCGCCAGCGATGAGGACG
AGGGCGCGTCCGCGCGCAAGAAGCTGCGCCTCTCCAAGGAGCAGTCTGCGTTCCTGGAGGAGAGCTTCAAGGAGCACAGCACCCTCAACCCTAAG
CAGAAGGCGGCGCTGGCGAAGCAGCTCAACCTCCGGCCGCGACAGGTAGAAGTCTGGTTCCAGAACCGCCGAGCCAGGACGAAGCTGAAGCAGA
CGGAGGTGGACTGCGAGTACCTGAAGCGCTGCTGCGAGACGCTGACGGAGGAGAACCGGCGGCTGCACAAGGAGCTCGCGGAGCTGCGCGCGCTC
AAGACGGCGCCGCCCTTCTTCATGCGCCTCCCGGCCACCACCCTCTCCATGTGCCCCTCCTGCGAGCGCGTCGCCTCCGGCCCCAGCCCTGCCTCCA
CCTCGGCACCTGCGTCGTCCACGCCGCCTGCCACAGCCGCCACCACCGCCATCTCGTACGCTGCAGCAGCCGC

ZmVIP

The clone found in the two-hybrid screen coded for the last 199 amino acids. The sequence of the complete
mMRNA has been deposited in the databases with the accession number AY 107616, encoding the following
protein:
MENGDETLASPTAAAETDALNGGVAEEEQVPITHPAKSYVTLADDNPAPNGGVVKEEEGGAHTTAKSY AAVAAQAEIEDLRAAK

LDLEEKLAEARRENKSLAEETHRSEGIFTQAREEVTIAEFAATSAEKEVASLRAVERLDAVLRIEKGEHELDKQRHEKVAKEVDAV
RQEKLKLEEEIRALKASATAAATTKEREAAPASEAPKEGEVAWLGMAVAAAGAAGTAAIMLVYLRLKR*
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