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Summary

The PosF21 gene from Arabidopsis thaliana was previously isolated with a DNA probe

encoding a glutamine polypeptide. PosF21 encodes the 45 kDa protein PosF21. The

protein belongs to the bZIP (basic domain-leucine zipper) class, and is a putative

transcription factor. In the PosF21 DNA-binding domain, a highly conserved arginine

residue is changed to lysine.

PosFll promoter activity and putative regulation by PosF21 in plant cells were

assessed. Transient transfection of Arabidopsis and tobacco (Nicotiana tabacum)

protoplasts with a PosF21 promoter:.uidA transcriptional fusion reporter plasmid

demonstrated the activity of a 0.3 kb PosF21 promoter fragment in both plant species.

Cotransfection of the reporter plasmid with an over-expression Cauliflower Mosaic

Virus (CaMV) 35S promoter: :PosF21 transcriptional fusion effector plasmid revealed

frans-activation of the PosF21 promoter, but not the CaMV 35S promoter, by PosF21.

Cotransfection with PosF21 mutants demonstrated the essential role of the PosF21 bZTP

domain for tams-activation. A bZIP domain deletion mutant did not trans-activate the

PosF21 promoter, whereas the isolated bZIP domain showed full activation.

Direct interaction of PosF21 with its own promoter was not detected in an

electrophoresis mobility shift assay including a purified PosF21 fusion protein and

PosF21 promoter fragments containing putative protein recognition motifs.

In contrast to protoplasts, transgenic Arabidopsis plants harboring the PosF21

promoter:\uidA reporter sequence did not show frans-activation in planta by PosF21.

Upon transient transfection of leaf cells via microprojectile bombardment with the

CaMV 35S promoter: \PosF21 effector plasmid, no increased Po.yF27-promoter activity

was observed.

In order to assess PosF21 function in planta, transgenic Arabidopsis plants were

generated harboring over-expression and antisense CaMV 35S promoter: \PosF2l

transcriptional fusion constructs. In Northern hybridization experiments, PosF21 over-

expression plants had drastically increased levels of PosF21 mRNA. In PosF21

antisense plants, both PosF21 sense and antisense mRNAs were detected. The sense

PosF21 mRNA levels were not decreased but equal to the antisense RNA levels.

PosF21 protein levels were examined immunologically by Western hybridization. In

PosF21 over-expression plants, increased PosF21 levels correlated with increased

PosF21 mRNA levels. In PosF21 antisense plants, levels of a 45 kDa signal possibly

corresponding to PosF21 were decreased. Phenotypes of over-expression and antisense

plants were not different from the wild-type when grown in vitro or in soil under short

and long day conditions. Plants of one over-expression and one antisense transgenic line

showing no or retarded bolting were found to be tetraploid.

In order to assess PosF2l expression patterns and levels in plants, PosF21 promoter

activity was examined in transgenic Arabidopsis plants harboring transcriptional fusions
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of 0.3 and 2.8 kb PosF21 promoter fragments to uidA. The 2.8 kb fragment was 103fold

more active than the 0.3 kb fragment in plants. In histochemical assays, staining

observed was strong with the 2.8 kb fragment but absent with the 0.3 kb fragment. The

PosF21 promoter was active in vegetative and generative stages of plant development

and in roots, stems, leaves, flower organs and pollen. Stem and leaf sections revealed

PosF21 promoter activity in all tissues. Preferential staining of vascular tissues, stomata

and trichomes was observed.

One transgenic Arabidopsis line displayed an altered habitus with stunted growth,

multiple shoot formation and sterility caused by a recessive mutation not linked to the

inserted nptll marker gene. In another line, the agamous phenotype was found.
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Zusammenfassung

Das PosF21 Gen aus Arabidopsis thaliana war in einer friiheren Arbeit mit einer DNA-

Sonde isoliert worden, die fur ein Glutamin-Polypeptid kodiert. PosF21 kodiert das 45

kDa grosse Protein PosF21. Das Protein gehort zur Klasse der "basic domain-leucine

zipper"-(bZIP)-Proteine und ist ein mutmasslicher Transkriptionsfaktor. In der DNA-

Bindungsdomane von PosF21 ist ein sonst streng konservierter Argininrest durch Lysin

ersetzt.

Die Aktivitat des PosF21-Promoters und dessen mutmassliche Regulation durch PosF21

wurden bestimmt. Transfektionsexperimente mit Arabidopsis- und Tabakprotoplasten

und einem PosF21-Promoter: :i«d!A-Reporterplasmid zeigten die Aktivitat des PosF21-

Promoters in beiden Arten. Kotransfektion des Reporterplasmids mit einem

Effektorplasmid, mit dem PosFll durch den Blumenkohlmosaikvirus (CaMV) 35S-

Promoter iiberexprimiert wurde, ergaben eine frww-Aktivation des Po.yF27-Promoters,

nicht aber des CaMV 35S-Promoters, durch PosF21. Kotransfektion mit PosF21-

Mutanten zeigten die wesentliche Funktion der bZIP-Domane fur die frww-Aktivation.

Eine bZTP-Deletionsmutante aktivierte den PosF27-Promoter nicht, wahrend die

isolierte bZIP-Domane dazu vollumfanglich in der Lage war.

Eine direkte Wechselwirkung zwischen PosF21 und seinem eigenen Promoter konnte in

einem Elektrophoreseversuch mit einem gereinigten PosF21-Fusionsprotein und

PosF21-Promoterfragmenten, welche mogliche Bindungsstellen enthielten, nicht

gezeigt werden.

Im Gegensatz zu den Protoplasten zeigten transgene Arabidopsis-Pfianzen, die das

PasF27-Promoter::wr'd!A-Reporterkonstrukt enthielten, keine frans-Aktivation durch

PosF21. In den Blattzellen, die durch Partikelbeschuss mit dem CaMV 35S-

Promoter::PosF27-Effektorplasmid transfiziert worden waren, konnte keine erhohte

PasF27-Promoteraktivitat beobachtet werden.

Um die Funktion von PosF21 in planta abzuklaren, wurden transgene Arabidopsis-

Pflanzen produziert, die Ueberexpressions- und Gegensinn-Konstrukte von PosFll

enthielten. In Northern-Experimenten ergaben sich in den Pflanzen, die das

Ueberexpressions-Konstrukt enthielten, deutlich erhohte PasF27-mRNA-

Konzentrationen. In den Pflanzen, die das PosF27-Gegensinn-Konstrukt enthielten,

waren die PosF21-mRNA-Konzentrationen nicht gesenkt, sondern gleich denen der

PosF21-Gegensinn-mRNA. Die Konzentrationen des PosF21-Proteins wurden

immunologisch in Western-Experimenten untersucht. In den Pflanzen, die das PosF21-

Ueberexpressions-Konstrukt enthielten, korrelierten erhohte PosF21-Konzentrationen

mit den erhohten PcwF27-mRNA-Konzentrationen. In den Pflanzen, die das Gegensinn-

Konstrukt enthielten, waren die Konzentrationen eines 45 kDa grossen Proteins, das

moglicherweise PosF21 entspricht, gesenkt. Die Phanotypen der Ueberexpressions- und

Gegensinn-Pflanzen waren vom Wildtyp nicht zu unterscheiden, wenn die Pflanzen in
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vitro oder in Erde unter Kurz- oder Langtagsbedingungen angezogen wurden. Je eine

Ueberexpressions- und Gegensinn-Linie, deren Schossen verzogert oder unterdriickt

war, stellten sich als tetraploid heraus.

Um Expressionsmuster und -starke von PosFll in Pflanzen zu klaren, wurde die

P0sF27-Promoteraktivitat in transgenen Arabidopsis-Pflanzen bestimmt, die

Reporterkonstrukte aus Po,sF27-Promoterfragmenten von 0.3 kb und 2.8 kb und uidA

enthielten. Das 2.8 kb-Fragment war etwa tausendfach aktiver als das 0.3 kb-Fragment.
Histochemische Untersuchungen ergaben, dass die Farbung mit dem 2.8 kb-Fragment

stark, diejenige mit dem 0.3 kb-Fragment dagegen nicht feststellbar war. Der PosFll-

Promoter war in den vegetativen und generativen Entwicklungsstadien aktiv, und zwar

in Wurzeln, Stengeln, Blattern, Bliitenorganen und im Pollen. Schnitte durch Stengel

und Blatter zeigten, dass der Po.sF27-Promoter in alien Geweben aktiv ist. Leitbiindel,

Spaltoffnungen und Blatthaare wurden bevorzugt gefarbt.

Eine der transgenen Arabidopsis-Linien zeigte einen veranderten Phanotypen; die

Pflanzen waren gestaucht, bildeten eine Vielzahl von Sprossen und waren steril. Dieser

Phanotyp wurde durch eine rezessive Mutation verursacht, die nicht mit dem

eingefiigten w/?f77-Markergen verkniipft ist. In einer anderen Linie wurde der

"agamous"-Phanotyp gefunden.
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1 Introduction

1.1 Control of eukaryotic gene expression

In higher eukaryotes, the phenotype of a cell is largely due to the expression pattern of

protein encoding genes in response to developmental, physiological and environmental

cues. This expression can be controlled at different levels, i.e. gene structure,

transcription initiation, transcript processing and transport, and translation. The most

common level of regulation is probably the initiation of transcription (Lewin, 1994).

Eukaryotic protein encoding genes are transcribed by RNA polymerase II (RNAPII).

This transcription activity depends on the interaction of cw-acting DNA elements

located mainly upstream of the transcriptional start site, and a complex of tams-acting

protein factors. Cw-acting DNA sequences consist of promoter and enhancer elements.

By a working definition, promoter elements are fixed relative to the transcriptional start

site, whereas enhancer elements are independent of their position and orientation

(Lewin, 1994). A set of factors are essential for basal transcription, but cannot modulate

its rate. Increase or decrease of this rate depends on other DNA-binding proteins,

commonly referred to as transcription factors, which act as activators or repressors,

respectively (Tjian, 1995).

For basal transcription levels, RNAPII requires general transcription factors (GTFs)

which operate through core promoter elements (Maldonaldo and Reinberg, 1995). In

most eukaryotic protein encoding genes, this core promoter consists of the TATA box

and is located 25 to 35 bp upstream of the RNA start site (Darnell , 1990). A pre-

initiation complex of RNAPII and GTFs is formed on the TATA box, probably in a

multistep process. First, a committed complex is formed by binding of 1F11D to the

TATA element. TFIID consists of the TATA binding protein (TBP) and several TBP-

associated factors (TAFs) (Buratowski, 1994). TFTIB binds then directly to the DNA-

1F11D complex and serves as a bridge to RNAPII (Arndt et al, 1995, Maldonaldo and

Reinberg, 1995). TFHE and TFllH complete the pre-initiation complex and may be

necessary for the conversion into a transcribing elongation complex (Buratowski, 1994).

Activation of transcription above basal levels is mediated by sequence-specific

transcription factors which bind to distal promoter and enhancer elements. They support

the assembly of the basal transcription machinery by direct interaction with its

components and through transcriptional coactivators (Tjian and Maniatis, 1994;

Nordheim, 1994).

The structure of transcription factors is modular (Frankel and Kim, 1991). A typical

transcription factor is composed of a specific DNA binding domain, a multimerization

domain and a transcriptional activation domain (Tjian and Maniatis, 1994). These

domains contain structural motifs that are conserved in a wide variety of eukaryotic
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organisms. DNA binding sequences include the helix-turn-helix (HTH), homeodomain,

zinc finger, helix-loop-helix (HLH), and basic domain-leucine zipper (bZIP, see section

3.3) motifs (Pabo and Sauer, 1992). Three classes of activation domains have been

described; they are defined according to their amino acid composition. They are rich in

particular amino acids, either in glutamine, proline or acidic residues (Kiinzler et al,

1994).

Upstream DNA-binding transcription factors mediate transcriptional activation by the

interaction of their activation domains with components of the basal transcription

apparatus. The acidic activation domain of the Herpes simplex virion protein VP16 was

shown to interact in vitro with TBP and TFTJB, and the yeast transcription factor GAL4

containing an acidic domain interacts with TBP (Ingles et al, 1991, Roberts et al, 1993,

Melcher and Johnston, 1995). Similarly, the glutamine-rich activation domain of the

human transcription factor Spl can interact in vitro with TBP and TFTJB (Emili et al,

1994, Colgan et al, 1995). These interactions were correlated to in vivo transcriptional
activation. In the yeast bZIP transcription factor GCN4, an acidic region is involved in

the activation function of the protein, whereas glutamine and proline polypeptides were

able to activate transcription when fused to the GAL4 DNA-binding domain (Hope and

Struhl, 1986, Gerber et al, 1994). The bZIP proteins of the Jun family were shown to

interact with TBP and TFHD only upon dimerization. The amino-terminal region of Jun

is responsible for the interaction with TBP in vitro which is correlated to activation in

vivo (Franklin et al, 1995).

Additional factors, called coactivators, have been shown to be necessary for

transcription activation by sequence-specific transcription factors. Some TAFs of the

TFUD complex have such a coactivator function (Gill and Tjian, 1992). The mammalian

bZIP transcription factor CREB, e.g., was shown to interact with TFUJB via the

coactivator CBP, but not with TBP (Kwok et al, 1994, Xing et al, 1995).

1.2 Transcription factors in plants

So far, approximately 40 genes encoding sequence-specific DNA-binding proteins have

been isolated from higher plants through three principal approaches: mutant studies, ex¬

acting element analysis, and homology to known transcription factors (Katagiri and

Chua, 1992).

In species such as maize (Zea mays L.), snapdragon (Antirrhinum majus L.), and

Arabidopsis thaliana (L.) Heynh., genetics are well developed. Genes originally
characterized as mutants of biosynthetic pathway regulation or developmental

programmes have been shown to encode transcription factors. In these cases, the

biological functions of the DNA binding proteins are usually known (Katagiri and Chua,

1992). If the target genes are known, cw-acting DNA elements that interact with the

transcription factors can be determined. In maize, the CI and B transcription factor
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proteins have been shown to bind to elements in the promoter of Bzl, whose product is a

part of the anthocyanine biosynthesis pathway (Goff et al, 1991, Goff et al, 1990). The

maize ol regulatory mutant was first characterized by its altered endosperm storage

protein composition (Mertz et al, 1964). The 01 gene, isolated by transposon tagging,

encodes a transcription factor which binds to the promoter of the 22 kDa zein gene

(Schmidt etal, 1987, Schmidt era/., 1992).

Other plant genes involved in developmental control have been shown to encode

putative transcription factors. In maize, the Knotted-l locus is defined by mutations

which alter leaf development. The Knotted-l gene was subsequently isolated by

transposon tagging and shown to encode a protein containing a homeodomain,

suggesting its role as a transcription factor (Hake et al, 1989, Vollbrecht et al, 1991).

In snapdragon and Arabidopsis, homeotic genes involved in flower morphogenesis were

isolated. The snapdragon gene deficiens (defA) was isolated by differential screening of

a flower cDNA library (Sommer et al, 1990). The Arabidopsis gene agamous (AG) was

isolated by T-DNA tagging (Yanofsky et al, 1990). Both the DEF A and the AG

proteins showed homologies to the known mammalian SRF and yeast (Saccharomyces

cerevisiae) MCM1 transcription factors, thus forming the family of MADS-box proteins

(Davies and Schwarz-Sommer, 1994). However, the target genes of these DNA-binding

proteins are presently unknown.

Well-characterized cw-acting elements have been used as specific probes to isolate

DNA-binding proteins in vitro by electrophoresis mobility shift or footprinting assays.

Initially, nuclear extracts were used, but no transcription factor has been purified

directly from such extracts so far. In contrast, screening of expression libraries with

probes of cw-acting elements has lead to the isolation of cDNAs encoding transcription

factors. Many cw-acting elements used were derived from genes regulated by different

cues such as light or abscisic acid, but showed a common ACGT palindromic core

motif. The genes isolated with these probes are structurally related and belong to the

class of bZJP proteins (Kuhlemeier, 1992). The promoters of the wheat (Triticum

aestivum L.) histone H3 and Em, the rice (Oryza sativa L.) rabl6, the parsley

(Petroselinum crispwn (Mill.) Nym.) chs, the Arabidopsis rbcS, the Agrobacterium

tumefaciens ocs and the Cauliflower Mosaic Virus (CaMV) 35S genes all contain

ACGT core elements. Probes derived from these promoters allowed the isolation of the

wheat proteins HBP-la (Tabata et al, 1989), HBP-lb (Tabata et al, 1991), and EmBP-

1 (Guiltinan et al, 1990), the tobacco (Nicotiana tabacum L.) protein TAF-1 (Oeda et

al, 1991), the parsley proteins CPRF-1, -2, and -3 (Weisshaar et al, 1991), the

Arabidopsis protein GBFl (Schindler et al, 1992a), the maize proteins OBFl, OBF2,

OBF3.1, and OBF3.2 (Singh et al, 1990, Foley et al, 1993), and the tobacco proteins

TGAla and TGAlb (Katagiri et al, 1989). The broad bean (Viciafaba L.) bZJP protein

was cloned from a cDNA expression library using the CRE (cAMP response element)
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recognition site which also bears an ACGT core and was first described in mammalians

(Ehrlich etal, 1992).

With probes derived from genes encoding transcription factors, related genes can be

isolated by screening of cDNA libraries of the same or other species. Several genes have

been cloned using this method. However, in the cases where the homology was

restricted to the DNA-binding domain, direct deduction of the regulatory function of the

protein product is impossible (Katagiri and Chua, 1992). The homeotic Arabidopsis

MADS-box gene APETALA3, initially isolated as a flower mutant, was cloned by

screening a cosmid library with a snapdragon defA cDNA probe ( Bowman et al, 1989,

Jack et al, 1992). The Arabidopsis AGL gene family was isolated by screening a library

with a degenerate MADS-box oligonucleotide; however, the function of these proteins

is not known (Ma et al, 1991). Several cDNAs encoding putative bZIP transcription

factors have been isolated by heterologous screening of Arabidopsis cDNA libraries.

GBF2, GBF3, and GBF4 were obtained by screening a cDNA library with a probe

corresponding to the GBFl DNA-binding domain (Schindler et al, 1992a, Menkens and

Cashmore, 1994). A HBP-lb homologue was obtained using a wheat HBP-lb cDNA

probe (Kawata et al, 1992), and TGA3 was isolated with a tobacco TGAla cDNA

probe (Miao et al, 1994). Similarly, the tobacco TGAla cDNA served as a probe to

isolate the related gl3 gene encoding the bZTP protein PG13 from a tobacco genomic

library (Fromm et al, 1991). An Arabidopsis genomic library was screened with

degenerate oligonucleotides corresponding to the basic domains of the maize OBF3, the

tobacco TGAla, and the wheat HBPlb. This led to the isolation of the bZIP proteins

OBF4 and OBF5 (Zhang et al, 1993). In rice, the RITA-1 cDNA was isolated with an

oligonucleotide probe derived from the basic domain of the wheat bZIP protein EmBP-1

(Izawa et al, 1994). The maize OHP1 cDNA was isolated from an endosperm cDNA

library using an 01 fragment encoding the bZIP domain as the probe (Pysh et al, 1993).

A novel class of plant proteins was discovered in Arabidopsis using a degenerate

oligonucleotide corresponding to a conserved homeodomain sequence. Two cDNA

clones were isolated encoding proteins containing the novel homeodomain-leucine

zipper motif (Ruberti et al, 1991).

1.3 The bZIP class of DNA-binding proteins

Of the more than 40 putative plant transcription factors cloned so far, the largest group

belongs to the bZIP class (Izawa et al, 1993). Such bZJP proteins have been found in

other eukaryotic organisms as well, e.g. in yeast, Drosophila melanogaster, Neurospora

crassa, Caenorhabditis elegans, birds, and mammals (Hurst, 1994).

The term bZIP stands for basic region-leucine zipper which is the common structural

motif of this class of proteins. A region of basic amino acids provides a surface for

interaction with DNA and is immediately amino-terminal of a so called leucine zipper
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motif which mediates dimerization to other leucine zipper proteins (Vinson et al, 1989,

Landschulz et al, 1988a). The bZJP proteins bind as dimers to specific DNA

recognition sequences within promoter and enhancer regions of transcribed genes. They
are generally activators of transcription, either constitutively or regulated through post-

translational modification (Hurst, 1994).

The 55-65 amino acid a-helical basic region-leucine zipper is the only feature common

to all bZTP proteins. The position of this domain is variable, but usually carboxy-
terminal. The DNA-binding basic region is the most conserved sequence, including
several specific amino acid residues which are located at invariant positions. The

consensus sequence for the basic region of all bZIP proteins is N~AA~(C/S)R. In

plants, this consensus sequence is even more specified, being R—

NRE(A/S)AR(R/K)SR-RK (Figure l). Thus, the basic regions of all bZJP proteins have

one asparagine and one arginine residue and at least one alanine residue (bold type) in

common (Hurst, 1994).

In contrast, the leucine zipper dimerization domain is less conserved. This region
contains heptad repeats of several leucine residues, each heptad corresponding to two

turns of the a-helix. The first leucine is 10 residues carboxy-terminal of the conserved

arginine, and the number of leucine repeats varies from 3 to 6. Residues 4 positions

carboxy-terminal of each leucine are mostly hydrophobic, whereas residues 1 and 3

positions carboxy-terminal of each leucine are often charged. Thus, the leucine zipper

region forms an amphipathic helix (Landschulz et al, 1988a, O'Shea et al, 1989).
The spatial structure of the DNA-bZIP protein complex has been investigated for the

yeast bZJP transcription factor GCN4 and the AP-1 protein-binding site. The GCN4

bZJP domain becomes almost completely a-helical upon binding to DNA. The

homodimer of the two domains forms a parallel coiled coil over the leucine zipper. The

length of the leucine zipper corresponds to about one third of a superhelical turn. The

leucine and hydrophobic residues of the monomers pack together, giving a hydrophobic
interface. This interface is oriented almost perpendicular to the DNA axis. The coiled

coil gradually diverges towards the amino-terminal basic domain, but the form of each

monomer is essentially straight. The conserved amino acid residues of the basic domain

contact backbone phosphate oxygens and specific bases in the major groove of the DNA

(Arndt and Fink, 1986, Ellenberger et al, 1992). The structure of the heterodimer of the

human c-Jun and c-Fos transcription factors which interacts with the AP-1 site has been

shown to be similar to the GCN4 homodimer (Glover and Harrison, 1995).



Introduction 15

1.4 DNA-bZIP protein interactions

Several DNA sequences which bind to bZIP proteins have been identified. They all

reveal a dyad symmetry, reflecting the binding of protein dimers with similar DNA-

binding domains. A protein-binding site represents two "half-sites", each of them

interacting with one of the basic domain polypeptides of the dimer. Two types of

binding sites have been found: a pseudopalindromic site where the half-sites overlap at

the central base pair, and palindromic sites where the half-sites abut each other (Hurst,

1994).

The AP-1 site with the sequence TGA(C/G)TCA is the only pseudopalindromic site

found so far (Oliphant et al, 1989). Interactions of base pairs at the binding site and

amino acid residues of the basic domain have been investigated with GCN4 and

Jun/Fos. The imperfect symmetry of the AP-1 site causes the GCN4 homodimer to

contact the binding site asymmetrically. The central guanine is contacted by the

conserved arginine of only one monomer by two hydrogen bonds, whereas the arginine

of the other monomer interacts with phosphate oxygens. The strictly conserved

asparagine contacts a cytosine and a thymine by hydrogen bonds, and the alanine and

serine residues less strictly conserved among basic domains of different bZIP proteins

contact phosphate oxygens via van der Waals forces (Ellenberger et al, 1992). In the

DNA-Jun/Fos complex, the central guanine is interacting with the conserved arginine of

either Jun or Fos upon binding of the heterodimer, resulting in an asymmetric contact.

Thus, the basic regions of GCN4, Jun and Fos interact with the base pairs of AP-1

essentially in the same way (Glover and Harrison, 1995).

Interactions of bZIP proteins with palindromic binding sites have been investigated

extensively in plants. Plant bZIP proteins exhibit a relaxed specificity for DNA

sequence motifs containing the dyad ACGT core (Izawa et al, 1993). As mentioned

above, such DNA sequences were successfully used to isolate plant bZIP proteins in

vitro. However, the probe used for the isolation is not necessarily the element with the

highest affinity to the protein. The tobacco bZIP protein TGAla was purified with the

wheat hex-1 motif GCCACGTCAC, but bound to the CaMV as-1 TGACGTA motif

with a higher affinity when examined in vitro (Katagiri et al, 1989). Detailed in vitro

experiments using electrophoresis mobility shift assays (EMSAs) with 10 plant bZJP

proteins and different oligonucleotides containing an ACGT element showed that the

nucleotides flanking the ACGT core affect binding specificity. Three different types of

ACGT elements showing preferential binding of bZJP proteins were identified: The G-

box CACGTG, the C-box GACGTC, and, to a lesser extent, the A-box, TACGTA. The

bZIP proteins could be categorized in three groups according to their qualitative and

quantitative specificity for the G- and C-box elements. The first group of proteins,

EmBP-1, HBP-1, CPRF-1, TAF-1, CPRF-3, and OBF-1 preferred the G-box over the C-

box. The second group, TGAlb, CPRF-2, and 02, bound G- and C-boxes equally.
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CPRF-2 and 02 showed weak interaction with the A-box. The third group consisted of

TGAla, binding strongest to the C-box, with a weaker affinity for the A- and G-boxes

(Izawa etal, 1993).

The molecular basis for these binding specificities is still unresolved. Sequence

comparison of the different plant bZJP proteins revealed four completely conserved

residues in the basic domain: arginine -10, serine -11, alanine -15 and asparagine -18 aa

from the first zipper leucine residue (Figure 1). The serine residue has been suggested to

be a major determinant for binding specificity, as it is replaced by an alanine in TGAla,

the only bZIP protein of the third group (Foster et al, 1994).

However, there is the possibility that these in vitro binding affinities do not reflect the in

vivo situation, as binding affinities do not necessarily indicate the biologically relevant

transcription rates (Kuhlemeier, 1992). Functional analyses are required to establish that

a DNA-binding protein is indeed responsible for a given expression pattern conferred by

given ds-acting elements (Katagiri and Chua, 1992).

1.5 Functional analysis of plant bZIP proteins

Of all the plant bZJP proteins isolated so far, only a limited number has been shown to

activate transcription in a variety of in vitro and in vivo assays.

In an in vitro assay, the tobacco bZJP protein TGAla was shown to function as a

transcriptional activator by increasing the number of active preinitiation complexes in

cell free HeLa and wheat germ extracts (Katagiri et al, 1990, Yamazaki et al, 1990).

Transcriptional activation by TGAla was investigated in transgenic tobacco cells

containing transcriptional fusions of the of the CaMV 35S promoter to the Escherichia

coli uidA reporter gene. The CaMV 35S promoter contains the as-1 element, a 21 bp

sequence binding to TGAla in vitro (Katagiri et al, 1989). Upon microinjection of

TGAla protein in cotyledon cells, GUS-activity was visible. An amino-terminally

deleted mutant protein lacking the acidic domain of TGAla was unable to confer

activity. A direct activation of as-7-driven transcription by TGAla was therefore

suggested (Neuhaus et al, 1994).

Several other experiments were done by cotransfection of cells which do not express the

investigated protein factor. Two plasmid DNA constructs are introduced into cells: an

effector plasmid carrying the coding sequence for the factor and a reporter construct

carrying a marker gene under control of the putative binding site of the factor. Transient

expression of the factor is then expected to fraws-activate the reporter construct

(Katagiri and Chua, 1992).

The transactivator properties of the tobacco bZJP protein TAF-1 were assessed. Tobacco

plants were transfected with reporter plasmids harboring a transcriptional fusion of a

motif I tetramer to the -90 CaMV 35S promoter and the uidA coding sequence. Motif I

is a G-box related decamer sequence in the promoter of the abscisic acid responsive rice
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rabl6 gene that binds to TAF-1 in vitro. An effector plasmid containing a partial TAF-1

coding sequence was introduced in transgenic tobacco cells by microprojectile

bombardment and increased GUS expression in leaves above a background conferred by

transfection with a vector plasmid. When leaves of tobacco plants transfected with a

control reporter plasmid carrying a transcriptional fusion of mutated motif I sequences

and uidA were bombarded, GUS activity was not above background. It was thus

demonstrated that TAF-1 did not only bind to DNA, but could function as a

transcriptional activator in vivo (Oeda et al, 1991).

The rice transcription activator-1 (RTTA-l) binds specifically to palindromic ACGT

elements, i.e. to A-, C-, and G-boxes in vitro. In transient cotransfection assays with rice

protoplasts, the ability if these elements can mediate transcription in response to RTTA-l

in vivo. Tetramers of RTTA-l ACGT binding sites were fused to the minimal -46 CaMV

35S promoter and the uidA coding sequence to yield reporter plasmids. The effector

construct was a transcriptional fusion of the CaMV 35S promoter to the RITA-1 cDNA.

In the experiments, RTTA-l was able to trans-aciivait the reporter plasmids. When

reporter plasmids were used which carried ACGT elements with a low in vitro binding

affinity to RTTA-l, no activation was seen. Thus, the ability of RTTA-l to activate

transcription in vivo was demonstrated (Izawa et al, 1994).

The parsley bZJP protein Common Plant Regulatory Factor 1 (CPRF1) recognizes

nucleotide sequences with ACGT cores, e.g. the ACGT-Element ACECHSn in the light

responsive unit 1 (LRU1) of the chs promoter (Armstrong et al, 1992). In

cotransfection assays with parsley protoplasts, GUS expression from a reporter plasmid

carrying a tetramer of ACECHSn fused to uidA was strongly activated by an effector

plasmid carrying a CaMV 35S promoter driven translational fusion of the CPRF1 bZJP

domain and the VP16 transcriptional activator domain. A control reporter plasmid

carrying a mutant ACE was activated only very weakly. It was thus assumed that the

CPRF1 bZJP domain binds specifically to ACECHSN in vivo. The effect of CPRF1 over-

expression on chs promoter activity was assessed in cotransfection assays. An effector

plasmid harboring a full length CPRF1 coding sequence was cotransfected with a

reporter plasmid carrying a transcriptional fusion of a chs promoter fragment containing

LRU1 and uidA. A clear reduction of light-dependent expression was observed, whereas

a control reporter plasmid carrying a transcriptional fusion of an LRU1 with a mutated

ACECHS" was not affected. Thus, CPRF1 was shown to be able to modulate the light-

stimulated activation of the chs promoter (Feldbriigge et al, 1994).

The Arabidopsis bZIP protein GBFl contains an amino-terminal proline rich region

(Schindler et al, 1992a). The transcription activating properties of this region were

examined in cotransfection assays using luciferase as the reporter. Effector plasmids

were constructed as translational fusions of the yeast GAL4 DNA-binding domain to the

GBFl proline rich region under control of the rbcS promoter. A transcriptional fusion of
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a compound GAL4 binding site -89 CaMV 35S promoter to the North American firefly

(Photinus pyralis) luc coding sequence was the reporter construct. When the two

plasmids were co-electroporated into photomixotrophic soybean protoplasts, luciferase

activity increased clearly. In contrast, when effector plasmids containing the GAL4

binding domain alone or fused to the GBFl bZIP domain were used, luciferase activity

did not increase. Thus, the GBFl proline rich domain was shown to stimulate

transcription in plant protoplasts (Schindler et al, 1992b).

The maize Opaque-2 (02) protein is the only plant bZJP protein for which a direct

physiological correlation to transcriptional regulation has been described. The 01 locus,

involved in the regulation of zein expression in maize endosperm, was shown to encode

the bZJP protein 02 which binds to the promoter of the 22 kDa zein gene (Schmidt et

al, 1990). The target site in the 22 kDa zein promoter which interacts with 02 was

isolated. It contains an ACGT core and is absent in promoters of zein genes that are

independent of 02 control (Schmidt et al, 1992).

1.6 The Arabidopsis PosF21 gene encoding a bZIP protein

An indirect cross-hybridization approach led to the isolation of the PosF21 gene

encoding a bZIP protein in Arabidopsis. The aim was to find plant genes encoding

transcription factors by hybridization of plant DNA to probes derived from sequences

encoding protein structures present in known transcription factors. Based on the fact that

various protein motifs have been found to be conserved among very different eukaryotic

organisms, it was assumed that such motifs could also occur in plant transcription
factors. This cross-hybridization approach had previously led to the isolation of putative

transcription factor using DNA probes representing known DNA-binding and

dimerization domains in animals (Carrasco et al, 1984, Fjose et al, 1985). However,

attempts to isolate plant transcription factors using this methods had failed, probably
due to the weak conservation of these motifs at the DNA level.

A different approach was therefore used. In the human transcription factor SP1, a stretch

of glutamine residues activates transcription (Courey and Tjian, 1988). An

oligonucleotide probe consisting of repeated CAA triplets encoding glutamine residues

was thought to provide sufficient homology to similar DNA sequences. Such a probe

was used to screen an Arabidopsis cDNA library. One of the several isolated cDNA

clones, PosF21, was found to encode two stretches of 9 and 11 glutamine residues

separated by a single histidine residue. Using a probe derived from the incomplete
PosF21 cDNA, a 4 kb genomic region of Arabidopsis was isolated containing the

PosF21 gene. Sequencing of the genomic clone and primer extension experiments
allowed the molecular characterization of the PosF21 coding region. PosF21 contains

four introns, and the theoretical length of the mature mRNA is 1555 b. A 300 bp

proximal promoter region was isolated as well. PosF21, the deduced PosF21 product, is
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a protein of 398 amino acids with a molecular weight of 44.7 kDa. A bZIP domain was

found located in the center of the sequence. The glutamine rich region lies carboxy-

terminal, whereas a very proline-rich and an acidic region are located amino-terminal of

the bZJP domain (Aeschbacher et al, 1991). Northern analysis of PosF21 in mature

Arabidopsis tissues showed that the mRNA size is larger than 1.4 kb and that PosFll is

transcribed at low levels in roots, stems, and leaves of mature plants. (Aeschbacher,

1990, Aeschbacher et al, 1991).

1.7 Aim of the work

PosFll had been isolated from the Arabidopsis genome as cDNA and genomic clones

by homology to sequences of known transcription factors genes. In contrast to isolation

methods using mutant analysis or by screening expression libraries with binding site

oligonucleotides, the approach used did not yield information about the in vivo function

or the DNA-binding properties of the PosFll product. Limited information about the

expression pattern had been obtained by Northern analysis of PosFll transcripts in

different organs of mature Arabidopsis plants. The aim of this work was to further

characterize the PosFH gene and its product, PosF21.

The promoter activity of the PosF21 upstream sequences and the potential of PosF21 to

frans-activate transcription in homologous and heterologous systems should be assessed

in vivo. In particular, the ability of PosF21 to regulate its own transcription was to be

assessed. Experiments with transient cotransfection of Arabidopsis and tobacco

protoplasts with various reporter and effector plasmids and transient transfection of

Arabidopsis cells with a stably integrated reporter gene were to be performed using

PEG- and microprojectile mediated gene transfer.

Interactions of PosF21 with DNA sequences derived from its own promoter, yielding

information about the DNA-binding properties of PosF21 should be examined in vitro.

The expression pattern and levels of PosF21 in Arabidopsis tissues should be

investigated in transgenic plants harboring the uidA reporter gene under control of

PosF21 upstream sequences by biochemical and histological methods.

Clues to the function of PosF21 in vivo were to be obtained by change of PosF21

expression levels in Arabidopsis plants. This goal was approached by stable integration

of PosFll sense and antisense constructs. The plants were to be analyzed for transcript

and product levels and morphology.
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2 Materials and Methods

2.1 Microbiology

Bacterial strains

E. coli strains XL-1 blue (Stratagene, La Jolla, CA) and JM 103 (Yanisch-Perron et al,

1985) were used for production of recombinant plasmid DNA molecules.

Agrobacterium tumefaciens strain LBA 4404 (Ooms et al, 1982) containing a disarmed

Ti-plasmid was used for Agrobacterium-m&diated gene transfer to A. thaliana.

Growth conditions, selection, screening

E. coli were grown at 37°C either on solid (1.5% agar) or in liquid LB (1% w/v NaCl,

1% w/v Bacto tryptone (Difco, Detroit, MI), 0.5% w/v Bacto yeast extract (Difco),

pH 7.5) medium. A.tumefaciens were grown at 28°C either on solid LB or in liquid YEP

(0.5% w/v NaCl, 1% w/v Bacto peptone (Difco), 1% w/v yeast extract, pH 7.5) medium.

Liquid cultures were grown on a shaker at 250 rpm in test tubes for pre-culture or in

Erlenmeyer flasks. The liquid never exceeded 20% of the total vessel volume.

E.coli strains were grown in presence of 12.5 (Xg/ml tetracycline. E.coli transformed

with pBSK- (Stratagene, La Jolla, CA) or pDH51 (Pietrzak et al, 1986) or derivatives

were grown in media supplemented with 100 H-g/ml ampicillin. E.coli transformed with

pBIN19 (Bevan, 1984) or derivatives were grown in media supplemented with 50 |J,g/ml

kanamycin.

A.tumefaciens were grown in presence of 100 Jig/ml rifampicin. A.tumefaciens

transformed with pBIN19 or derivatives were grown in media supplemented with

50 ^ig/ml kanamycin.

E.coli XL-1 were screened for uptake of pBSK- or derivatives using the blue/white color

assay. Transformed cells were grown on selective media supplemented with 80 jxg/ml

5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-Gal) and 20 mM isopropyl-p-D-

thiogalactopyranoside (JPTG). Transformation with pBSK- or its derivatives yielded

blue or white colonies, respectively.
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Competent E.coli cells

E.coli cells competent for uptake of foreign plasmid DNA were produced following a

protocol of W. Boll (pers. comm.).

An E.coli colony was picked and precultured in 2 ml liquid LB medium at 30°C and 150

rpm, over-night. 1 ml of the preculture was added to 100 ml SOB succinate (2% w/v

Bacto tryptone, 0.5% w/v Bacto yeast extract, 2.5 mM KC1, 10 mM MgS04, 0.5% w/v

Na succinate) in a 1 1 Erlenmeyer flask. The culture was grown at 30°C and 150 rpm to

OD6oo~0.8 and then incubated on ice for 10 min. The bacterial suspension was

centrifuged at 4°C at 3,500 rpm for 4 min in 4 30 ml Corex tubes in a swing-out rotor

(Sorvall HB-4, Du Pont, Wilmington, DE), the supernatant was discarded. Each

bacterial pellet was resuspended in 10 ml ice-cold FSB (10 mM K acetate, 100 mM

KC1, 45 mM MnCl4, 10 mM CaCl2, 3 mM [Co(NH3)6]Cl3, 10% v/v glycerol, 5% w/v

sucrose, pH 6.4) by pipetting. The suspensions were centrifuged at 0°C and 3,500 rpm

for 4 min, the supernatants were discarded. The bacterial pellets were again resuspended

in 2 ml ice-cold FSB each, the suspensions were pooled to a total volume of 8 ml. 280

p.1 dimethylsulfoxide (DMSO) (UV pure, Fluka) were added. The suspension was

incubated on ice for 5 min. Again, 280 fxl DMSO were added. The suspension was

incubated on ice for 20 min. The suspension was 100 \il aliquoted in pre-cooled

Eppendorf tubes and quick-frozen in an ethanol-dry ice bath. The bacteria were stored at

-70°C. The competence was checked by transformation with 1 ng or 100 pg of plasmid

DNA/100 u.1 bacteria.

Transformation of competent E.coli

1 ng plasmid DNA or ca. 100 ng ligation products were added to 100 fxl competent

E.coli suspension immediately after thawing. The suspension was mixed and incubated

on ice for 30 min. A heat shock of 42°C was applied for 60 s, followed by incubation on

ice for another 5 min. 900 ^.1 LB were added and the bacterial suspension was incubated

at 37°C for 1 h for expression of the selective marker gene present on the plasmid.

Aliquots of the suspension were spread evenly on solid LB supplemented with the

selective agent. The bacteria were incubated at 37°C over-night.

Electroporation ofA.tumefaciens

A.tumefaciens were grown in a 200 ml culture for about 20 h until a 1:10 dilution

reached ODeoo^OA The suspension was centrifuged in 50 ml plastic tubes (Falcon,

Becton Dickinson, Lincoln Park, NJ) at 5,500 rpm for 10 min (Heraeus, Hanau, FRG);

the supernatant was discarded. The bacteria were resuspended in 100 ml H20, pooled in

two 50 ml tubes and centrifuged again at 5,500 rpm for 10 min, the supernatant was
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discarded. The bacteria were resuspended in 50 ml H2O and centrifuged at 5,500 rpm for

10 min, the supernatant was discarded. The bacteria were resuspended in 8 ml H2O and

stored on ice.

100 ng of sterilized plasmid DNA were added to 400 p.1 ice-cold bacterial suspension in

an Eppendorf tube and transferred to an electroporation cell (Bio-Rad, Hercules, CA).

The bacteria were electroporated at 9 kV/cm (1.8 kV) for 10-15 ms, resistance was

800 Q. 1 ml LB was added and the bacteria were incubated at RT for 2 h and at 28°C for

1 h. 200 jil bacterial suspension were spread to solid LB supplemented with kanamycin

and incubated at 28°C for ca. 2 d, until colonies became visible. The transformation

efficiency was about 104 cfu/fig plasmid DNA.

Storage of bacteria

Single colonies of bacteria were picked and inoculated into 2 ml LB supplemented with

appropriate selective agents. After over-night growth, 625 jxl suspension were added to

375 |il 40% glycerol in an Eppendorf tube and mixed by pipetting to bring the final

concentration of glycerol to 15%. The bacteria were quick-frozen in liquid nitrogen and

stored at -70°C. Two weeks after freezing, a sample of the bacteria stock was grown for

small-scale preparation of plasmid DNA and analysis by restriction endonuclease

treatment.

2.2 DNA

Single colony plasmid DNA preparation

A rapid and simple method was used to isolate very small amounts of plasmid DNA

from single bacterial colonies (S. Rusconi, pers. comm.). Over-night grown colonies

were picked with plastic inoculation loops, streaked out on a masterplate and incubated

in 12 nl lysis buffer (25 mM TrisHCl, pH 7.5, 25 mM Na2EDTA, 0.5 mg/ml lysozyme,

0.1 mg/ml RNase, 10% v/v glycerol, bromophenol blue). The bacteria were lysed for 5

min. 2 (il phenol-chloroform were added. The mix was vortexed for 30 s and

centrifuged at 12,000 rpm in a table top centrifuge (Hettich, Tuttlingen, FRG) for 3 min.

The supernatant was checked by gel electrophoresis. The masterplate was incubated

over-night at 37°C.
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Small-scale preparation of plasmid DNA

Small amounts of DNA suitable for restriction analysis and molecular cloning were

isolated by a small scale preparation based on alkaline lysis of bacteria cells and iso-

propanol precipitation.

Bacteria containing plasmid DNA were grown in 3 ml liquid LB medium with

appropriate selective agents in a 12 ml tube at 37°C and 250 rpm over-night. 1.5 ml

suspension were transferred to an Eppendorf tube and the bacteria pelleted by

centrifiigation at full speed for 30 s. The supernatant was discarded and the bacteria

were resuspended in 150 \i\ SET buffer (20% w/v sucrose, 50 mM TrisHCl, pH 7.6,

50 mM Na2EDTA) and incubated for 5 min at RT. 300 jj.1 freshly prepared lysis buffer

(0.2 M NaOH, 1% w/v SDS) were added, followed by an incubation at RT for 10 min.

250 fil 3 M Na acetate were added, followed by a 30 min incubation on ice. The

suspension was centrifuged at full speed for 15 min. 500 (il supernatant were transferred

to a fresh tube. 500 jxl iso-propanol were added to precipitate nucleid acids which were

pelleted by centrifugation at 12,000 rpm for 10 min. The supernatant was discarded, the

DNA pellet was washed with 70% ethanol, dried and dissolved in H20 or TE (10 mM

TrisHCl, pH 7.6,1 mM Na2EDTA).

Large-scale preparation of plasmid DNA

To obtain plasmid DNA amounts of several mg for molecular cloning and gene transfer

experiments, large volumes of bacteria suspension were lysed by alkali, and the nucleic

acids purified either by centrifugation in a CsCl gradient (Maniatis, 1982) or by column

chromatography (Qiagen, Hilden FRG).

F.coli containing plasmid DNA were grown in two 200 ml batches over-night. Grown

bacteria were pelleted by centrifugation in a Sorvall fixed angle GS-3 rotor at 4°C and

6,000 g (6,000 rpm) for 10 min, the supernatant was discarded. For CsCl gradient

purification, the pelleted bacteria were resuspended in 10 ml buffer (50 mM sucrose,

25 mM TrisHCl pH 8, 10 mM Na2EDTA) and lysed in 15 ml freshly prepared lysis

buffer (0.2 M NaOH, 1% w/v SDS). Proteins were precipitated by addition of 12.4 ml

3 M K acetate, pH 5.2 and pelleted by centrifugation in a Sorvall fixed angle SS-34 rotor

at 4°C and 27,000 g (15,000 rpm) for 30 min. 36 ml supernatant containing the n ucleic

acids were distributed to two 30 ml Corex tubes and precipitated by addition of 11 ml

iso-propanol each, incubated at RT for 1 h and pelleted. Nucleic acids were dissolved in

1.6 ml TE; 3.8 ml CsCl (sat.) and 50 |J,1 ethidium bromide stock (10 mg/ml)were added.

The solution was ultra-centrifuged in a vertical tube rotor (Beckman, Palo Alto, CA) at

25°C and 50,000 rpm over-night. The red plasmid DNA band was collected with a

syringe and the ethidium bromide shaken out with TE-saturated butanol. The nucleic

acids were precipitated by 8 vol of ice cold ethanol/TE (3:1), pelleted by centrifugation
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in an SS-34 rotor at 3,000 g (5,000 rpm) for 10 min, washed in 70% ethanol.dissolved in

400 jxl H20 and transferred to an Eppendorf tube. RNA was removed by RNase A

treatment at 37°C for 30 min. Plasmid DNA was phenol extracted (Maniatis, 1982),

precipitated with 40 pi 3 M Na acetate and 1 ml ethanol (Ausubel et al, 1987), pelleted,

washed in 70% ethanol, dried and dissolved in H20 or TE.

For column chromatography purification, the plasmid maxi protocol of Qiagen was

followed.

Preparation of plant DNA

Plant DNA was prepared by N-cetyl-N,N,N-trimethylammonium bromide (CTAB)

precipitation (Murray and Thompson, 1980).

Ca. 500 mg plant tissue were shock frozen in liquid nitrogen and lyophilized (Heto,

Birker0d, DK). The lyophilized material was ground in a mortar to a fine powder after

addition of a pinch of Al203 powder (Aluminum oxide 90 active basic, Merck,

Darmstadt, FRG). The powdered material was suspended in 600 jxl extraction buffer

(EB: 50 mM TrisHCl, pH 8, 10 mM Na2EDTA, 700 mM NaCl, 1% w/v CTAB, 1% v/v

(3-mercaptoethanol) in a 2 ml Eppendorf tube, incubated at 55°C for 20 min and mixed

well with 600 jjlI chloroform. The suspension was centrifuged at RT and 12,000 rpm for

3 min. The aqueous phase was transferred to a new tube and the organic phase re-

extracted with 100 jil EB. The extracts were pooled, and 0.1 vol, i.e. 60 |j,l 10% w/v

CTAB was added. 700 \i\ chloroform were added, the solution was mixed well and

centrifuged. The supernatant was transferred to a new tube, and 1.2 vol, i.e. 720 fxl

precipitation buffer (50 mM TrisHCl, pH 8, 10 mM Na2EDTA, 1% w/v CTAB) were

added. The solution was mixed well and incubated at RT for 20 min. The nucleic acids

were pelleted by centrifugation at 12,000 rpm for 5 min and dissolved in 400 |il 1 M

NaCl. RNA was removed by RNase A treatment and the DNA precipitated in 40 jil 4 M

LiCl and 1 ml ethanol. The DNA was washed twice in 70% ethanol, dried and dissolved

in 100 uJ H20.

DNA gel electrophoresis

DNA molecules were separated by horizontal gel electrophoresis in TAE buffer (40 mM

Tris acetate, 1 mM Na2EDTA). Type U gel loading buffer (2.5% w/v ficoll type 400,

250 ppm bromophenol blue and xylene cyanol each) was used (Maniatis, 1982). For

analytical purposes, agarose (Sigma, St. Louis, MO), for DNA fragment isolation, ultra

pure agarose (BioRad) was used. For detection and isolation of small DNA fragments as

well as for direct molecular cloning, low melt agarose (FMC, Rockland, ME) was used.

Ethidium bromide was added to the gel to a final concentration of 0.5 (Xg/ml.
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Enzymatic manipulation of DNA

DNA was cleaved by restriction endonucleases (Boehringer, Mannheim, FRG; New

England Biolabs, Beverly, MA; Pharmacia, Brussels, B) either completely or partially
under the appropriate temperature and buffer conditions recommended by the

manufacturers. Total volume of the reaction mixture was at least 10 \il. The share of

restriction endonuclease stocks in the mixture was 10% v/v or less.

DNA fragments were ligated with T4 DNA ligase (New England Biolabs) in the

appropriate buffer provided by the manufacturer. Ligation of sticky ends was performed

at 16°C over-night, whereas blunt ends were ligated at RT over-night. Control

treatments included incubation of vector alone without and with ligase to monitor

completeness of vector linearization and prevention of vector religation, respectively.
3' protruding ends of linear DNA molecules were removed using the 3' exonuclease

activity of T4 DNA polymerase. 3' recessive ends of linear DNA molecules were filled

in with Klenow enzyme (large fragment of E.coli DNA polymerase) in presence of

deoxynucleotides (Ausubel etal, 1987).

5' phosphate residues of linearized vector DNA molecules used for molecular cloning
were removed to prevent religation of the molecule without an insert DNA fragment.
Calf intestine phosphatase (CIP, Boehringer) was used. DNA molecules were incubated

at 37°C for 30 min. The reaction was performed twice. CIP was inactivated by heat

treatment at 75°C for 10 min (Ausubel et al, 1987).

DNA fragment isolation

Linear DNA fragments used for further enzymatic treatment were isolated from agarose

gels after electrophoresis. Agarose slabs containing the desired DNA fragment were

excised with a scalpel blade under UV-light, keeping the exposure to UV irradiation at a

minimum. Excess agarose was removed.

Large quantities of DNA were isolated by electro-elution. The DNA in the agarose slab

was subjected to electrophoresis in a dialysis tube filled with TAE until it had migrated
out of the agarose. Before collecting the DNA solution, the current was inverted for a

short time to release DNA molecules sticking to the inner tube wall. The DNA solution

was then collected with an Eppendorf pipette.

Small quantities of DNA fragments were isolated by melting of the agarose slab in high
salt buffer and subsequent binding of the DNA to glass particles. DNA fragments longer

or shorter than 500 bp were isolated with the Geneclean® or Mermaid® kits,

respectively (Bio 101, La'Jolla, CA).
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DNA amplification

DNA sequences were amplified by the polymerase chain reaction (PCR, MuUis and

Faloona, 1987) in a thermal cycler (Perkin Elmer, Norwalk, CT). 150 ng template DNA,

50 pmoles of each primer, 200 |iM of each deoxynucleotide, 2.5 U Pfu polymerase were

incubated in a reaction mixture of 30 |il total volume covered with 50 jil paraffin oil.

DNA molecules were denatured at 95°C for 5 min followed by 30 amplification cycles

of primer annealing at 55°C for 120 s, extension at 72°C for 60 s and denaturation at

95°C for 90 s. The terminal cycle was 55°C for 120 s and 72°C for 240 s.

DNA labeling

3' end labeling of DNA fragments containing 3' recessive ends with 32P was performed

with Klenow enzyme. 10 ng DNA fragment, 25 \iCi [a32P] dATP, 3dNTPs, 5 mM each,

and 5 U Klenow enzyme were incubated at RT for 40 min. Labeled fragments were

separated from non-incorporated nucleotides over a Sephadex-100 column. The labeling

efficiency was assessed by scintillation counting.

Digoxigenin (DIG) labeled DNA probes for Southern hybridization were produced

using the DIG DNA labeling kit (Boehringer). Linearized template DNA was purified by

phenol extraction, heat denatured at 95°C for 10 min and cooled on ice. Random

hexanucleotides primed the reaction and were extended with Klenow enzyme to yield

DNA strands labeled with DIG-dUTP. The reaction was performed with 300 ng

template DNA in a total volume of 20 \i\ at 37°C over-night. Yield of labeled DNA was

assessed by comparison to dilutions of a standard DIG labeled DNA provided by the

manufacturer.

DNA detection by Southern blot and hybridization

Specific plant DNA sequences were detected by Southern blot and hybridization

(Southern, 1975) to DIG labeled DNA probes followed by an immunoreaction of DIG

with an anti-DIG-alkaline phosphatase (AP)-conjugate and a chemiluminescent

detection reaction with 4-methoxy-4(3-phosphat-phenyl)spiro(l,2-dioxetane-3,2'-

adamantane) (Lumigen PPD). The DIG detection was performed following the protocols

of Neuhaus-Url and Neuhaus (1993) and the manufacturer of the DIG nucleic acids

detection kit (Boehringer).

5 jug of plant DNA were cleaved by restriction endonuclease over-night treatment. The

DNA fragments were separated by gel electrophoresis on a 0.8% agarose gel. After

electrophoresis, the gel was incubated in 0.25 M HC1 for 15 min. The DNA was

denatured in denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 30 min and washed

twice for 15 min in neutralization buffer ( 0.5 M TrisHCl, pH 7.2, 1.5 M NaCl, 1 mM

Na2EDTA). The DNA was wet blotted over-night onto a positively charged nylon
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membrane (Boehringer). After blotting, the membrane was washed twice in 2xSSC

(20xSSC: 300 mM Na citrate, 3 M NaCl). DNA molecules were cross-linked to the

membrane by baking at 120°C for 30 min.

The membrane was pre-hybridized at 42°C for at least 3 h in 40 ml hybridization buffer

(HB: 50% v/v deionized formamide, 5xSSC, 2% w/v blocking reagent (Boehringer),

0.1% v/v N-lauroyl sarcosin (Sigma), 0.2% w/v SDS, 50 jig/ml yeast RNA). Siliconized

glass tubes were used. For hybridization, 240 ng DIG labeled DNA were denatured at

95°C for 10 min, cooled on ice and added to 8 ml HB. Hybridization was carried out at

42°C over-night. After use, the solution was recovered and stored at -20°C. The

membrane was washed on a shaker in Wl solution (2xSSC, 0.1 % SDS) at RT for 5 min,

and in W2 and W3 solutions (0.2xSSC and O.lxSSC, respectively, 0.1% SDS) at 68°C

for 15 min each.

For DIG detection, the washed membrane was incubated in washing buffer (WB: 0.1 M

maleic acid, 0.15 M NaCl, pH 7.5, 0.3% v/v Tween 20 (Merck)) for 5 min and blocked

in buffer 2 (0.1 M maleic acid, 0.15 M NaCl, pH 7.5, 1% w/v blocking reagent) for 30

min. The membrane was incubated with anti-DIG-AP-conjugates for 30 min and washed

three times in WB for 15 min each. After equilibration in buffer 3 (0.1 M TrisHCl, pH

9.5, 0.1 M NaCl, 50 mM MgCl2) for 5 min, the membrane was incubated in Lumigen

PPD for 5 min, sealed in a plastic bag, incubated at 37°C for 15 min and exposed (X-

omat, Eastman Kodak, Rochester, NY) for about 20 min to several hours.

Electrophoresis mobility shift assay

104 cpm 32P end labeled DNA fragments containing putative protein recognition

sequences and 250 ng putatively DNA binding protein were incubated in 800 ng/jil poly

dl-dC, 10% glycerol, 20 mM HEPES, pH 7.5, 40 mM KC1, 1 mM Na2EDTA, 1 mM

dithiothreitol (DTT) in 10 jxl reaction volume at RT for 20 min. H20 was added to a

total volume of 20 \i\ and the reaction products were loaded on a 4% native

polyacrylamide gel in 0.5xTBE buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM

Na2EDTA) and separated by electrophoresis at 33-22 mA for 75 min. The gel was dried

in a gel drier (Biorad) at 80°C for 2 h. For autoradiography, the gel was exposed to X-

ray film in a cassette with a tungsten screen at -70°C over-night.
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2.3 RNA

Plant RNA isolation

Plant tissue was frozen in liquid nitrogen and ground to a fine powder in a mortar. The

frozen powder was transferred into a 15 ml Corex tube, and 3 ml extraction buffer (EB:

1 M TrisHCl, pH 9, 50 mM Na2EDTA, 1% w/v SDS) were added immediately. The

powder was suspended and 3 ml phenol/chloroform (1:1) were added. The tube was

shaken vigorously and incubated on ice for 1 h to precipitate proteins. The suspension

was centrifuged at 4°C at 10,000 rpm for 5 min. The supernatant was transferred to a

new tube and the sediment re-extracted with 1 ml EB. The two extracts were pooled,

extracted again with phenol-chloroform and centrifuged. The supernatant was

transferred to a new tube, extracted with chloroform and centrifuged. The supernatant

was transferred to a new tube. 0.1 vol 4 M LiCl and 2 vol ethanol were added to

precipitate nucleic acids for 30 min at -70°C. The suspensions were centrifuged at

10,000 rpm for 10 min. The supernatant was discarded and the pellet was dissolved in 2

ml H20. The solution was distributed to two 2 ml Eppendorf tubes. RNA was

precipitated over-night with 1 vol 4 M LiCl. The tubes were centrifuged at 12,000 rpm

at 4°C for 10 min. The RNA pellet was washed with ethanol, dried in the sterile bench

and dissolved in H20. The RNA was stored at -20°C.

RNA gel electrophoresis

RNA molecules were separated by horizontal gel electrophoresis in formaldehyde

agarose gels. Gel and sample preparation and electrophoresis were performed in a fume

hood because of formaldehyde evaporation.

1% agarose formaldehyde gels were prepared as follows: 2 g agarose were dissolved in

143 ml H20 and 20 pi lOxMOPS acetate buffer (lOxMAE: 200 mM 3-[N-

morpholino]propanesulfonic acid (MOPS), 50 mM Na acetate, 10 mM Na2EDTA,

pH 7). After cooling down to 65°C, 33 ml 37% formaldehyde were added and the gel

was cast. Combs with large teeth were used.

Plant RNA was dried in a lyophilisator (Hetosicc) and dissolved in 2 pi H20. 5 pi

deionized formamide, 2 pi 37% formaldehyde, 1 pi lOxMAE and 1 pi 400 pg/ml

ethidium bromide were added. The samples were mixed, heated at 65°C for 10 min and

cooled on ice. After a brief centrifugation, 1 pi lOx dye mix (0.2% w/v xylene cyanol,

0.2% w/v bromophenol blue, 10 mM Na2EDTA, 50% v/v glycerol) were added. The

samples were vortexed, centrifuged briefly and loaded onto the gel (Rosen and Villa-

Komaroff, 1990).

Gel electrophoresis was performed in cooled MAE at a voltage of 3 V/cm.
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Run-off RNA labeling

Digoxigenin (DIG) labeled RNA probes for Northern hybridization were produced with

the DIG RNA labeling kit (Boehringer). Run-off RNA was produced by in vitro

transcription of the corresponding DNA sequence under control of a T3 promoter in

presence of nucleotides and DIG-UTP. 1 pg linearized template DNA, 1 mM NTP

(each) labeling mix, 20 U T3 RNA polymerase, and 20 U RNase inhibitor were

incubated in a total volume of 20 pi at 37°C for 1 h. Yield of labeled RNA was assessed

by comparison to dilutions of a standard DIG labeled RNA provided by the

manufacturer.

RNA detection by Northern blot and hybridization

Specific plant RNA sequences were detected by Northern blot and hybridization

(Alwine et al., 1977) to DIG labeled RNA probes followed by an immunoreaction with

an anti-DIG-alkaline phosphatase (AP)-conjugate and a chemiluminescent detection

reaction with Lumigen PPD. The DIG detection was performed following the DIG

nucleic acids detection kit (Boehringer, Mannheim, FRG) protocol provided by the

manufacturer.

3 pg plant RNA were prepared as described and loaded onto a 1% agarose formaldehyde

gel. The gel was run at 3 V/cm corresponding to 72 V till the bromophenol blue band

had migrated a distance of 6 cm. After electrophoresis, the gel was washed 3 times in

H20 on a shaker. The RNA was wet blotted over-night to a positively charged nylon

membrane (Boehringer). After blotting, the membrane was washed twice in 2xSSC.

RNA molecules were cross-linked to the membrane by baking at 120°C for 30 min.

The membrane was pre-hybridized at 65°C for 30 min in 40 ml hybridization buffer

(HB: 50% v/v deionized formamide, 5xSSC, 2% w/v blocking reagent, 0.1% v/v N-

lauroyl sarcosin, 0.2% w/v SDS). Siliconized glass tubes were used. For hybridization,

100 ng DIG labeled RNA were denatured at 65°C for 10 min, cooled on ice and added

to 5 ml HB. Hybridization was carried out at 65°C over-night. After use, the solution

was removed and stored at -20°C. The membrane was washed on a shaker in Wl

solution at RT for 5 min, and twice in W3 solution at 68°C for 15 min each.
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2.4 Proteins

Plant protein isolation

100 mg plant tissue were transferred to a 2 ml Eppendorf tube and frozen in liquid

nitrogen. 1.5 ml homogenization buffer (50 mM Tris HC1, pH 7.8, 250 mM sucrose,

25 mM KC1, 10 mM MgCl2, 100 mM Na2EDTA, 0.5% v/v Triton X-100 (Sigma), 0.5%

v/v P-mercaptoethanol) and Al203 powder were added and the tissue was ground to a

fine powder with a teflon pestle. The suspension was incubated on ice for 5 min and

centrifuged at 4°C and 12,000 rpm for 5 min. 1.2 ml supernatant were transferred to a

new tube. 400 pi 20% w/v trichloroacetic acid were added dropwise. The samples were

incubated on ice for 1 h and centrifuged at 4°C and 12,000 rpm for 5 min. The

supernatant and the white pellet were discarded. The grey pellet was washed 5 times in

ethanol. 1 ml ethanol was added, the proteins were resuspended with the pistil and again

pelleted by centrifugation. After washing, the pellet was briefly dried under vacuum. 50

pi Lammli buffer (68 mM Tris HC1, pH 6.8, 0.5% v/v P-mercaptoethanol, 10% v/v

glycerol, 2% w/v SDS, 5 ppm bromophenol blue) were added, and the pellet was

resuspended. The proteins were denatured at 95°C for 5 min and cooled on ice. The

sample was centrifuged at 12,000 rpm for 3 min. The supernatant was transferred to a

new tube. The pellet was centrifuged for another 30 min and the remaining supernatant

pooled with the rest.

Protein gel electrophoresis and staining

Polyacrylamide gel electrophoresis (PAGE) of proteins was performed with the Mini

Protean U electrophoresis cell (Bio-Rad). 10 or 12% denaturing polyacrylamide gels

were prepared with 29:1 or 37.5:1 acrylarnide/bis-acrylamide mixtures. Proteins were

denatured in Lammli buffer at 95°C for 3 min and cooled on ice immediately before

loading. Protein solutions were loaded with microcapillary loaders (Eppendorf,

Hamburg, FRG) and the proteins separated by electrophoresis at RT and 200 V. After

electrophoresis, the gels were Coomassie blue stained or subjected to blotting. For

staining, the gels were incubated in fixation buffer (50% v/v methanol, 10% v/v acetic

acid) for 1 h, in staining buffer (500 ppm Coomassie blue R-250 in fixation buffer) for 1

h, and in destaining buffer (5% v/v methanol, 7% v/v acetic acid) with pieces of

cepharen for dye adsorption for 3 h.
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Recombinant protein expression in E.coli, purification and refolding

A recombinant translational fusion protein was expressed in E.coli and purified by

column chromatography (Stiiber et al., 1990) following the QIAexpressionist manual

(Qiagen).

E.coli containing a pQE-16 (Qiagen) derived plasmid were grown in LB medium

supplemented with 100 pg/ml ampicillin at 37°C on a shaker. When the suspension had

reached OD6qo~OA, 1 mM JPTG was added. The bacteria were incubated for another 5 h

and harvested by centrifugation in a GS-3 rotor at 4,000 g for 20 min. The supernatant

was discarded and the pelleted bacteria were resuspended in 5 ml buffer A/g fwt (buffer

A: 6 M guanidine HC1, 0.1 M NaH2P04, 10 mM Tris, pH 8.0 (NaOH)) and stirred for 1

h. The suspension was centrifuged in 30 ml glass tubes in an SS-34 rotor at 9,000g

(10,000 rpm) for 15 min.

For denaturing purification, a small-size column (Qiagen) was prepared with 2 ml Ni-

NTA-resin. The column was washed with 10 ml buffer F (6 M guanidine HC1, 0.2 M

acetic acid) and 20 ml buffer A. The bacterial extract was loaded to the column. The

column was washed with 20 ml buffer A and buffers B and C (8 M urea, 0.1 M

NaH2P04, 10 mM Tris, pH 8.0 (NaOH) and 6.3 (HC1), 10 ml and 12 ml, respectively).

The protein was eluted with buffers D and E (8 M urea, 0.1 M NaH2P04, 10 mM Tris,

pH 5.9 (HC1) and 4.5 (HC1), 20 ml and 10 ml, respectively). The column effluents were

collected as 2 ml fractions.

The denatured, purified protein was refolded according to the QIAexpressionist manual

(Qiagen) following a protocol successfully used in zinc finger protein refolding

(Jaenicke and Rudolph, 1990). The protein solution was transferred to a dialysis tube

and incubated twice at 4°C for 15 h in stirred folding buffer (1 M urea, 50 mM Tris HC1,

0.005% Tween 80 (Merck), 2 mM glutathione (red.), 20 pM glutathione (ox.)).

Western blot and immunodetection

Proteins separated by PAGE were blotted on a membrane with the Mini TransBlot

Electrophoretic transfer cell (Bio-Rad) and detected with the Chemiluminescence

Western Blotting kit (Boehringer).

Proteins were blotted on a nitrocellulose membrane (Schleicher und Schtill, Dassel,

FRG) at 100 V for 1 h. The membrane was washed in Tris buffer saline (TBS: 20 mM

Tris HC1, pH 7.5, 0.5 M NaCl) and blocked in 2% w/v blocking solution (2% w/v

blocking reagent in TBS) at 4°C over-night. The blocked membrane was incubated with

50 pi antiserum raised in rabbit against the PosF21 fusion protein (R. Fischer, Inst, for

Biochemistry, ETH Zurich) in 5 ml 0.5% blocking solution (0.5% w/v blocking reagent

in TBS) on a roller shaker for 2 h. The membrane was washed in TBST (0.1% v/v

Tween 20 in TBS) and in 0.5% blocking solution for twice 10 min on a reciprocal
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shaker each. The membrane was incubated with 25 pi of anti-rabbit-IgG-POD solution

in 5 ml 0.5% blocking solution on a roller shaker for 2 h and washed four times in

TBST on a reciprocal shaker for 15 min each. The membrane was then incubated in

luminol/H202 detection solution for 1 min and exposed to X-ray film for several

seconds to minutes.

2.5 Plant culture and transformation

Axenic plant culture and large scale seed production

Axenic shoot cultures of tobacco (Nicotiana tabacum cv. Petit Havana SRI, Maliga et

al, 1973) were used as the source for plant mesophyll protoplasts. Tobacco seeds were

surface sterilized. They were put on a sterile filter paper and rinsed thoroughly in sterile

H20. Seeds were germinated on T medium. Shoots of young plantlets were cut and

subcultured on T medium in glass jars at 24°C in 16 h/d light and 8 h/d darkness. Every

6 weeks, the plantlets were subcultured.

Axenically grown seed derived Arabidopsis plants were used as the source for

mesophyll protoplasts and for extraction of nucleic acids and proteins. A.thaliana C24

(Vrije Universiteit, Brussels, B) seeds were surface sterilized in 7% w/v Ca(C10)2, \%o

Tween 80 in an Eppendorf tube for 10 min on an Eppendorf mixer. Sterilized seeds

were pelleted by brief centrifugation. The supernatant was removed with a sterile

pasteur pipette. The seeds were washed 5 times by addition of 1 ml H20 per tube, brief

vortexing, centrifugation, and supernatant removal. Washed seeds were left to dry in the

open Eppendorf tube in the sterile bench. Arabidopsis plants were grown on germination

medium (GM: 1/2MS, 1% w/v sucrose, pH 5.8) in 400 ml Plastem PTF beakers

(Sandherr, Diepoldsau, CH).

For Arabidopsis large scale seed production, seeds were grown on GM in petri dishes.

Germinated plantlets were transferred to soil 10 d after sowing. Plantlets were kept

moist by a protective transparent lid and sprayed tap water. Plantlets were grown at 12

h/d light and dark to promote formation of large rosette leaves. When bolting started,

aracon® containers (Beta Developments, Gent, B) were put over the plants which were

then transferred to the greenhouse for maturation and seed set.

Isolation of mesophyll protoplasts

Tobacco mesophyll protoplasts were isolated following Nagy and Maliga (1976). The

fully expanded leaves of a shoot culture were harvested and soaked in enzyme solution

(1.2% w/v cellulase "Onozuka" R10, 0.4% w/v macerozyme R10 (Yakult

Pharmaceutical, Tokyo, J) in K4 medium, filter sterilized). The midrib was removed, the

leaf halves were cut into pieces and the upper epidermis was wounded with a scalpel
blade. The leaf pieces were incubated in petri dishes containing 10 ml enzyme solution
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at 24°C over-night. After enzymatic digestion, the protoplast suspension was sieved

through a 100 pm steel sieve (Saulas, St. Louis Paris, F). 5 ml K4 medium were added

to each petri dish to recover the remaining protoplasts. The pooled protoplast suspension

was distributed to 12 ml round bottom centrifuge tubes. The suspensions in the tubes

were carefully overlaid with 1 ml W5 solution. The suspension was centrifuged at 80 g

for 10 min in a swing-out rotor in a table top centrifuge (Hettich). The protoplasts

floating at the interphase were collected with a wide tip pipette. Protoplasts of two tubes

were pooled in a new tube. For washing, they were resuspended in 10 ml slowly added

W5 solution and centrifuged at 70 g for 5 min; the supernatant was discarded. This

procedure was repeated. The washed protoplasts were resuspended in 5 ml W5 and

incubated at 4°C for at least 30 min. A 100 pi sample of the protoplast suspension was

diluted in 900 pi W5. The protoplasts were counted in a hematocytometer, and the

suspension density was calculated.

Arabidopsis mesophyll protoplasts were isolated following Damm and Willmitzer

(1989) and Karesch et al. (1991). The rosette leaves of 3 weeks old Arabidopsis plants

still in the vegetative phase were cut and incubated in 0.4 M mannitol, 6.8 mM CaCl2

solution for 1 h. The upper epidermis of the leaves was wounded. The leaves were

incubated in petri dishes containing 10 ml enzyme solution (1% w/v cellulase

"Onozuka" R10, 0.25% w/v macerozyme R10, 0.4 M mannitol, 10 mM CaCl2, pH 5.8)

at 24°C over-night. After enzymatic digestion, the protoplast suspension was sieved

through 100 pm and 50 pm steel sieves. The dishes were rinsed with 5 ml W5 each. The

pooled protoplasts were distributed to 12 ml round bottom centrifuge tubes and pelleted

by centrifugation at 80 g for 10 min. The supernatant was removed and the protoplasts

resuspended in 10 ml W5 and pelleted again by centrifugation as above. The supernatant

was removed save 2 ml, and 2 ml W5 and 4 ml 0.4 M mannitol were added. A sample of

100 pi protoplast suspension was diluted in 900 pi 0.17 M CaCl2. The protoplasts were

counted in a hematocytometer, and the total number of protoplasts was calculated.

Meanwhile, the suspension was centrifuged at 80 g for 10 min. The supernatant was

discarded, and the protoplasts were resuspended in 0.4 M mannitol and incubated on ice

in the dark.

Direct gene transfer to plant protoplasts

Protoplasts were suspended in MMM solution (15 mM MgCl2, 0.1% w/v

2-morpholinoethanesulfonic acid (MES), 0.5 M mannitol, pH 5.8) at a density of

protoplasts/ml. 250 pi suspension corresponding to 5105 protoplasts were pipetted into

a 12 ml centrifuge tube. 250 pi polyethylene glycol (PEG) 4000 or 6000 solution were

added to tobacco or Arabidopsis protoplasts, respectively. The protoplast suspension

and the PEG solution were mixed by gentle agitation and incubated for 5 min. 10 ml W5
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solution were added stepwise over a time period of 5 min. The protoplasts were pelleted

by centrifugation, resuspended in 2.5 ml K3 medium and incubated for expression of the

transgene at 24°C in the dark for 24 h.

Gene transfer to Arabidopsis leaf cells by microprojectile bombardment

Arabidopsis leaf cells were transiently transformed by microprojectile bombardment

with the particle inflow gun (PIG) (Finer et al, 1992). Gold particles (gold powder

spherical, 1.5-3 pm diameter, Aldrich, Buchs, CH) were used. Particles were sterilized

in ethanol, dried and coated with plasmid DNA. For coating, 50 pi Au particle

suspension (50 pg/pl) and 10 pi plasmid DNA (1 pg/pl) were mixed. The mixture was

vortexed at full power while 50 pi 2.5 M CaCl2 and 20 pi 0.1 M spermidine free base

were added. Vortexing was continued for 3 min. 100 and 200 pi ethanol were added to

the suspension still being vortexed. The suspension was incubated at -20°C for 30 min

for DNA precipitation and then briefly centrifuged. The supernatant was removed and

replaced by 40 pi H20 and 10 pi plasmid DNA (1 pg/pl).

The four youngest leaves of an axenically grown Arabidopsis plant in the vegetative

stage were cut and pre-plasmolyzed in 1/2MS, 0.4 M sucrose for 5 h. The pre-

plasmolyzed leaves of two plants were mounted on solid 0.5xMS medium and put into

the vacuum chamber of the PIG at a distance of 11 cm from the filter. 10 pi

particle/DNA suspension/solution, corresponding to 4 pg DNA, were loaded onto the

filter. A 280 pm steel mesh sieve (Saulas) was positioned 6 cm from the filter. The

chamber was evacuated to 200 mbar and the particles were accelerated by a helium jet

generated by 8 bar He for 50 ms. The vacuum was released and the leaves were

transferred to liquid 1/2MS, 0.4 M sucrose for gene expression at 24°C in the dark for

24 h. For prolonged incubations, the medium was changed after 24 h to 1/2MS, 0.2 M

sucrose.

Agro&acterium-mediated gene transfer to Arabidopsis root explants

Arabidopsis root cells were transformed via Agrobacterium-mediated gene transfer

following a modified protocol of Valvekens et al (1988). Roots of 3 weeks old

axenically grown Arabidopsis plantlets were used for gene transfer. Only plantlets in the

vegetative stage were used. The plantlets were gently pulled out of the medium with a

forceps, and the aerial organs were removed except for the basal part of the hypocotyl.
The root bundle was cut to a length of 1-2 cm and incubated on solid callus induction

medium (CTM: B5 medium, 2% w/v glucose, 0.5 g/1 MES, 0.5 pg/ml 2,4-

dichlorophenoxyacetic acid, 0.05 pg/ml kinetin, pH 5.8) at 20°C for 3 d.
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Agrobacteria containing T-DNA were grown in a large culture to an 00600=0.2 of a

1:20 dilution. To remove selective agents from the bacterial solution, the bacteria were

centrifuged at 1,500 g for 10 min, the supernatant was discarded and replaced by 1 vol

YEP. This washing procedure was repeated.

About 50 root explants were put into 40 ml B5 solution in a 100 ml beaker. 2 ml washed

bacteria suspension were added. The mixture was shaken gently for 2 min and poured

over a 280 pm steel sieve on a 100 ml beaker. The explants were picked with a forceps,

blotted briefly on filter paper and wounded superficially with a scalpel. They were

transferred to fresh CM, keeping the root system bundled. The root explants were co-

cultivated with the bacteria at 20°C for 2 d. After co-cultivation, the explants were

washed three times in 30 ml B5 in a 100 ml beaker by gentle shaking. The washed

explants were blotted briefly on a filter paper and transferred to shoot induction medium

(STM: B5 medium, 2% w/v glucose, 0.5 g/1 MES, 5 pg/ml N6-(2-isopentenyl) adenine,

0.15 pg/ml indole-3-acetic acid, pH 5.8) supplemented with 50 pg/ml kanamycin and

750 pg/ml vancomycin. The root explants were grown at 20°C for 4 to 5 weeks.

Condensation water on the lids was removed. Root explants were checked for

development of calli and shoots once a week., two batches of shoots were excised under

a stereo microscope after 4 and 5 weeks, respectively, and transferred to root induction

medium (RIM: 1/2MS, 1% w/v sucrose, 10 pg/ml indole-3-butyric acid, pH 5.8)

supplemented with 50 pg/ml kanamycin. If possible, several shoots from an individual

callus were excised. The shoots were cultivated on RIM for 1 week and then transferred

to GM supplemented with 50 pg/ml kanamycin in large test tubes. The shoots were

regenerated to R0 plants until flowering and seed set at 20°C and light for 16 h/d and

16°C and darkness for 8 h/d. Condensation water on the inner tube wall was evaporated

in the sterile bench. Rl seeds were harvested when the siliques were dry. The seeds were

air dried at RT and cold treated at 4°C for at least 2 weeks.

2.6 Phenotype analysis

Kanamycin resistance analysis

Seeds were sown on germination medium supplemented with 50 pg/ml kanamycin. 50

seeds were sown on a 9 cm petri dish. 4 wild-type seeds were sown next to the rim as

controls. Kanamycin sensitivity, visible as bleached cotyledons and non-growth of roots,

was assessed 2-3 weeks after sowing. The ratio of kanamycin-resistant vs. kanamycin-

sensitive plantlets was determined and %2-tested to assess the number of independent

loci of nptll gene integration.
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Histochemical GUS assay

A histochemical assay for the activity of P-glucuronidase (Jefferson, 1987) was used to

assess expression of the transferred uidA gene. The assay was performed with whole

plantlets or isolated organs. The tissues were submerged in 500 pi histochemical GUS

assay solution (100 mM Na2HP04/KH2P04, pH 7.0, 10 mM Na2EDTA, 5 mM

K4[Fen(CN)6], 5 mM K3[Fem(CN)6], 0.1% v/v Triton X-100, 0.3% w/v 5-bromo-4-

chloro-3-indolyl p-D-glucuronide (X-Gluc, Biosynth, Staad, CH) (Mendel et al, 1989).

The solution was infiltrated into the tissue by applying 200 mbar pressure in a vacuum

chamber for several times. The samples were incubated at 37°C over-night. The assay

solution was discarded and the tissues were incubated in fixation solution (20% v/v

ethanol, 13.5% formaldehyde, 5% v/v acetic acid) for 10 min on a shaker. The tissues

were bleached in 50% v/v and pure ethanol for 5 min each on a shaker. Ethanol was

replaced by H20 for micrography.

Fluorimetric GUS assay

A fluorimetric assay for GUS activity quantification in protoplast or tissue extracts was

performed following the protocol of Jefferson (1987).

Protoplasts incubated for gene expression were washed. 8 ml W5 solution were added to

the protoplast suspension and the protoplasts were pelleted by centrifugation at 70 g in a

swing-out rotor on a table top centrifuge for 5 min. The supernatant was removed, 1 ml

was left to resuspend the protoplasts. The procedure was repeated. The protoplast

suspension was transferred to an Eppendorf tube and centrifuged briefly. The

supernatant was discarded, and 100 pi extraction buffer (50 mM NaH2P04/Na2HP04,

pH 7.0, 10 mM Na2EDTA, 10 mM P-mercaptoethanol, 0.1% w/v N-lauroyl sarcosine,

0.1% v/v Triton X-100 (Sigma)) were added. The protoplast cells were disrupted by

three ultrasonic pulses of 1 s each with a sonifier (B. Braun Diessel Biotech, Melsungen,

FRG). The solid cell debris was pelleted by centrifugation at 12,000 rpm for 30 s. The

supernatant, i.e. the cellular extract, was transferred to a new Eppendorf tube and stored

eitherat4°Corat-70°C.

Plant tissue was submerged in 200 pi extraction buffer in an Eppendorf tube. Al203

powder was added and the tissue was ground with a glass pestle. The debris was pelleted

by centrifugation at 12,000 rpm for 30 s. The supernatant was transferred to a new

Eppendorf tube and stored either at 4°C or at -70°C.

The protein concentration in the extract was measured by Coomassie blue staining and

spectrometry (Bradford, 1976). For fluorimetry, 50 pi extract were incubated in 500 pi

pre-warmed fluorimetric assay solution (1 mM 4-methyl-umbelliferyl-P-D-glucuronide

(4-MUG, Sigma) in extraction buffer) at 37°C for several minutes to hours. At desired

timepoints, 100 pi samples were taken and added to 900 pi stop buffer (0.2 M Na2C03).
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Stopped samples were stored at 4°C if necessary. The fluorescence was measured with a

fluorimeter at 365 nm excitation and 445 nm emission wavelengths. 4-methyl-

umbelliferon (MU, Fluka) at different concentrations served as a standard.

Karyotype analysis

The karyotype of Arabidopsis cells was analyzed by 4',6'-diamidino-2-phenylindole

(DAPI) staining of metaphase chromosomes and fluorescence microscopy (Maluszynska

and Heslop-Harrison, 1991). Seeds were germinated on GM at 20°C for 3 d. The

seedlings were collected and incubated in 2 mM 8-hydroxyquinoline at RT followed by

4°C for 30 min each, fixed in a freshly prepared methanol/acetic acid (3:1) solution at

RT for 1 h and washed in 1 mM citrate buffer, pH 4.8, at RT for 5 min. The seedlings

were incubated in an enzyme solution (2% w/v pectinase (Fluka), 0.2% w/v cellulase

"Onozuka" RIO) in 10 mM citrate buffer) at 37°C for 30 min followed by another

washing step in 10 mM citrate at RT for 5 min. The root tips were collected with a

forceps under the microscope and incubated in 45% acetic acid for a few min until they

turned transparent. The root tips were transferred to a slide in 10 pi 45% acetic acid,

overlaid with a cover glass and squashed. The slide was frozen on dry ice. The sample

was air dried and stained with a drop of 0.1 pg/pl DAPI in Mcllvaine's buffer (18 mM

Na citrate, 164 mM Na2HP04, pH 7). The stained sample was washed with H20, air

dried and covered. The samples were examined by fluorescence microscopy at 365 nm

excitation wavelength.

Histology

For histological analysis, GUS-stained tissues were embedded in methacrylate resin

(Kulzer, Friedrichsdorf, FRG) following a modified protocol of van der Wiel et al.

(1990). Plant tissues were fixed in 3% paraformaldehyde, 0.25% glutaraldehyde in 0.1

M Na phosphate buffer, pH 7.2, at RT for 2 h. After fixation, tissues were dehydrated in

30, 50, 70, 90% v/v and pure ethanol for 30 min each. Dehydrated tissues were

pretreated in embedding solution at RT for 2 h and embedded in methacrylate at RT.

Embedded tissues were sectioned at 24 pm slice thickness. Tissue sections were

separated from the resin matrix and fixed to glass slides by drying at 50°C. Fixed

sections were stained with 0.02% ruthenium red for 2 h (Biebl and Germ, 1967), rinsed

with H20 and air dried. Stained sections were mounted with Canada balsam (Fluka) and

covered for micrography.
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3 Results

3.1 An amino acid residue conserved in bZIP proteins is altered in PosF21

The primary structure of the basic domain of various bZIP proteins from plants, animals,

and fungi were compared (Fig. 1). Of all the plant amino acid sequences included, the

highest homology to the PosF21 basic domain was found in VSF-1 from tomato

(Lycopersicon esculentum Mill.). The primary structure of the basic domain of this

protein showed a 72% homology to PosF21, a degree not matched by any of the other

bZIP proteins (Heierli, 1993). Several highly conserved amino acid residues can be

identified in the basic domain of the bZIP proteins. Among them, an asparagine and an

arginine residue essential for DNA binding are completely conserved. The only

exceptions are PosF21 and VSF-1 which differ from the consensus sequence in an

arginine to lysine substitution. This alteration suggests a mode of DNA-protein

interaction for PosF21 distinct from the majority of the bZIP proteins isolated so far.
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3.2 Analysis of PosF21 promoter activity and PosF21 auto-regulation
via transient transformation of Arabidopsis and tobacco

Transient transformation of tobacco and Arabidopsis protoplasts by PEG-mediated

direct gene transfer was used to address two questions. First, the PosF21 region

upstream of the coding region was examined for its cw-activity. Second, the hypothesis

that the PosF21 gene product was autoregulative, i.e. could repress or trans-activate its

own transcription, was tested. The transformation experiments were performed in a

homo- and heterologous system, i.e. Arabidopsis and tobacco protoplasts, respectively.

The experiments were performed using the uidA reporter gene and fluorimetry.

3.2.1 Plasmid constructs for transient transformation experiments

Several plasmids were constructed as reporter or over-expression plasmids for transient

transformation experiments. Reporter plasmids were constructed as transcriptional

fusions of PosFll and Cauliflower Mosaic Virus (CaMV) 35S promoters and the uidA

coding sequence. Over-expression plasmids were transcriptional fusions of the CaMV

35S promoter and derivatives of the PosFll coding sequence. Additional plasmids were

constructed as intermediates to facilitate molecular cloning work (Fig. 2). Construction

work and design was done in collaboration with R.A. Aeschbacher.

The intermediate plasmid pGCl was obtained by insertion of the uidA gene into the

pBSK- vector (Stratagene, La Jolla, CA). A 2.0 kb fragment containing uidA and the nos

terminator was excised from pBHOl (Clontech, Palo Alto, CA) by digestion with Smal

and EcoRl. The fragment was inserted into pBSK- digested with Smal and £coRI.

The intermediate plasmid pGC3 was obtained by insertion of the CaMV 35S promoter

into pBSK-. A 562 bp fragment containing the CaMV 35S promoter was excised from

pDH51 (Pietrzak et al, 1986) by digestion EcoRI and Sail. The fragment was inserted

into pBSK- digested with EcoRI and Sail.

The intermediate plasmids pP21A and pP21B were obtained by insertion of a PosFH

promoter element into pBSK-. p21mod was digested with EcoKl and Hphl. The 394 bp

fragment originally located upstream of the PosFll coding sequence was treated with

T4 DNA polymerase to trim ends. The resulting 395 bp fragment was inserted into

pBSK- digested with Smal in both orientations to yield pP21A and pP21B, respectively.

These plasmids were provided by R.A. Aeschbacher.

The reporter plasmids pGC21A and pGC21B were transcriptional fusions of the PosFll

promoter to uidA in direct and inverted orientations, respectively. A 2.2 kb fragment

containing uidA and the nos terminator was excised from pGCl by digestion with Smal

and HindHl followed by Klenow enzymatic treatment to trim ends. The fragment was
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inserted into pP21A and pP21B to yield pGC21A and pGC21B, respectively. "GC"

stands for GUS cassette.

The control plasmids pGC35A and pGC35B were transcriptional fusions of the CaMV

35S promoter to uidA in direct and inverted orientations, respectively. A 580 bp

fragment containing the 35S promoter was excised from pGC3 by digestion with Xbal.

The fragment was inserted into pGCl digested with Xbal in direct and inverted

orientation to yield pGC35A and pGC35B, respectively.

The over-expression plasmids pOE21A and pOE21B were transcriptional fusions of the

35S promoter to the full length PosFH coding sequence in direct and anti-sense

orientation, respectively. A 1299 bp fragment containing the coding sequence and 75 bp

untranslated leader of PosFll was obtained by digestion of p21mod with Nhel and

SnaBI. The trimmed fragment was inserted into pDH51 digested with Smal in both

orientations to yield pOE21A and pOE21B. "OE" stands for over-expression.

The over-expression plasmid pOE21D contained a PosFll coding sequence devoid of

the bZIP domain. pOE21A was digested with Espl and Mscl, Klenow enzymatically

treated and religated in frame to excise a 306 bp fragment containing the basic domain

and leucine zipper region.

The over-expression plasmids pOE21E and pOE21F were derived from pOE21A and

pOE21D, respectively. The 75 bp leader sequence was deleted to prevent the possibility

of homologous recombination of over-expression plasmids with the reporter plasmid

pGC21A. A 1421 bp fragment obtained by digestion of pOE21A with £coRV and

BamHl was partially digested with Hphl. The 1244 bp fragment was trimmed by T4

DNA polymerase and inserted into pDH51 digested with Smal to yield pOE21E. A 1115

bp fragment obtained by digestion of pOE21D with £coRV and BamHl was partially

digested with Hphl. The 938 bp fragment was trimmed by T4 DNA polymerase and

inserted into pDH51 digested with Smal to yield pOE21F.

The over-expression plasmid pOE21G was a transcriptional fusion of the CaMV 35S

promoter to the PosFU region coding for the bZJP domain with an eukaryotic

translation start context. A 1858 bp fragment containing the uidA coding sequence and

the 35S terminator obtained by digestion of pNcoGUS (J.M. Bonneville, FMI Basel,

CH) with Ncol and EcoRl was Klenow enzymatically treated and inserted into pDH51

digested with Smal. The resulting intermediate plasmid was digested with BamHl and

partially digested with Ncol to yield a 3.5 kb vector fragment which was Klenow

enzymatically treated. To isolate the bZIP domain of PosFll, pOE21A was digested

with Sacl and Mscl to yield a 708 bp fragment which was digested with HaeUl to yield a

434 bp fragment containing the bZJP domain. This fragment was inserted in frame into

the 3.5 kb vector fragment to yield pOE21G.
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Figure 2 Plasmid constructs used for PEG- and microprojectile mediated DNA transfer to

tobacco and Arabidopsis cells
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3.2.2 Transient transfection of tobacco and Arabidopsis protoplasts

by direct gene transfer

A PosFll promoter fragment cw-activates uidA expression

in tobacco and Arabidopsis protoplasts

In order to assess the activity of the PosFll promoter, tobacco and Arabidopsis

protoplasts were transiently transformed with plasmid DNA containing uidA driven by

different promoter sequences. Plasmids pGC35A and pGC35B were used as positive

and negative controls, respectively, for uidA expression in plant cells. In Arabidopsis

protoplasts, two additional controls were used. The plasmid pHW14 was a positive

control plasmid, highly expressing uidA driven by a CaMV 35S promoter with an

eukaryotic translation start context (Plant Genetic Systems, Gent, B). pBIlOl was a

promoterless uidA plasmid construct used as a negative control. The activity of a 0.3 kb

PosFll promoter fragment was tested in pGC21A, whereas pGC21B was a negative

control (Figs. 3,4).

Both in tobacco and Arabidopsis protoplasts, cw-activity of the PosFll promoter could

be demonstrated. The background levels of GUS activity were low in both species.

In tobacco protoplasts, the PosFll promoter drove uidA expression to a GUS activity

lOfold above endogenous background level. In contrast, no expression from the negative

control pGC21B was observed. GUS activity from pGC35A was 2.5fold higher than

from pGC21A, whereas no expression was observed from the negative control pGC35B

(Fig. 3).

In Arabidopsis protoplasts, PosFll promoter driven uidA expression from pGC21A was

300fold above background. Expression from pGC21B was also observed, reaching

about half of the pGC21A level, whereas expression from pGC35A reached only a third

of the pGC21A level. Transfection with pHW14 caused saturation of the GUS assay

within 24 h, thus being at least lOfold stronger than pGC21A. Expression from pBIlOl

was not above background (Fig. 4).
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control pGC21A pGC21B pGC35A pGC35B

Figure 3: Transient GUS activity in tobacco protoplasts after PEG-mediated DNA transfer. Samples of

5 105 protoplasts were incubated with 20 ug reporter plasmid DNA as indicated, cultivated for 24 h, and

extracted. The extract was fluorimetrically assayed for GUS activity after 24 h incubation with 4-MUG.

Bars represent average of 5 samples, error bars represent 95% confidence limits.

Figure 4: Transient GUS activity in Arabidopsis protoplasts after PEG-mediated DNA transfer. Samples of

5 105 protoplasts were incubated with 20 |ig reporter plasmid DNA as indicated, cultivated for 24 h, and

extracted. The extract was fluorimetrically assayed for GUS activity after 24 h incubation with 4-MUG.

Bars represent average of 5 samples in one repetition of the experiment, error bars represent 95%

confidence limits.
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Over-expression of PosFll frans-activates the PosFll promoter

in tobacco and Arabidopsis protoplasts

In order to test the possibility of autoregulation of PosF21, transient cotransfection

experiments were performed (Figs. 5, 6). 20 Lig of the reporter plasmid pGC21A were

introduced into plant cells together with increasing amounts of 1, 5 and 10 u.g of

pOE21A and pOE21B, over-expressing PosF21 as sense or anti-sense transcripts,

respectively. In tobacco and Arabidopsis protoplasts, PosFll promoter driven GUS

activity was increased by addition of PosF21 expressing plasmid.

In tobacco protoplasts, two repetitions of the experiment were done. In one experiment,

addition of 1 and 5 |ig pOE21A increased GUS activity 2fold, whereas addition of 10

jUg caused a 5fold increase. In contrast, both 1 and 10 iig pOE21B caused a 2fold

increase. In a second experiment, addition of 1, 5 and 10 [Ug pOE21A increased GUS

activity 2-, 4- and 8-fold, respectively, whereas 1 (xg pOE21B caused only a slight

increase and 5 and 10 jug pOE21B resulted in decreased GUS activity.

In Arabidopsis protoplasts, addition of 1 and 5 jug pOE21A increased GUS-activity

2fold, whereas addition of 10 |ig caused a lOfold increase. The effect of the addition of

5 |ig pOE21A, however, was not statistically significant. In contrast, addition of

pOE21B did not increase GUS-activity.
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Figure 5 Transient GUS activity in tobacco protoplasts after PEG mediated gene transfer Samples of

5 105 protoplasts were incubated with 20 ug pGC21A reporter plasmid DNA and 1, 5 and 10 ug pOE21A
or pOE21B PosF21 over-expression and antisense plasmid DNA as indicated The protoplasts were

cultivated for 24 h and extracted The extract was fluorimetrically assayed for GUS activity after 24 h

incubation with 4-MUG Bars represent average of 5 samples in one repetition of the expenment, error

bars represent 95% confidence limits

control pGC21A pGC21A pGC21A pGC21A pGC21A pGC21A pGC21A
+1 pOE21A +5p0E21A +10pOE21A +1pOE21B +5p0E21B +10pOE21B

Figure 6 Transient GUS activity in Arabidopsis protoplasts after PEG mediated gene transfer Samples of

5 105 protoplasts were incubated with 20 ug pGC21A reporter plasmid DNA and 1, 5 and 10 ug PosF21

over-expression and antisense plasmid DNA as indicated The protoplasts were cultivated for 24 h and

extracted The extract was fluorimetrically assayed for GUS activity after 24 h incubation with 4-MUG

Bars represent average of 5 samples, error bars represent 95% confidence limits.
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The bZIP domain of PosF21 is important for rrarcs-activation

of the PosFll promoter in protoplasts

In order to analyze the function of the bZIP domain in the putative transcription factor

PosF21, a deletion mutant of PosFll lacking the region coding for the bZIP domain was

used in cotransfection experiments. The reporter plasmid pGC21A was transfected

together with 10 jig of pOE21A and pOE21D, over-expressing full length and deletion

mutant PosFll sequences, respectively (Fig. 7).

Tobacco protoplasts were transformed with 20 u.g pGC21A. Addition of 10 (ig pOE21A

increased GUS-activity 20fold to a level greater than the positive control of pGC35A. In

contrast, addition of 10 jig pOE21D increased GUS activity only lOfold. Thus, deletion

of the PosFll region coding for bZIP caused a decrease but not a complete abolition of

fra/w-activation in tobacco protoplasts.

3 40

5

20 Wm

control pGC21A pGC21A pGC21A pGC35A pNcoGUS

+pOE21A +pOE21D

Figure 7: Transient GUS activity in tobacco protoplasts after PEG mediated gene transfer. Samples of

5 105 protoplasts were incubated with 20 ug pGC21A reporter plasmid and 10 ug PosF21 over-expression

plasmid DNA as indicated, cultivated for 24 h, and extracted. The extract was fluorimetrically assayed for

GUS activity after 24 h incubation with 4-MUG. Bars represent average of 5 samples, error bars represent
95% confidence limits.
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Deletion of a homologous sequence in cotransfected plasmids

decreases GUS expression in protoplasts

The reporter plasmid pGC21A and the over-expression plasmids pOE21A, B and D

share a homologous region consisting of the untranslated leader sequence of PosFll. It

could not be ruled out that extrachromosomal recombination events between the

plasmids could yield to transcriptional CaMV 35S promoter::uidA fusions leading to

high GUS activity. Therefore, over-expression plasmids pOE21A and pOE21D and the

corresponding plasmids pOE21E and pOE21F lacking the 75 bp homologous region

were used in cotransfection experiments with the pGC21A reporter plasmid (Fig. 8).

In two experiments with tobacco protoplasts, pOE21A increased GUS expression from

pGC21A 15fold, about twice the increase caused by pOE21D, thus confirming the result

obtained earlier. Addition of pOE21E increased GUS activity lOfold, about twice the

increase caused by pOE21F. rra/is-activation by pOE21A was stronger than pOE21E,

and pOE21D was stronger than pOE21F.

Deletion of the sequence homology between the plasmids was shown to have a negative
effect on GUS activity independent of the PosFll sequence. On the other hand, the

PosF21 bZIP domain was demonstrated to be important for fra/M-activation of the

PosFll promoter with non-homologous plasmids.

5

control pGC21A pGC21A pGC21A pGC21A pGC21A

+pOE21A +pOE21D +pOE21E +pOE21F

Figure 8: Transient GUS activity in tobacco protoplasts after PEG mediated gene transfer. Samples of

5-10 protoplasts were incubated with 20 ug pGC21A reporter plasmid and 10 ug PosF21 over-expression

plasmid DNA as indicated, cultivated for 24 h, and extracted. The extract was fluorimetrically assayed for

GUS activity after 24 h incubation with 4-MUG. Two repetitions of the experiments were done. Bars

represent average of 5 samples in one repetition, error bars represent 95% confidence limits.
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The bZIP domain of PosF21 alone but not PosF21 without the bZIP domain are

sufficient for trans-activation of the PosFll promoter in protoplasts

In order to test whether the frans-activation observed in cotransfection with over-

expression plasmids coding for PosF21 devoid of its bZIP domain was caused by a

carrier DNA effect, a non-transcribed plasmid was used in cotransfection experiments. It

was also postulated that the PosF21 bZIP domain alone might down-regulate the

PosFH promoter by binding to the DNA but not activating transcription. The over-

expression plasmids pOE21E and pOE21F, pBSK- as an inert DNA control and

pOE21G expressing only the bZIP domain were used in cotransfection experiments with

the pGC21A reporter plasmid (Fig. 9).

In three experiments with tobacco protoplasts, addition of pBSK- increased GUS

expression from pGC21A 2fold. Addition of pOE21E increased GUS activity 5- to

8fold, whereas activation by pOE21F was two to three times lower. Activation by

pOE21F was not different from the background activation effect caused by pBSK-. In

contrast to the postulated down-regulatory effect of pOE21G, addition of this plasmid

caused a 6- to lOfold increased GUS activity. In two experiments, trans-acii\atiox\. by

pOE21E and pOE21G were not different, in one experiment, trans-act\\ation by

pOE21G was strongest.
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Figure 9: Transient GUS activity in tobacco protoplasts after PEG mediated gene transfer. Samples of

5-105 protoplasts were incubated with 20 ug pGC21A reporter plasmid and 10 ug PosF21 over-expression

plasmid DNA as indicated, cultivated for 24 h, and extracted. The extract was fluorimetrically assayed for

GUS activity after 24 h incubation with 4-MUG. Three repetitions of the experiments were done. Bars

represent average of 5 samples in one repetition of the experiment, error bars represent 95% confidence

limits.



Results 49

PosF21 rrarcs-activates the PosFll promoter but

not the CaMV 35S promoter in protoplasts

The specificity of the frans-activation of the PosFll promoter by PosF21 was tested.

Promoterless, PosFll promoter and CaMV 35S promoter driven uidA reporter

plasmids, i.e. pGCl, pGC21A and pGC35A, respectively, were used in cotransfection

experiments with the pOE21E and pOE21F over-expression plasmids (Fig. 10).

In three experiments with tobacco protoplasts, pGCl showed no GUS activity, neither

alone nor cotransfected with pOE21E or pOE21F. GUS activity from pGC21A was

increased 5- to 8fold upon addition of pOE21E, whereas trans-actiwation by pOE21F

was only half. GUS activity levels from pGC35A were similar to those from pGC21A

cotransfected with pOE21E. Cotransfection of pGC35A with either pOE21E or pOE21F

resulted in increased GUS activity, however, the effects of the over-expression plasmids

were ambiguous. Activation by pOE21E was equal to, stronger and weaker than

pOE21F in one of the three experiments each. Moreover, the activation was less than

1.5fold in all cases, thus being weaker than the activation of pGC21A by the inert

plasmid pBSK- observed in earlier experiments.
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+pOE21E -tpOE21F 4p0E21E -tpOE21F -tpOE21E 4pOE21F

Figure 10: Transient GUS activity in tobacco protoplasts after PEG mediated gene transfer. Samples of

5 105 protoplasts were incubated with 20 ug pGC21A reporter plasmid and 10 ug PosF21 over-expression

plasmid DNA as indicated, cultivated for 24 h, and extracted. The extract was fluorimetrically assayed for

GUS activity after 24 h incubation with 4-MUG. Three repetitions of the experiments were done. Bars

represent average of 5 samples in one repetition of the experiment, error bars represent 95% confidence

limits.
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Transient transfection of Arabidopsis leaf cells via microprojectile bombardment

It was demonstrated that over-expression of PosF21 frans-activated PosFll promoter

driven uidA expression in protoplast systems. In order to test the hypothesis of trans-

activation in planta, a similar approach was used including microprojectile

bombardment of transgenic Arabidopsis leaves. Plants of a transgenic Arabidopsis line

containing a T-DNA insert with a PosFll promoter::uidA reporter gene were used. The

GUS activity in leaves in these plants was detectable by fluorimetry but not by

histochemical staining. However, the threshold of GUS activity visually detectable by

histochemistry was less than 5fold higher. It was therefore assumed that frvmy-activation

by PosF21 at an extent comparable to the protoplast system should lead to visible GUS

activity. The rran5-activating signal was to be provided by the over-expressing plasmid

pOE21A delivered to the cells via microprojectile bombardment of Arabidopsis leaves.

Adjustment of parameters for microprojectile bombardment

In a series of transfection experiments, several parameters of microprojectile

bombardment with the particle inflow gun (PIG) device (Finer et al, 1992) and plant

tissue culture were adjusted to obtain a high number of GUS expressing cells in

Arabidopsis leaves. Parameters tested included gas pressure, target and screen positions,

screen mesh width, particle density and tissue culture conditions. These tests were

performed with leaves of Arabidopsis C24 wild-type plants and the reporter plasmid

pNcoGUS containing a transcriptional fusion of the CaMV 35S promoter to uidA with a

eukaryotic translation start context. The 4 youngest leaves of an Arabidopsis plant were

mounted as the target; each treatment was repeated 3 to 8 times.

Gas pressure and target position were tested. Treatments were 6 and 8 bar pressure and

8.5 and 11 cm distance between filter muzzle and target. Leaves positioned at 11 cm

distance expressed GUS at an average of 6 and 3 blue cells/leaf at 6 and 8 bar pressure,

respectively. In contrast, leaves positioned at 8.5 cm distance expressed GUS at an

average of less than 1 blue cell/leaf both at 6 and 8 bar pressure.

Gas pressure and screen mesh width were tested. Treatments were 6 and 8 bar pressure

and 280 and 500 pim screen mesh width. Treatments with the 500 }im mesh resulted in

about 8 and 9 blue cells/leaf at 6 and 8 bar pressure, respectively. In contrast, using a

280 pun mesh resulted in 4 and 3 blue cells/leaf at 6 and 8 bar pressure, respectively.

Gas pressure and particle density were tested. Treatments were 6 and 8 bar pressure and

250 and 500 pig Au particles/shot. 250 pig particles/shot resulted in about 8 and 9 blue

cells/leaf at 6 and 8 bar pressure, respectively, whereas 500 pig particles/shot resulted in

about 6 and 4 blue cells/leaf at 6 and 8 bar pressure, respectively.

The influence of osmotic treatment of leaves prior to bombardment was tested. Leaves

were incubated in 1/2MS supplemented with 0.2, 0.4 and 0.6 M sucrose for 5 h.
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Pretreatment with 1/2MS+0.4 M sucrose yielded about 27 blue cells/leaf. In contrast,

addition of 0.2 and 0.6 M sucrose to the osmoticum resulted in about 10 and 9 blue

spots/leaf, respectively. (Table 1)

In these experiments, suitable conditions for microprojectile bombardment of

Arabidopsis leaves were found, including pretreatment of leaves in 1/2MS+0.4 M

sucrose, bombardment at 8 bar pressure with 250 |ig particles/shot, use of a 500 pim

mesh width screen, and a shooting distance of 11 cm. It has to be pointed out, however,

that these parameters do not necessarily represent optima, as the goal of the experiments

was limited to the adjustment of the conditions for the specific purpose mentioned

above.

PosF21 does not visibly rrans-activate the PosFll promoter in Arabidopsis leaves

Leaf cells of the transgenic Arabidopsis G21B line 72.1621.3 expressing uidA driven by

a 0.3 kb PosFll promoter fragment were transiently transfected with pOE21A via

microprojectile bombardment. Bombardment of leaves with pNcoGUS was used as a

positive control. A large number of blue stained cells were observed after bombardment,

indicating a high efficiency of DNA delivery and gene expression (Fig. 11A).

In two experiments, a total of 64 leaves were bombarded with pOE21A-loaded

microprojectiles. In each of the experiments, no blue cells were found except for one

blue stained trichome cell (Fig. 1 IB).

In a third experiment, several negative control treatments were included. No

bombardment, bombardment with particles either empty or loaded with pBSK- or

pOE21B. In order to promote a possible histochemical GUS staining response to

transient PosF21 activity, bombarded leaves were cultured for 40 h to allow transient

gene expression. A GUS staining solution without oxidation agents, allowing stronger,

but less cell specific staining, and a longer incubation time were used (Jefferson, 1987).

In all treatments including the negative controls, GUS staining could be seen in large

areas. However, distinct, cell specific GUS expression was not observed (Fig. 12).

Thus, under conditions strongly favoring histochemical GUS staining, uidA expression

in the transgenic Arabidopsis leaf GUS activity became visible. The positive control

treatments with pNcoGUS indicated successful particle delivery and transient gene

expression in leaf cells in all experiments. A possible frans-activating effect of the

pOE21A gene delivery into leaf cells is therefore below the threshold of visual

detection.
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parameters A B C D

osmotic pretreatment [h] 5 3 5 5

osmot. sucrose cone. [M] 0.2 0.2 0.2 test

screen distance [cm] 6 6 6 6

shooting distance [cml test 11 11 11

screen mesh width [,im] 280 test 280 280

particle density [ug/shot] 250 500 test 250

propellant pressure [bar] test test test 8

shot volume [nil 5 5 10 10

particle coating no no yes yes

tested parameters

propellant shooting transient GUS activity

pressure distance

[bar] [cm] [n blue cells/leaf] avg

6 8.5 3 0 2 2 0 1 0 0 0 0 0 0 0.7

6 11.0 8 17 8 12 0 7 10 0 0 1 9 1 6.1

8 8.5 0 10 1 2 0 0 0 0 3 2 0 0.8

8 11.0 5 5 10 6 2 0 2 2 1 2 0 0 2.9

propellant screen transient GUS activity

pressure mesh width

[bar] [iim] [n blue cells/leaf] avg

6 280 5 1 1 12 16 3 2 0 0 0 4 16 0 0 4.3

6 500 3 0 12 5 4 8 2 13 13 24 7 1 1 15 11 7.9

8 280 0 1 5 10 1 1 2 1 10 0 3 0 1 5 0 2.7

8 500 14 1 3 12 11 7 14 9 12 3 0 7 1 16 22 8.8

propellant

pressure

[bar]

particle

density

[lig/shot]

transient GUS activity

[n blue cells/leaf] avg

6

6

8

8

250

500

250

500

5 2 10 11

12 1 23 12

0 0 10

4 2 17 17

5

8

5

0

11

2

5

0

20

1

7

4

4

10

1

11

10

22

0

0 10

0 0

5 29

0 0

1

1

18

0

7.8

6.2

8.5

3.8

osmoticum transient GUS activity
sucrose cone.

[M] [n blue cells/leaf] avg

0.2 2 8 24 6 22 0 9 6 9.6

0.4 13 5 37 48 5 17 47 27 28.9

30 27 57 18 4 2 24 15

2 80 77 19 14 32 63 100

14 22 10 19 26 12 12 48

0.3 10 1 35 4 3 8 0 12 9.1

Table 1: Adjustment of PIG microprojectile bombardment parameters for transient transfection of

Arabidopsis leaf cells. Rosette leaves were pre-plasmolyzed in 1/2MS supplemented with sucrose. At

each shot, 4-5 leaves were bombarded with 2 ug pNcoGUS plasmid DNA on Au microprojectiles. The

leaves were cultivated for 24 h, stained in X-Gluc solution and assayed for GUS activity. Rows of numbers

in boxes represent individual shots. Fixed and tested experimental parameters are indicated.

Parameters tested were A. propellant pressure and shooting distance; B. Propellant pressure and screen

mesh width; C. Propellant pressure and particle density; D. Osmoticum sucrose concentration.
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Figure 11: GUS expression in Arabidopsis leaf cells after microprojectile

mediated DNA transfer. Leaves were bombarded with plasmid DNA

bound to Au particles with the PIG device, cultivated for 24 h and

histochemically assayed for GUS activity. A: Arabidopsis C24

transfected with pNcoGUS; B: G21B line 72.1621.3 transfected with

pOE21A.
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Figure 12 GUS expression in Arabidopsis leaf cells after microprojectile mediated DNA transfer to

transgenic G21B plants Leaves were bombarded with plasmid DNA bound to Au particles with the PIG

device, cultivated for 24 h and histochemically assayed for GUS activity Treatments were A no

bombardment, bombardment with B empty particles, C pBSK-, D pOE21B, E pOE21A
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3.3 Expression and purification of a PosF21 fusion protein

In order to investigate in vitro DNA binding properties of PosF21 and to analyze

PosF21 over-expression and anti-sense suppression in transgenic plants via

immunology, a PosF21 translational fusion protein was expressed in E. coli and purified

via column chromatography. The QIAexpress method (Qiagen, CA) was used for this

purpose.

Plasmid construct for PosF21 over-expression in E. coli

The plasmid pQeP21 was constructed as a translational fusion of the PosFll coding

sequence to 6 base triplets coding for histidine residues at the carboxy terminus. The

sequence was under control of the lacZ promoter for inducible expression in E.coli.

Plasmid pOE21A was digested with EcoRl to yield a 1.2 kb fragment containing the full

length PosFll coding sequence. In order to allow in frame insertion of the PosFH

coding sequence into defined sites of the expression vector plasmid, linkers were added

at the 5' and 3' ends of the PosFll sequence via polymerase chain reaction (PCR). Two

oligonucleotides, oP21A and oP21B, were designed and synthesized (Applied

Biosystems, Foster City, CA) as primers for the PCR (Fig. 13). Pful DNA polymerase

was used to minimize the risk of mutations. The 1.2 kb PCR product was purified,

digested with BamHl and BgH and inserted into the vector plasmid pQE-16 (QIAgen)

digested with BamHl and Bgll (Fig. 14).

OP21A

oP21B

5' C G G G A T C C A T G GAT A A G GAG AAA T C T C C

BamHl start

5' G A A G A T C T G T T C T C T T T C T G G G C T T G T G 3'

BglU last

Figure 13: Synthetic oligonucleotides as PCR primers for a translational

fusion PosF21 sequence. The 28mer oP21A covers a BamHl linker

hexamer sequence followed by the 20 first coding nucleotides of the

PosF21 sense strand; the 28mer oP21B covers a Bgl\\ linker hexamer

followed by the 20 last coding nucleotides of the PosF21 complementary
strand.

X

1 «=

m A.t.1 POSF21 DZ!P

6xHis

Figure 14: Fusion protein coding region in plasmid pQeP21
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Expression and purification of the PosF21 fusion protein

E.coli strain XL-1 was transformed with pQeP21. In order to test induced expression, 5

E.coli [pQeP21] colonies were grown in LB or LB supplemented with 100 mM glucose.

Samples were taken before and 1, 2 and 5 h after IPTG addition. Total protein extracts

were separated on SDS-PAGE. Over-expression of a protein of 55 kDa was observed

upon induction after 1, 2 and 5 h but not without induction. (Fig. 15)

Two batches of 250 ml bacterial suspension were grown, induced and harvested 5 h

after induction. The bacterial extract was lysed and run over a column. The column was

washed and the protein was eluated. The lysate, the wash filtrates and eluates were

sampled and checked by SDS-PAGE (Figure 16). Protein extracts of non-induced

bacteria as well as extracts of induced bacteria before and after column filtration were

compared. They showed the retention of a protein of about 55 kDa apparent size. In

wash filtrate A, no protein bands, in wash filtrate B, several protein bands were visible.

In wash filtrate C as well as in the eluates D and E, a predominant protein band at an

apparent size of about 55 kDa was observed. The sizes of the induced, retained and

eluted proteins were identical. Although this size is above the calculated mass of

PosF21 of 45 kDa, the protein was used for the following experiments.

Figure 15: Induction of a PosF21 fusion

protein in E.coli. E.coli XL-1 [pQeP21] were

grown in liquid LB with 100 mM glucose.

Samples were harvested and extracted

before and 1, 2 and 5 h after IPTG induction.

Extracts were separated by 10% SDS-PAGE

and Coomassie blue stained. The IPTG-

induced protein band is marked by an

arrowhead.
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extract

control IPTG filtrate.

wash filtrate

ABC

elu

D

ate

E

Da]

is-

1

66- »-**• -

„**«^ *f*'-s*
— "=** — —

45- -
•

36-

29-

24 -

*

«»*^

20-

extract

control IPTG filtrate

eluate D fractions

1,2 3,4 5,6 7,8 9,10

B [kDa]

66-

45-

36-

29-

24-

20-

extract

control IPTG filtrate

eluate E fractions

12 3 4

C [kDa]

66-

Figure 16: Isolation of a PosF21

fusion protein from E.coli

extracts. Extracts and

purification column filtrates were

separated by 10% SDS-PAGE

and Coomassie blue stained.

Isolated protein bands are

marked by arrowheads.

A: Extracts from induced E.coli

XL-1, and E.coli XL-1 [pQeP21]

before and after column

purification, column wash

filtrates A, B, and C, eluates D

and E.

B: Extracts from induced E.coli

XL-1, and E.coli XL-1 [pQeP21]

before and after column

purification, eluate D fractions.

C: Extracts from induced E.coli

XL-1, and E.coli XL-1 [pQeP21]

before and after column

purification, eluate E fractions.
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3.4 Electrophoresis mobility shift assay with a PosF21 fusion protein

After demonstrating fra/w-activation of the PosFll promoter by PosF21 in protoplasts

but not in plants, a possible in vitro binding activity of PosF21 to PosFll promoter

elements was investigated. The purified and refolded PosF21 fusion protein was used

for an electrophoresis mobility shift assay (EMSA) with fragments of the PosF21

upstream region. Binding of the tobacco transcription factor TGAla (provided by G.

Neuhaus) to the as-1 element of the CaMV 35S promoter was used as a positive control

(Katagiri etal, 1989).

Promoter fragments used for EMSA

In the PosF21 promoter region, three motifs were identified resembling the pentamer

TGACG of as-1 which is recognized by the tobacco transcription factor TGAla. The

PosFll motifs were TGATTTA, TGATCTA and TGATTCA. It was postulated that

these heptamers might be recognized by PosF21 to allow binding. Three fragments of

the PosFll promoter region were isolated to be used as potential targets for PosF21

binding. A 122 bp BamHl/Msel fragment ranging from positions -321 to -198, a 143 bp

Msel fragment ranging from -194 to -49 and containing the three heptamer motifs, and a

68 bp Msel ranging from -50 to +18 relative to the putative transcription start site of

PosFll were isolated (Fig. 17A). A 135 bp BbsVAspllS fragment of CaMV 35S

promoter ranging from positions -127 to +10 and including the as-1 site was isolated for

the positive control treatment.

A PosF21 fusion protein does not bind to PosFll promoter elements in vitro

The 32P end-labeled PosFll promoter fragments were incubated with the PosF21 fusion

protein, the CaMV 35S promoter fragment was incubated with TGAla. DNA fragments

without proteins were used as controls. The reaction products were subjected to

electrophoresis and autoradiographed (Fig. 17B) In vitro binding of TGAla to the

CaMV 35S promoter fragment containing the as-1 element could be demonstrated. In

contrast, neither of the three PosFll promoter fragments showed a mobility shift after

incubation with the PosF21 fusion protein. It could thus be demonstrated that the

heptamer motifs of the PosFll promoter resembling the TGACG motif of as-1 were not

sufficient for in vitro binding to PosF21.
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Figure 17: Electrophoresis mobility shift assay of PosF21 promoter region DNA

fragments with a PosF21 fusion protein. A CaMV 35S promoter fragment with TGAla

was the positive control. 104 cpm 32P end-labeled DNA fragments were separated by

PAGE either pure or after incubation with 250 ng protein at RT for 20 min. The gel was

dried and exposed. A: CaMV 35S and PosF21 promoter fragments used. DNA binding
sites for TGAla in the CaMV 35S promoter and putative binding sites for PosF21 in the

PosF21 promoter region are indicated; B: Autoradiography of the EMSA.
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3.5 Agrobacterium-meti\a\eti gene transfer to Arabidopsis

Transgenic Arabidopsis plants were produced in order to address two questions. First,

the function of PosF21 in planta should be elucidated by alteration of endogenous levels

of PosF21 in plant tissues. Second, the expression pattern of PosF21 in plant tissues

should be investigated using the uidA reporter gene.

Transgenic Arabidopsis plants were obtained by Agrobacterium-mcdiated gene transfer

to root explants. A binary vector system with a disarmed Ti-plasmid and the T-DNA

located on a second plasmid was used. For each transgene, several independent

transfectant lines were produced. Transfectants containing a single locus T-DNA

integration were selfed, and progenies homozygous for the transgene were used for

analysis.

Several reporter and effector plasmids were constructed for Agrobacterium mediated

gene transfer. The plasmids were based on the binary vector pBIN19 carrying a T-DNA

with the nptll gene as a selectable marker in plants (Bevan et al, 1984). Reporter

plasmids were constructed as transcriptional fusions of PosFll upstream sequences or

the Cauliflower Mosaic Virus (CaMV) 35S promoter and the uidA coding sequence.

Over-expression and down-regulation plasmids were direct and inverted CaMV

35Sp.::PosFll coding sequence transcriptional fusions, respectively (Fig. 18).

The reporter plasmids pBiG21B and pBiG21C were transcriptional fusions of PosFll

upstream sequences to the uidA coding sequence with an eukaryotic translation start

context. The plasmids pGE-300 and pGE-2808 (M.W. Saul, unpublished results)

containing 0.3 and 2.8 kb of the genomic sequence upstream of the putative PosFll

mRNA start site, respectively, were used as sources.

A 2.4 kb fragment containing a 300 bp PosFll upstream sequence and the uidA coding

sequence was excised from pGE-300 by digestion with Xbal and Kpnl and inserted into

pBIN19 digested with Xbal and Kpnl to yield pBiG21B. A 4.6 kb fragment containing a

2.8 kb PosFll-upstream sequence was excised from pGE-2808 by digestion with Xbal

and Kpnl and inserted into pBIN19 digested with Xbal and Kpnl to yield pBiG21C.

The control plasmid pBiG35 was a transcriptional fusion of the CaMV 35S promoter to

the uidA coding sequence. A 2.64 kb fragment containing CaMV 35Sp.::wid!A was

excised from pNcoGUS by digestion with Ndel and partial digestion with EcoRl and

inserted into pBIN19 digested with EcoRl.

The over-expression and down-regulation effector plasmids pBiP21A and pBiP21B

were transcriptional fusions of the CaMV 35S promoter to the PosFll coding sequence

in direct and inverted orientations, respectively. 2101 bp fragments containing

35Sp.::PosFll in direct and inverted orientations were obtained from pOE21A and

pOE21B, respectively, by digestion with EcoRl and inserted into pBIN19 digested with

EcoRl.



Results 61

pBIN19 -^jtjp. nptll

pBiP21A ^^j>:Y~nptli t:1

pBiP21B-^|p^ nptll

pBiG21B-^jV

pBiG21C-^-L

p:: nptll

nptll w

^T

pBiG35 HpH p. nptll

^ 1 kb
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HH PosF21 promoter region

Hi CaMV 35S promoter, terminator

I nos promoter, terminator

mcs multiple cloning site

r>

i>
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bZIP coding region

uidA coding region

nptll coding region

Figure 18: Plasmid constructs used for Agrobacterium mediated DNA transfer to Arabidopsis.
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3.5.1 Efficiency of Agrobacterium-rr\ed\aXed gene transfer

and plant regeneration

In several experiments, Arabidopsis root explants were transfected by Agrobacterium-

mediated gene transfer. After co-cultivation of plant tissues and bacteria, plants were

regenerated by in vitro culture to fertile plants. Selection in vitro was against

Agrobacterium and for transgenic plant cells with vancomycin and kanamycin,

respectively. Several control treatments were included in the experiments. Successful

co-cultivation was monitored on medium without selective agents. The regeneration

potential of the root explants was assessed on medium without kanamycin. Selection for

transformed cells was checked by inoculation of root explants with bacteria devoid of T-

DNA. In all experiments, successful inoculation could be demonstrated by incubation of

the root explants at 22°C leading to complete overgrowth with bacteria. The bacterial

growth suppressed plant development completely. Addition of vancomycin was

effective as selection against Agrobacterium; the plant tissues showed full regeneration

potential and were not affected adversely. Culture of tissues inoculated with bacteria

devoid of T-DNA and cultivated on kanamycin-containing medium did not lead to

regeneration of plantlets, thus demonstrating the effectiveness of kanamycin as the

selective agent for transfected tissue (Fig. 19).

Figure 19: Selection of transgenic Arabidopsis tissue after Agrobactenum-med\a\ed DNA transfer to root

explants A. tumefaciens LBA4404 inoculated roots on A. SIM, B SIM with 750 mg/l vancomycin, C: SIM

with 750 mg/l vancomycin and 50 mg/l kanamycin.

i
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Indolyl butyric acid improves rooting of excised Arabidopsis shoots in vitro

Several initial experiments following a standard plant regeneration protocol (Valvekens

et al., 1988) resulted in poor rooting of the excised Arabidopsis shoots when cultured in

GM (data not shown), leading to plant sterility or limited seed set. The addition of the

auxin indolyl butyric acid (IBA) to plant tissue culture media has been used successfully

to induce root formation in shoots (e.g. Torres, 1989). In order to test the ability of IBA

to induce rooting, excised Arabidopsis shoots were grown on media containing different

concentrations of IBA, and root formation was assessed.

Arabidopsis shoots excised after growth on SIM were cultured on GM supplemented

with 0, 5, or 10 mg/l IBA at 22°C for 7 days and transferred to GM. Batches of 9 shoots

on a 9 cm petri dish were cultured, with 3 batches of each treatment. Root formation

was assessed 12 d after excision.

In the control treatment without IBA, none of the shoots showed root formation. In

contrast, concentrations of 5 and 10 mg/l IBA in the medium resulted in rooting

frequencies of 56% and 81%, respectively. This positive correlation between IBA

concentration and rooting frequency was observed in all repetitions (Table 2).

Therefore, a 7 d root induction culture on GM supplemented with 10 mg/l IBA was

integrated in the plant regeneration procedure.

Table 2: Effect of IBA on rooting of

Arabidopsis root explant derived shoots in

vitro. Shoots were excised after 25-35 d

culture on SIM and transferred to GM

containing 0, 5 and 10 ng/ml IBA,

respectively, for 7 d. Root development was

assessed 12 d after transfer.

cone. IBA rooting rooting

[mg/l] [n rooted shoots/9 shoots] frequency

0 0 0 0 0%

5 7 4 4 56%

10 8 7 7 81%
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Fertile, kanamycin resistant plants are obtained upon

Agrobacterium-mediaXed DNA transfer

A series of Agrobacterium mediated transfection experiments were performed with the

binary plasmids described above. Nomenclature of binary plasmids, corresponding T-

DNA constructs, and transfection experiments is listed in Table 3. Individual RO

regenerants were classified by a four-digit number using a tripartite decimal code for the

root explant (digits 1,2), callus (digit 3), and the shoot (digit 4) from which they

originated.

binary T-DNA transfection

plasmid construct experiment #

pBiP21A P21A 122,132

pBiP21B P21B 123,133

PBiG21B G21B 72, 82, 92

pBiG21C G21C 73,83

pBiG35 G35 102,112

Table 3: Nomenclature of binary plasmids,

corresponding T-DNA constructs and

transfection experiments performed.

Fertile, kanamycin resistant regenerants were obtained with all plasmids used. In order

to ensure seed production in the highest possible number of regenerants, plants were

cultured in vitro under axenic conditions until flowering and seed set (Fig. 20). The

response of root explants, the transformation efficiency, and the fertility of transformed

primary regenerants (RO) were assessed (Table 4).

T-DNA ex- root callus forming calli shoots fertile plants

constr. per. explt. root explants

# ni n2 n^n-t n3 n3/n1 n4 nybr n5 ns/n.

G21B 72 19 18 95% 40 211% 20 105% 16 84%

82 24 6 25% 11 46% 5 21% 5 21%

92 15 14 93% 23 153% 18 120% 17 113%

G21C 73 22 20 91% 45 205% 21 95% 19 86%

83 24 24 100% 34 142% 19 79% 12 50%

G35 102 69 28 41% 30 43% 19 28% 15 22%

112 64 62 97% 136 213% 36 56% 31 48%

P21A 122 19 11 58% 15 79% 15 79% 13 68%

132 28 16 57% 22 79% 16 57% 13 46%

P21B 123 41 39 95% 66 161% 44 107% 38 93%

133 45 25 56% 31 69% 16 36% 12 27%

Table 4: Efficiency of Agrobacterium mediated DNA transfer to Arabidopsis root explants and regeneration

of fertile plants. Root explants were grown in vitro on kanamycin after co-cultivation with Agrobacterium.

Extent and efficiency of callus and shoot formation, and R0 regenerant fertility were assessed. T-DNA

constructs and individual experiments are indicated.
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Figure 20 Tissue culture and regeneration of transgenic, fertile Arabidopsis RO plants
A Arabidopsis roots inoculated with A tumefaciens LBA4404 on SIM with 750 mg/l vancomycin

(top left) and on SIM with 750 mg/l vancomycin and 50 mg/l kanamycin (top right), Arabidopsis
roots inoculated with A tumefaciens LBA4404 [pBIG21B] on SIM with 750 mg/l vancomycin

(bottom left) and 750 mg/l vancomycin and 50 mg/l kanamycin (bottom right). B Excised

Arabidopsis shoots derived from root explants on RIM Arabidopsis shoots from roots inoculated

with A tumefaciens LBA4404 on RIM (top left) and on RIM with 50 mg/l kanamycin (top right),

Arabidopsis shoots from roots inoculated with A tumefaciens LBA4404 [pBiG21B] on RIM with 50

mg/l kanamycin (bottom) C Regenerating Arabidopsis R0 plantlets derived from roots inoculated

with A tumefaciens LBA4404 [pBiP21A] on GM with 50 mg/l kanamycin
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3.5.2 Genetic analysis of kanamycin resistant Arabidopsis lines

Rl seeds harvested from RO plants regenerated in vitro under kanamycin selection were

tested for kanamycin resistance. A total of 114 RO progenies were tested with 4 to 144

Rl seeds per RO progeny (Fig. 21 A). Kanamycin sensitive and resistant Rl plantlets

were counted. The frequencies of resistant and sensitive plantlets were %2-tested for

goodness of fit to hypothetical segregation ratios. Tested segregation ratios included 3:1,

15:1 and 63:1 KmR:Kms, indicating T-DNA mediated integration of nptll at 1, 2 or 3

genetically independent loci. In addition, a 2:1 segregation ratio was tested, indicating a

conceivable single locus T-DNA integration in an essential gene causing a lethal

9 9

homozygous phenotype. X values were calculated and tested against % for a type II

error probability of 0.05 (Sokal and Rohlf, 1987) (Tables 5, 6).

Figure 21 Selection of kanamycin resistant Arabidopsis R1 plants and production of R2 seeds A In vitro

selection of kanamycin resistant Arabidopsis R1 plantlets on GM with 50 mg/l kanamycin 4 week old

plantlets of G35 line 112 0113, C24 control plantlets at right. B: Production of R2 seeds of kanamycin
resistant R1 plants in soil under greenhouse conditions.
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G21B Km" Km5 X'

exp.# RO n n 2:1 3:1 15:1 63:1

72 0632 49 22 0.18 1.36

0711 84 24 0.44

0933 54 21 0.96 0.36

1011 7 1 1.56 0.67 0.53

1021 63 33 0.05

1121 72 1 2.97 0.02

1215 40 1 1.02 0.20

1313 59 18 3.44 0.11

1321 40 51

1511 71 13

1614 21 9 0.15 0.40

1621 74 23 0.09

1721 127 17

82 0113 45 5 1.20

0212 23 0 1.53 0.37

0514 50 31 0.89

92 0113 35 0 2.33 0.56

0212 47 5 1.01

0313 47 22 0.07 1.74

0611 29 6 1.15

0711 17 0 1.13 0.27

0812 11 7 0.25 1.85

1111 53 13 0.99

1134 8 0 2.67 0.53 0.13

1221 31 0 2.07 0.49

1421 4 0 2.00 1.33 0.27 0.06

1611 47 2 0.39 2.02

1712 65 0 1.03

G35 Km" Km8 X*

exp.# RO n n 2:1 3:1 15:1 63:1

102 0611 72 5 0.01

2811 24 3 2.78 1.09

2913 44 16 1.20 0.09

4112 30 11 0.78 0.07

4212 48 13 0.44

5513 19 29

5712 54 15 0.39

6315 60 28 0.09 2.18

112 0113 55 14 0.82

0132 49 13 0.54

0212 50 17 1.91 0.00

0811 64 16 1.07

0933 38 12 1.96 0.03

1722 65 21 3.08 0.02

1812 73 21 0.35

2231 62 16 0.84

2811 49 20 0.59 0.58

3512 70 20 0.37

4511 62 22 1.93 0.06

5211 74 21 0.42

5711 56 12 1.96

G21C Km" Kms X'

exp.# RO n n 2:1 3:1 15:1 63:1

73 0131 34 17 0.00 1.89

0412 106 30 0.63

0511 33 14 0.27 0.57

0611 52 16 2.94 0.08

0732 24 0 1.60 0.38

0914 52 20 1.00 0.30

0921 46 22 0.03 1.96

1012 14 0 0.93 0.22

1021 30 3 0.45

1213 49 16 2.22 0.01

1231 54 20 1.32 0.16

1521 67 24 1.98 0.09

1611 68 1 2.71 0.01

1715 127 8 0.02

1812 188 1 1.31

83 0312 56 10 3.41

0411 19 4 2.63 0.71

0511 27 12 0.12 0.69

0911 9 1 2.45 1.20 0.24 4.63

1111 46 23 0.00 2.56

1711 32 5 2.60 3.33

1811 21 10 0.02 0.87

2412 43 4 0.41

Table 5: Segregation analysis of kanamycin

resistance in Arabidopsis R1 progenies of KmR

G21B, G21C, and G35 R0 plants. Seeds were

grown on GM with 50 mg/l kanamycin.

Resistance was assessed after 3 weeks. X2

values of individual progenies were calculated

for different segregation models and tested

against the %2 value for a type II error probability

of 0.05 (xz.05=3.841). X2 values passing the %2
test are printed. X2 values for a 3:1 segregation

passing the %z test are printed bold. T-DNA

constructs in the analyzed lines, R0 progenitors

and segregation models tested are indicated.
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P21B Km" Km' X2

exp.# RO n n 2:1 3:1 15:1 63:1

123 0312 22 10 0.06 0.67

0322 30 6 1.33

0411 20 9 0.07 0.56

0423 35 2 0.05 3.55

0511 27 16 0.29 3.42

0617 55 3 0.11

0823 44 11 0.73

0931 17 5 1.11 0.06

1021 32 5 2.60 3.33

1511 18 26

2323 0 42

2414 28 8 2.00 0.15

2422 29 7 3.13 0.59

2512 32 5 2.60 3.33

2613 42 15 1.26 0.05

2623 36 2 0.06 3.38

3233 52 4 0.08

3411 31 0 2.07 0.49

133 0513 29 10 1.04 0.01

1011 23 6 2.09 0.29

2312 41 13 2.08 0.02

2621 34 3 0.22

2815 18 8 0.08 0.46

3412 20 5 2.00 0.33

Table 6: Segregation analysis of kanamycin resistance in Arabidopsis R1 progenies of KmR P21A and

P21B R0 plants. Seeds were grown on GM with 50 mg/l kanamycin. Resistance was assessed after 3

weeks. X2 values of individual progenies were calculated for different segregation models and tested

against the %2 value for a type II error probability of 0.05 (x2os=3.841). X2 values passing the %z test are

printed. X2 values for a 3:1 segregation passing the %2 test are printed bold. T-DNA constructs in the

analyzed lines, R0 progenitors and segregation models tested are indicated.

For all transgenes, %2-tests revealed varying segregation patterns among individual R0

transfectants, indicating integration of functional T-DNA sequences at one or more

independent loci in the host genome. The proportion of segregation ratios in different

experiments was variable. The majority of transgenic lines fitted to the 3:1 model. One

R0 progeny was found to be completely Km sensitive, probably due to either

insufficient selection pressure in the R0 plant regeneration or inactivation of the

transgene. In two R0 progenies, the 2:1 model had to be assumed. Due to limited sample

sizes, %2-test results were inconclusive or ambiguous for several R0 progenies. In a large

number of cases, the 2:1 model was accepted with the 3:1 model. In two R0 progenies,
the 15:1 model was accepted with the 3:1 model. In two R0 progenies, all zero

hypotheses had to be rejected at the given type II error probability (Table 7). All R0

progenies passing the 3:1 model test were considered putative single locus insertion

transfectants and chosen for further work.

P21A Km" Km' X*

exp.# R0 n n 2:1 3:1 15:1 63:1

122 0613 30 2 0.00

0813 12 3 1.20 0.20

0921 27 13 0.01 1.20

0931 31 12 0.57 0.19

1011 32 10 1.71 0.03

1113 25 1 0.26 0.88

1121 44 15 1.66 0.01

1211 30 5 2.14

1311 10 8 1.00 3.63

1411 28 15 0.05 2.24

132 0115 32 6 1.72

0212 27 7 2.49 0.35

0412 42 12 3.00 0.22

0613 31 13 0.28 0.48

1413 34 6 2.13

1424 34 8 0.79

1613 25 5 3.75 1.11

1911 52 10 2.60

2714 34 13 0.68 0.18
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T-DNA total wt 1 T-DNA 1 T-DNA 2 T-DNA 3 T-DNA not

RO insert insert inserts inserts specified

0:1 2:1 3:1 15:1 63:1

G21B 28 0 2 12 4 7 3

G21C 23 0 0 16 3 4 0

G35 21 0 0 18 2 0 1

P21A 19 0 0 17 2 0 0

P21B 23 1 0 16 5 1 0

Table 7: Number of nptll insertion loci in KmR Arabidopsis lines

according to %Z distribution analysis. Lines passing the %z test for a

3:1 segregation were considered as putative single locus insertion

transfectants. T-DNA constructs in the analyzed lines are

indicated.

Homozygous R2 seed bulks were produced from putative single locus insertion RO

progenies. For each RO progeny, Rl plantlets were selected in vitro for kanamycin

resistance. 4 to 12 Km resistant plantlets per RO progeny were grown to maturity in soil

(Fig. 21B). R2 seeds of 1 to 7 Rl plants per RO progeny were harvested. R2 seeds were

tested for transgene segregation by kanamycin selection. Homo- and hemizygous R2

seed bulks were obtained for all transgenes (Table 8).

G21B G21C G35 P21A P21B

exp. RO R1 exp. R0 R1 exp. R0 R1 exp. R0 R1 exp. R0 R1

72 0632 2 73 0131 8 102 4212 1 122 0813 3 123 0322 3

0933 6 0412 8 112 0132 3 0921 3 0823 3

1011 1 0511 1 132 0212 5 0931 5

1313 1 0611 5 0613 6 1021 3

1621 3 0921 8 1613 4 2414 5

92 0313 1 1213 7 1911 4 2422 5

0611 1 1231 7

83 0411 6

0511 5

0911 1

1111 1

1711 1

133

2512 2

2613 6

2312 1

3412 6

Table 8: KmR Arabidopsis R1 lines homozygous for a single locus inserted nptll. T-DNA

constructs in the analyzed lines are indicated.
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3.5.3 Southern analysis of transgenic, single locus T-DNA integration plants

Kanamycin resistant Arabidopsis lines were tested for the presence of transferred DNA

sequences by Southern blot and hybridization to digoxigenin-labeled DNA probes. Plant

DNA was extracted from Rl or homozygous R2 plants. Integration of foreign DNA into

the host genome was tested by hybridization of the probe to high molecular, native plant

DNA. Presence of the integral sequence in transgenic plants and independence of

individual integration events were tested by hybridization to plant DNA digested with

appropriate restriction endonucleases. Controls included wild-type Arabidopsis CIA

plant DNA and binary plasmid DNA containing the respective T-DNA.

A PosFll probe was used for the P21A and P21B lines transfected with PosFll over-

expression and anti-sense transcriptional fusions, respectively. The probe was produced

from a 1056 bp template covering a part of the PosFll cDNA sequence. The template

was obtained by digestion of pOE21A with Sacl and BamHl.

A uidA probe was used for the G21B, G21C, and G35 lines transfected with

transcriptional fusions of uidA with two PosFll promoter fragments and the CaMV 35S

promoter, respectively. The probe was produced from a 1858 bp template covering the

uidA coding sequence. The template was obtained by digestion of pNcoGUS with Ncol

and EcoRl.

Southern analysis of P21A and P21B transfectants

A total of 6 P21A and 9 P21B lines were analyzed for the integration of the PosFll

sense over-expression and anti-sense transcriptional fusion products into the plant

genome. Plant DNA was isolated from R2 plants homozygous for the nptll locus.

Arabidopsis C24 plant DNA was the negative control; plasmids pBiP21A and pBiP21B

were the positive controls, respectively. The DNA samples were hybridized to the

PosFll probe.

As the PosFll sequence was isolated from the Arabidopsis genome, a high molecular

signal was expected in Arabidopsis CIA plants as well as in transgenic lines. However,

the signal intensity was expected to be higher in transgenic lines due to the presence of

additional PosFll sequences in the genome.

To test the integration of the complete 35Sp.::PosF2i::35St. sequence with PosFll in

sense and anti-sense orientation, plant DNA samples were digested with EcoRl. A

signal from a 2101 bp fragment covering the complete transgene sequence and

hybridizing to the probe was expected in transgenic plants as well as in plasmids

pBiP21A (Fig. 22A) and pBiP21B (Fig. 23A). In Arabidopsis CIA plants, a 4 kb EcoRl-

fragment covering the endogenous PosFll sequence was expected (Aeschbacher et al.,

1991).
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To test the independence of T-DNA integration events, plant DNA samples were

digested with EcoRV. A signal from a fragment covering the left border T-DNA and the

context plant DNA was expected. The length of this fragment was expected to be 2.5 kb

or more, according to the distance of the left T-DNA border to the closest EcoRV site in

the respective context DNA (Figs. 22A, 23A). The length of the Arabidopsis CIA

ZTcoRV-fragment covering the endogenous PosFll sequence was not known.

P21A lines carry the PosFll over-expression transcriptional fusion product

Southern analysis revealed the presence of a high molecular PosFll DNA signal in C24

and in all the 6 P21A lines tested. The signal intensities of the P21A lines were higher

than C24, indicating the presence of additional PosFll sequences in the genome. In

lines 122.0921.3 and 132.1613.4, the signal intensity was increased compared to the

other P21A lines.

As expected, EcoRI-digested plant DNA included the endogenous 4 kb signal in C24

and in all the P21A lines tested. In contrast, the 2101 bp signal was detected in all the

P21A lines tested, but not in C24. Thus, the presence of the PosFll over-expression

transgene in the transfected lines was demonstrated. The 2101 bp signal intensity was

increased in lines 122.0921.3 and 132.1613.4 compared to the other P21A lines,

indicating the presence of multiple copies of the transgene (Fig. 22B).

ZscoRV-digested plant DNA included a signal >10 kb in C24 and P21A lines caused by

the endogenous PosFll sequence. In lines 122.0813.3 and 132.0212.5, no clear

additional signal was detected. In lines 132.0613.6 and 132.1911.4, a single additional

signal >2.5 kb was detected indicating the integration of one T-DNA copy into the plant

genome. In line 122.0921.3, two additional signals were detected, indicating the

integration of two T-DNA copies into the plant genome. In line 132.1613.4, a single

additional signal was detected being stronger than the signals visible in C24 and the

other P21A lines. This indicated the presence of more than one T-DNA copy in the

genome yielding identical signals upon digestion of plant DNA with EcoRV (Fig. 22C).
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Figure 22 Southern blot

analysis of KmR Arabi¬

dopsis plants trans¬

formed with pBiP21A

Plant DNA samples were

hybridized to a DIG-

labeled PosF21 DNA

probe Arabidopsis C24

plant DNA and pBiP21A

plasmid DNA were

negative and positive

controls, respectively

The 6 P21A Arabidopsis

lines are indicated For

each line, 5 ug high

molecular (left) and

endonuclease digested

(right) DNA was

analyzed A. Right

border region of the

pBiP21AT-DNA, PosF21

probe (hatched) Sizes of
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into the host genome.

DNA samples were
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P21B lines carry the PosFll anti-sense transcriptional fusion product

Southern analysis revealed the presence of a high molecular PosFll DNA signal in C24

and in all the 9 P21B lines tested. The signal intensities of the P21B lines were higher

than C24, indicating the presence of additional PosFll sequences in the genome.

The endogenous 4 kb signal was detected in EcoRI-digested plant DNA samples of C24

and all the P21B lines. In contrast, the 2101 bp signal was detected in all the P21B lines

tested, but not in C24. Thus, the presence of the PosFll anti-sense transgene in the

transfected lines was demonstrated. The 2101 bp signal intensity was increased in lines

123.1021.3 and 133.1312.1 compared to the other P21B lines, indicating the presence of

multiple copies of the transgene (Fig. 23B).

EcoRV-digested plant DNA included a signal >10 kb in C24 and P21B lines caused by

the endogenous PosFll sequence. In line 123.1021.3, three additional signals were

detected, indicating the integration of three T-DNA copies into the plant genome. In line

133.2312.1, a single additional signal was detected being stronger than the signals

visible in C24 and the other P21B lines. This indicated the presence of more than one T-

DNA copy in the genome yielding identical signals upon digestion of plant DNA with

EcoRV (Fig. 23C).
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Figure 23 Southern blot analysis of KmR Arabidopsis plants transformed with pBiP21 B

Plant DNA samples were hybridized to a DIG labeled PosF21 DNA probe Arabidopsis C24 plant DNA

and pBiP21B plasmid DNA were negative and positive controls respectively The 9 P21B Arabidopsis
lines are indicated For each line high molecular (left) and endonuclease digested (right) DNA was

analyzed A Right border region of the pBiP21B T-DNA PosF21 probe (hatched) Sizes of T-DNA EcoRl

and EcoRV fragments hybridizing to the probe are indicated B Analysis of complete integration of the T-

DNA into the host genome DNA samples were digested with EcoRl C Analysis of independent

integration of the T-DNA into the host genome DNA samples were digested with EcoRV
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Southern analysis of G21B, G21C, and G35 transfectants

A total of 7 G21B, 12 G21C, and 10 G35 lines were analyzed for the integration of the

transcriptional fusions of uidA with 0.3 and 2.8 kb PosFll promoter fragments, and the

CaMV 35S promoter, respectively. DNA was isolated from R2 plants homozygous for

the nptll locus for the G21B and G21C lines and from Rl plants for the G35 lines.

Arabidopsis CIA plant DNA was the negative control; plasmids pBiG21B, pBiG21C,

and pBiG35 were the positive controls. The DNA samples were hybridized to the uidA

probe.

To test the integration of the complete PosFllTp.::uidA::35St. and CaMV

35Sp.::uidA::35St. sequences, plant DNA samples were digested with Ncol and Kpnl. A

signal from a 2056 bp-fragment covering the uidA coding sequence and the terminator

signal and hybridizing to the probe was expected in transgenic plants as well as in

plasmids pBiG21B (Fig. 24A), pBiG21C (Figs.25A, 26A), and pBiG35 (Fig. 27A). In

Arabidopsis CIA plants, no signal was expected.

To test the independence of T-DNA integration events, plant DNA samples were

digested with EcoRV. Three signals were expected for each T-DNA construct. One of

the signals was of variable size depending on the T-DNA integration site context.

In all lines, a signal from an internal uidA 231 bp fragment was expected (Fig. 24). In

G21B lines, a signal was expected from a 2 kb fragment covering the 5' region of uidA,

the PosFll promoter fragment and adjacent T-DNA sequences (Fig. 24A). In G21C

lines, a signal from a 3041 bp fragment covering the 5' region of uidA and the major

part of the PosFll promoter fragment was expected (Figs 25A, 26A). In G35 lines, a

signal from a 680 bp fragment covering the 3' region of the CaMV 35S promoter and

the 5' region of uidA was expected (Fig. 27A).

Another fragment covering the 3' region of uidA, the left T-DNA border and the

adjacent context plant DNA was expected in all lines. The length of this fragment was to

be 1.8 kb or more, according to the distance of the left T-DNA border to the closest

EcoRV site in the respective context DNA, thus being an indicator for the independent

integration of the respective copy into the host genome.
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G21B lines contain the PosFllp.::uidA transcriptional fusion product

Southern analysis revealed the presence of a high molecular uidA signal in all the 7

G21B lines tested, but not in C24. The integration of the uidA transgene in the

transfected lines was demonstrated (Figs. 24B, C).

The 2056 bp signal was detected in AfcoMpnl-digested plant DNA samples of all the

G21B lines as well as in pBiG21B, demonstrating the presence of the complete uidA

coding sequence and the CaMV 35S terminator in the plant genome (Fig. 24B).

The 231 bp signal was detected in all G21B lines except for lines 72.1011 and 92.0313.

The absence of the signal in these two lines is probably due to the low abundance of

hybridizing DNA in the sample as visible in the high molecular DNA samples. The 2 kb

signal was detected in EcoRV-digested plant DNA samples of all the G21B lines. The

presence of the complete PosFll promoter fragment in the plant genome was thus

shown (Fig. 24C).

In line 72.1011 one additional signal of an EcoRV fragment was detected, indicating the

integration of one T-DNA copy into the genome. In the other lines, two or more

additional signals were detected, indicating a multi-copy T-DNA integration (Fig. 24C).

G21C lines contain the PosFllp.y.uidA transcriptional fusion product

Southern analysis revealed the presence of a high molecular uidA signal in 11 G21C

lines tested, but not in C24. Thus, the integration of the uidA transgene in these

transfected lines was demonstrated (Figs 25B, 26B). However, no signal was detected in

line 73.0511. The absence of the expected signal in this DNA sample obtained from

kanamycin resistant R2 plants indicated the integration of a T-DNA fragment lacking
the intact uidA sequence into the genome of this line.

The 2056 bp signal was detected in iVcoI/ZsTpnl-digested plant DNA samples of 10 G21C

lines. One exception was line 73.0511, where no signal was detected, whereas line

83.1111 showed a vague signal larger than expected (Figs 25B, 26B).

The 3041 bp signal was detected in EcoRV-digested plant DNA samples of all the

G21C lines except for line 73.0511. The presence of a major part of the 2.8 kb PosFll

promoter fragment in the genome of the G21C lines was thus shown for the 11 other

lines (Figs 25C, 26C).

In line 73.1231, no third EcoRV signal was detected. However, the intensity of the 3041

bp signal was stronger compared to the other lines, possibly due to the integration of the

T-DNA at a genomic locus yielding a similar fragment upon digestion with EcoRV. In

the 10 other lines, one additional signal was detected, indicating integration of one T-

DNA copy (Figs 25C, 26C).
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Figure 24: Southern blot analysis of Km Arabidopsis plants transformed with pBiG21 B.

Plant DNA samples were hybridized to a DIG-labeled PosF21 DNA probe. Arabidopsis C24 plant DNA

was the negative control, pBiG21B plasmid DNA was the positive control. The 7 G21B Arabidopsis lines

are indicated. For each line, high molecular (left) and endonuclease digested (right) DNA was analyzed.
A: Right border region of the pBiG21B T-DNA, uidA probe (hatched). Sizes of T-DNA Nco\IKpn\ and

EcoRV fragments hybridizing to the probe are indicated. B: Analysis of complete integration of the T-DNA

into the host genome. DNA samples were digested with Nco\ and Kpnl. C: Analysis of independent

integration of the T-DNA into the host genome. DNA samples were digested with EcoRV.
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Figure 25: Southern blot analysis of KmR Arabidopsis plants transformed with pBiG21C.
Plant DNA samples were hybridized to a DIG-labeled PosF21 DNA probe. Arabidopsis C24 plant DNA

was the negative control, pBiG21C plasmid DNA was the positive control. The 6 G21C Arabidopsis lines

are indicated. For each line, high molecular (left) and endonuclease digested (right) DNA was analyzed.
A: Right border region of the pBiG21C T-DNA, uidA probe (hatched). Sizes of T-DNA Nco\IKpn\ and

EcoRV fragments hybridizing to the probe are indicated. B: Analysis of complete integration of the T-DNA

into the host genome. DNA samples were digested with A/col and Kpnl. C: Analysis of independent

integration of the T-DNA into the host genome. DNA samples were digested with EcoRV.
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Figure 26 Southern blot analysis of Km Arabidopsis plants transformed with pBiG21 C

Plant DNA samples were hybridized to a DIG-labeled PosF21 DNA probe Arabidopsis C24 plant DNA

was the negative control, pBiG21C plasmid DNA was the positive control The 6 G21C Arabidopsis lines

are indicated For each line, high molecular (left) and endonuclease digested (right) DNA was analyzed
A Right border region of the pBiG21C T-DNA, uidA probe (hatched) Sizes of T-DNA Nco\/Kpn\ and

EcoRV fragments hybridizing to the probe are indicated B Analysis of complete integration of the T-DNA

into the host genome DNA samples were digested with A/col and Kpnl C Analysis of independent

integration of the T-DNA into the host genome DNA samples were digested with EcoRV
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G35 lines contain the CaMV 35S$.::uidA transcriptional fusion product

Southern analysis revealed the presence of a high molecular uidA signal in 10 G35 lines

tested, but not in C24. Thus, the integration of the uidA transgene in these transfected

lines was demonstrated (Fig. 27B).

The 2056 bp signal was detected in A/coI/A/ml-digested plant DNA samples of all G35

lines (Fig. 27B).

The 680 bp signal was detected in EcoRV-digested plant DNA samples of all the G35

lines (Fig. 27C). In all lines, at least one additional signal >1.8 kb was detected. In lines

102.2811 and 112.1812, two additional signals were detected, indicating the integration

of two T-DNA copies into the genome. In the 8 other lines, one additional signal was

detected, indicating integration of one T-DNA copy (Fig. 27C).
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Figure 27 Southern blot analysis of Km Arabidopsis plants transformed with pBiG35
Plant DNA samples were hybridized to a DIG-labeled PosF21 DNA probe Arabidopsis C24 plant DNA

was the negative control, pBiG35 plasmid DNA was the positive control The 10 G35 Arabidopsis lines are

indicated For each line, high molecular (left) and endonuclease digested (right) DNA was analyzed A

Right border region of the pBiG35 T-DNA, uidA probe (hatched) Sizes of T-DNA Nco\IKpn\ and EcoRV

fragments hybridizing to the probe are indicated B Analysis of complete integration of the T-DNA into the

host genome DNA samples were digested with A/col and Kpnl C Analysis of independent integration of

the T-DNA into the host genome DNA samples were digested with EcoRV
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3.6 Analysis of sense and antisense PosF21 transgenic Arabidopsis plants

3.6.1 Northern analysis of sense and antisense PosF21 transcription in plants

Transgenic P21A and P21B Arabidopsis lines were obtained in order to up- and down-

regulate PosFll expression in plants, respectively. To influence expression at the

transcriptional level, transcriptional fusions of a the strong, constitutive CaMV 35S

promoter to the PosFll coding region in sense and antisense orientation were used.

Regulation at the transcriptional level was assessed by Northern analysis of PosFll

transcript levels in plants. DIG labeled RNA probes were hybridized to total plant RNA

from P21A and P21B plants, with C24 as the wild-type control. Vegetative R2 plants

homozygous for the transgene were used.

RNA probes for Northern analysis

In order to analyze the transcription of sense and anti-sense PosFll constructs in

transgenic Arabidopsis P21A and P21B lines, respectively, DIG-labeled RNA probes

hybridizing specifically to sense and anti-sense PosFll transcripts were produced. T3

RNA polymerase run-off transcription of PosFll coding sequence fragments from

template DNA constructs in plasmid pBSK- was used.

To detect PosFll sense transcripts, an RNA probe representing the complementary
strand of the 5' region of PosFll was produced. Plasmid pOE21A was digested with

EcoNI and Espl to obtain a 552 bp fragment which was Klenow enzymatically treated.

The resulting 555 bp fragment was inserted into the Smal site of pBSK- to obtain the

template plasmid pTeP21A (Fig. 28). The orientation of the insert and the T3 promoter

allowed transcription of the complementary strand yielding an RNA probe against
PosFll sense mRNA.

To detect PosFll anti-sense transcripts, an RNA probe representing the coding strand of

the 3' region of PosFll was produced. Plasmid pOE21A was digested with Rsal to

obtain a 536 bp fragment which was inserted into the Smal site of pBSK- to obtain the

template plasmid pTeP21B (Fig. 28). The orientation of the insert and the T3 promoter

allowed transcription of the coding strand yielding an RNA probe against PosFll anti-

sense mRNA.
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Figure 28: Templates for RNA probes used in Northern analysis

PosFll mRNA levels are increased in P21A Arabidopsis plants

A total of 6 P21A lines were examined for PosFll mRNA levels in plants. Equal

amounts of total RNA were separated by gel electrophoresis (Fig. 29A) and probed

against the sense PosFll mRNA.

In C24 plants, a signal of 1.6-1.9 kb was detected, representing the endogenous level of

PosFll mRNA in wild-type Arabidopsis plants. In all P21A lines, PosFll mRNA was

detected. In P21A lines 122.0921.3 and 132.1613.4, PosFll mRNA levels were slightly

increased. In contrast, PosFll mRNA levels were drastically increased in the other lines

(Fig. 29B).

PosFll anti-sense mRNA does not down-regulate PosFll mRNA levels

in P21B Arabidopsis plants

A total of 10 P2IB lines were examined for PosFll sense and anti-sense mRNA levels

in plants, equal amounts of total RNA were separated by gel electrophoresis (Fig. 30A)

and probed against PosFll sense and antisense mRNAs.

First, transcription of the transgene in P21B lines was assessed by Northern

hybridization against the antisense PosFll RNA. As expected, no anti-sense mRNA

was detected in C24. In contrast, a signal of varying intensity was detected in all P21B

lines (Fig. 30B). The size of this signal was identical with the PosFll sense mRNA

signal in C24 plants (Fig. 30C).

When the levels of PosFll transcription were tested by Northern hybridization against

the sense PosFll mRNA, strong signals could be detected in all P21B lines tested. The

intensities of the sense and antisense signals in all the individual P21B lines

corresponded to each other and were higher than in the C24 wild-type control
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(Fig. 30C). Thus, the postulated effect of down-regulation of PosFll mRNA levels by

PosFll antisense RNA molecules was not detected in the P21B lines tested.

A

1
!

B [kb]

74-

53-

28

1 9 -

1 6-

1 0-

06-

04

0.3-

"3 r>3 <0 <b V

£>' <£" ^' £>' &
r

<$ ty cty & & & #"
Cj N.V KV N.J N.J K.J 1-sT

>

>>

pp 'py pi pi m pi

rwi

Figure 29: Northern blot analysis of

PosF21 sense transcripts in P21A

Arabidopsis plants. 3 pg aerial

organ total RNA from 3 week old

was hybridized to a DIG-iabeled

555 b RNA probe representing a

PosF21 5' complementary strand

sequence. C24 total RNA was the

negative control. The 6 P21A lines

analyzed are indicated. A:

Formaldehyde gel electrophoresis
of total RNA. Ethidium bromide

stained RNA was photographed
under UV light. B: Northern blot

analysis of PosF21 sense

transcripts.
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Figure 30 Northern blot analysis of PosF21 antisense and sense transcripts in P21B Arabidopsis plants

3 pg aerial organ total RNA from 3 week old plantlets was hybridized to a DIG-labeled 555 b RNA probe

representing a PosF21 5' complementary strand sequence and to a DIG-labeled 536 b RNA probe

representing a PosF21 3' sense strand sequence C24 total RNA was the negative control The 10 P21B

lines analyzed are indicated A Formaldehyde gel electrophoresis of total RNA Ethidium bromide stained

RNA was photographed under UV light B Northern blot analysis of PosF21 antisense transcripts C

Northern blot analysis of PosF21 sense transcripts
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3.6.2 Western analysis of PosF21 expression in plants

In order to assess PosF21 protein levels in transgenic P21A and P21B Arabidopsis lines,

immunological studies were performed using an antiserum raised against the PosF21

fusion protein. Total protein extracts of Arabidopsis plants were examined in Western

blot assays. A C24 extract was the wild-type control, PosF21 fusion protein was the

positive control.

Antibodies against PosF21 were raised in rabbit with the refolded PosF21 fusion protein

from E. coli as the antigen. Total protein extracts of transgenic plants were separated by

SDS-PAGE, electroblotted on nylon membranes and analyzed. Antigen-antibody

complexes were detected with a bioluminescence method using anti rabbit IgG-

horseradish peroxidase complexes (Boehringer, Mannheim, FRG).

The antiserum reacts with PosF21 as a purified fusion protein and in plant extracts

The antiserum raised against the PosF21 fusion protein in rabbit was tested for the

presence and specificity of an immunoreaction with the antigen. Purified proteins and

protein extracts were incubated with pre-immune and antisera.

In order to test the formation of antibodies, the antiserum was incubated with the

PosF21 fusion protein. The pre-immune rabbit serum was used as the negative serum

control.

In order to test the specificity of the antiserum, tests with different proteins and plant

protein extracts were performed. A set of 7 standard proteins (Sigma) and a protein

extract from rice leaves were used as negative protein controls. No specific reaction of

the antiserum with the standard proteins was expected. As no DNA sequence

hybridizing to a PosFll probe had been detected in the rice genome earlier

(Aeschbacher, 1990), it was assumed that no protein closely related to PosF21 was

present in rice tissue. Therefore, no reaction with the antiserum was expected.

Protein extracts from Arabidopsis plants, both from C24 and P21A line 122.0813.3

were test samples. This particular P21A line had been shown to produce increased levels

of PosFll mRNA (Fig. 29). Endogenous or enhanced levels of PosF21 protein,

respectively, were expected in these extracts. A formation of antigen-antibody

complexes would indicate the suitability of the antiserum for immunological

experiments.

Proteins and protein extracts were separated by SDS-PAGE and blotted in two identical

repetitions (Figs. 31 A, C). The two filters were incubated with the pre-immune and

antisera, respectively.

The PosF21 fusion protein did not react with the pre-immune serum (Fig. 3 IB). In

contrast, the reaction with the antiserum was very strong, yielding a signal of >50 kDa,
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which corresponds to the apparent PosF21 fusion protein size measured by SDS-PAGE

(Fig. 3 ID). Thus, formation of antibodies against PosF21 was demonstrated.

Standard proteins did not react with the pre-immune serum (Fig. 3 IB). In contrast, the

antiserum showed weak cross-reactions with bovine carbonic anhydrase and albumin

(29 kDa and 66 kDa, respectively). The cross-reaction with egg albumin (45 kDa) was

stronger. Rabbit glyceraldehyde-3-phosphate dehydrogenase (36 kDa) yielded the

strongest response, taking into account the low efficiency of the transfer of this protein

to the membrane (Fig. 31A, C, D). Unspecific reactions of the antiserum with different

proteins present in high amounts was thus demonstrated.

Rice leaf proteins reacted neither with the pre-immune nor with the antiserum. This

negative response is consistent with the observation that no signals could be detected in

Southern analysis of rice genomic DNA when probed with PosFll. In addition, it could

be demonstrated that the antiserum did not show any cross-reaction with other rice leaf

proteins (Fig. 3 IB, D).

In an Arabidopsis C2A protein extract, a weak signal of about 45 kDa was detected with

the pre-immune serum. With the antiserum, two signals were detected, one of 45 kDa

and a second of about 50 kDa size. No signal of the PosF21 fusion protein size was

detected. The 45 kDa signal corresponds to the theoretical size of PosF21 (Aeschbacher,

1990). Therefore, endogenous PosF21 protein can possibly be detected with the

antiserum. The 50 kDa signal, however, suggests other forms of PosF21 or a non¬

specific reaction of the antiserum with the Arabidopsis protein extract (Fig. 3 IB, D).

In the protein extract of homozygous R2 plants of the Arabidopsis P21A line

122.0813.3, two weak signals of about 45 kDa were detected with the pre-immune

serum. In contrast, 3 strong signals were detected upon reaction with the antiserum. Two

signals at 45 kDa and 50 kDa corresponded to the signals detected in the Arabidopsis

CIA extract. A third, strong signal not present in the C24 extract was detected. This

signal corresponded to the PosF21 fusion protein size, indicating the over-expression of

PosF21 in this transgenic line (Fig. 3 IB, D).
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Figure 31 Analysis of antibodies raised against a PosF21 fusion protein Samples of 3 pg total plant

protein were separated by SDS-PAGE on 2 identical gels as indicated, blotted on nylon membranes and

incubated with rabbit pre-immune or antiserum Rabbit antibodies were detected by luminescence 50 ng

PosF21 fusion protein was the positive control A, C SDS-PAGE of proteins Coomassie blue stained

proteins were photographed after blotting B Western blot analysis of proteins with pre-immune serum. D

Western blot analysis of proteins with the anti PosF21 fusion protein serum
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The antiserum cross-reacts with RuBPCO

The 50 kDa signals detected upon reaction of Arabidopsis CIA and P21A line

122.0813.3 extracts with the antiserum suggested the possibility a cross-reaction to an

Arabidopsis protein not related to PosF21. The signal was of the size of the large
subunit of ribulose biphosphate carboxylase (RuBPCO), a protein abundant in green

plant tissue, the plant material used for protein extraction. The possibility of a cross-

reaction of the anti serum to RuBPCO was therefore investigated. Spinach RuBPCO

(Sigma) was subjected to SDS-PAGE and blotted to a nylon membrane. The PosF21

fusion protein was used as a control of positive reaction with the antiserum of different

size than RuBPCO. Arabidopsis CIA protein extract was included for a direct

comparison of purified spinach RuBPCO with Arabidopsis RuBPCO in a total plant

protein extract (Fig. 32).

Upon incubation with the antiserum, the expected signal of >50 kDa was detected with

the PosF21 fusion protein. With spinach RuBPCO, a single 50 kDa signal was detected.

A cross-reaction of the antiserum with spinach RuBPCO could thus be demonstrated.

In the Arabidopsis CIA leaf protein extract, a strong 50 kDa signal was detected by
Coomassie blue staining, thus demonstrating the presence of RuBPCO in a high
concentration. Upon incubation with the antiserum, the extract yielded 3 signals. The

largest signal was of 50 kDa, identical with the spinach RuBPCO signal. It was thus

demonstrated that the antiserum cross-reacted with Arabidopsis RuBPCO, explaining
the unexpected signal in the Western analysis of Arabidopsis extracts. The two other

signals detected were of <45 kDa and >45 kDa size and weaker than the RuBPCO

signal. This was in contrast to the previous finding, where a single 45 kDa signal of

equal strength to the RuBPCO signal had been detected (Fig. 31). The reasons for this

double signal are unknown. However, a similar phenomenon has been reported
elsewhere (Hofgen etal, 1994).

While the PosF21 fusion protein concentration was too low to be detectable by
Coomassie blue staining, the spinach and Arabidopsis RuBPCO signals were detected at

50 kDa. In contrast, Western analysis signal strength of the PosF21 fusion protein was

comparable to the more highly concentrated spinach RuBPCO sample. Thus, a clearly

stronger reaction of the antiserum with the PosF21 fusion protein than with RuBPCO

was demonstrated.

The Western signals in Arabidopsis extracts could be assigned to RuBPCO and a

protein of the theoretical PosF21 size. An additional signal in transgenic P21A plants

corresponded to the PosF21 fusion protein signal. As these signals are easily
distinguishable, the antiserum was found to be suitable for Western analysis of

transgenic, PosFll over-expression and antisense plants.
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Figure 32: Analysis of cross-reaction of anti PosF21 fusion protein

serum with RuBPCO. Protein samples were separated by 10%

SDS-PAGE, blotted on a nylon membrane and incubated with

rabbit antiserum. Rabbit antibodies were detected by
luminescence. Amounts of spinach RuBPCO loaded are

indicated, 3 pg Arabidopsis C24 protein were loaded. A. SDS-

PAGE and Coomassie blue stain of proteins. B. Western blot of

proteins with anti PosF21 fusion protein serum.

An additional protein of PosF21 fusion protein size is detected

in PosFll over-expressing plants

A total of 6 P21A Arabidopsis lines were analyzed for PosF21 over-expression by

Western analysis. Arabidopsis CIA protein extract and PosF21 fusion protein were

negative and positive controls, respectively. Equal amounts of protein extract were

separated by SDS-PAGE and subjected to Western analysis (Fig. 33).

The PosF21 fusion protein yielded the expected >50 kDa signal. As in the previous

experiment, the Arabidopsis C24 extract yielded 3 signals, the 50 kDa RuBPCO signal,

a >45 kDa and a <45 kDa signal.

In all transgenic lines, the same 3 signals were detected with similar relative intensities,

the >45 kDa signal being the strongest. In addition, a >50 kDa signal was detected in all
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P21A lines except for line 122.0921.3. This additional signal was identical to the

PosF21 fusion protein signal. In line 132.1613.4, the additional signal was weaker than

the >45 kDa signal. In lines 122.0813.3 and 132.1911.4, both the >50 kDa and the >45

kDa signals were of similar intensities. In lines 132.0212.5 and 132.0613.6, signal

intensities were drastically increased.

The >50 kDa signal intensities in Western analysis of the P21A lines corresponded to

the PosFll mRNA levels assessed in Northern analysis. Lines 122.0921.3 and

132.1613.4 showed clear increases neither in PosFll mRNA nor in the >50 kDa protein

levels. In contrast, the 4 lines with strongly increased PosFll mRNA levels revealed a

signal at >50 kDa. However, the intensities of the mRNA and protein signals were not

tightly correlated. Whereas all these lines showed similar mRNA levels, lines

132.0212.5 and 132.0613.6 showed a clearly stronger expression of the >50 kDa and the

>45 kDa proteins than lines 122.0813.3 and 132.1911.4.
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Figure 33: Western blot analysis of

P21A Arabidopsis plant proteins. 3 pg

total plant protein were separated by

SDS-PAGE, blotted on a nylon
membrane and incubated with rabbit

anti PosF21 fusion protein serum.

Rabbit antibodies were detected by
luminescence. C24 total protein was

the control. The 6 P21A lines

analyzed are indicated. A. SDS-

PAGE and Coomassie blue stain of

proteins. B: Western blot analysis.
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Expression of a >45 kDa protein is decreased in PosFll antisense plants

A total of 10 P21B Arabidopsis lines was analyzed for PosF21 expression by Western

analysis. Arabidopsis CIA protein extract and PosF21 fusion protein were negative and

positive controls, respectively. Equal amounts of protein extract were separated by SDS-

PAGE and subjected to Western analysis (Fig. 34).

The PosF21 fusion protein yielded the expected >50 kDa signal. The Arabidopsis CIA

extract yielded 3 signals, the 50 kDa RuBPCO signal, a >45 kDa, and a <45 kDa signal.

The intensity of the >45 kDa signal was equal or stronger when compared to the

RuBPCO signal.

In contrast, transgenic lines showed a relative decrease of >45 kDa protein levels. In one

experiment, where >45 kDa level was equal to RuBPCO in Arabidopsis CIA, the >45

kDa protein level was lower than RuBPCO in 5 transgenic lines (Fig. 34B). In a second

experiment, the >45 kDa signal was stronger than the RuBPCO signal in C24 (Fig.

34D). In contrast, 4 P21B lines showed a lower ratio of signal intensities. The only

exception was line 133.3412.6 where the >45 kDa signal was clearly stronger than the

RuBPCO signal.

Absolute signal strengths in the transgenic lines were lower than in C24; in addition,

they were unequal. This possibly reflects slight variations in total protein content of the

individual samples as visible upon electrophoresis separation (Figs. 34A, C).
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Figure 34 Western blot analysis of P21B Arabidopsis plant proteins 3 pg total plant protein were

separated by 10% SDS-PAGE, blotted on a nylon membrane and incubated with rabbit anti PosF21 fusion

protein serum Rabbit antibodies were detected by luminescence C24 total protein was the control The

10 P21B lines analyzed are indicated A, C SDS-PAGE and Coomassie blue stain of proteins B, D

Western blot analysis
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3.6.3 Phenotype analysis of P21A and P21B plants

In order to assess the function of PosF21 in plants, transgenic P21A and P21B

Arabidopsis lines had been produced to up- and down-regulate PosF21 levels in plant

tissues. Western analysis results suggested respective changes in PosF21 levels.

As no putative function in plant physiology, development or interactions with the

environment were known, the possible effects of such regulatory alterations could not be

predicted. As plant growth and development might be affected, Arabidopsis plants were

monitored when grown in vitro or in soil under different conditions. Vegetative

development and transition to the generative stage were monitored both in vitro and in

soil. R2 plants of 6 P21A and 10 P21B lines homozygous for the transgene were tested,

Arabidopsis CIA plants were the wild-type control.

Vegetative phenotypes of P21A and P21B plants are not different from wild-type in

vitro

Plants of 6 P21A and 10 P21B lines were grown in vitro to monitor vegetative

development. The plants were grown in GM at a density of 7 plantlets/Plastem beaker

under short-day conditions (12 h/d light). To avoid theoretical bias due to position

effects in the incubator or in the box and to optimize visual comparison of phenotypes,

two experiments were performed. In one experiment, plants of uniform lineage were

grown in each box, whereas in a second experiment, one C24 control plant and one

plant of different transgenic lines were grown in the same box. Plant development was

monitored to an age of 4 weeks.

In these experiments, no obvious differences between plants of transgenic lines and C24

plants were seen. Germination as well as development of roots and rosette leaves were

not distinguishable among transgenic and wild-type plantlets. For illustration, plants in

the second experiment were photographed after 3 and 4 weeks growth (Fig. 35).

It was thus demonstrated that the transcription and expression of the PosFll over-

expression and antisense constructs in plants did not have a visible effect on vegetative

plant development. This was true for the P21A lines shown to transcribe PosFll at an

increased level and to express a novel protein of the size of the PosF21 fusion protein as

well as for the P21B lines shown to transcribe the PosFll antisense construct and

having a decreased level of a 45 kDa protein putatively identical to PosF21.
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Figure 35 Phenotypes of P21A and P21B Arabidopsis R2 plantlets in vitro. Plants were grown on GM at

12h/d 22°C, light, 12 h/d 16°C, darkness. C24 plantlets were controls, the 6 P21A and 10 P21B lines

analyzed are indicated. Photographs were taken 3 weeks (top row) and 4 weeks (bottom row) after seed.

A: Phenotypes of 6 P21A lines. B: Phenotypes of 10 P21 B lines.

Plants of two transgenic lines do not bolt under short-day conditions

Plants of 6 P21A and 10 P21B lines were grown in vitro in GM at a density of 7

plantlets/Plastem beaker under extreme short-day conditions (10 h/d light). Plant

development was monitored over a period of 4 months. While plants of most of the

P21A and P21B lines developed similarly to C24, one P21A and P21B line each showed

a clearly distinct phenotype. After 4 months of growth, P21A line 132.1613.4 and P21B

line 123.0823.3 were still in the vegetative stage with a large number of dark green

rosette leaves (Fig. 36). In contrast, C24 plants and plants of all other transgenic lines

were already senescent after bolting and flowering.
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Figure 36: Phenotypes of non-bolting Arabidopsis P21A and P21B R2 plants in vitro. 7 plantlets were

grown in a box on GM at 10h/d at 22°C, light, and 14 h/d at 16°C, darkness. The photograph was taken 70

d after seed Controls were A: C24; B: P21A line 132.0813.3; C: P21B line 123.0322.3. Non-bolting

phenotypes were D' P21Ahne 132.1613 4; E: P21Bline 123.0823.3.

Growth vigor and bolting age under long-day conditions

vary only slightly among transgenic lines

Seeds of 6 P21A and 10 P21B lines were germinated in GM. After 9 d, 4 plantlets

representing the average phenotype were transferred to soil and grown in single pots.

Growth conditions were 12h/d light initially and 16 h/d light after 4 weeks of soil

culture. Vegetative plant development in soil was monitored and plant age at onset of

bolting was measured. Flowering and seed set was again monitored (Fig. 37).

Differences in vegetative growth vigor were observed. Among P21A lines, 122.0921.3

plants were larger, whereas among P21B lines, 123.0823.3 plants were smaller.

However, after 5 weeks of growth in soil, differences to C24 were not clear.

Considering internal variations, none of the transgenic lines showed significant

aberrations from the wild-type.

The time between seed and onset of bolting was measured. A total of 3 to 4 plants were

measured except for line 132.0613 with only one plant. The average bolting age of the

sample was calculated (Fig. 38). Due to the limited sample size, confidence intervals

were wide in several lines. For C24 plants, a bolting age of about 54 d was observed.

Four transgenic lines, the P21A line 122.0921.3, and the P21B lines 123.0931.5,
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123.2414.5, and 123.2512.2, showed average values below the lower 95% confidence

limit of C24. However, variations were considerable in all these lines, suggesting non¬

significant differences from the wild-type.

Two transgenic lines, P21A line 132.1613.4, and P21B line 123.0823.3, showed delayed

bolting with significance levels of the differences below 95%. However, the same two

lines had revealed a non-bolting phenotype under extreme short-day conditions.

A general tendency towards shortened or prolonged periods of vegetative growth in soil

could not be observed neither in P21A nor in P21B lines.

Plant height and habitus of flowering and seed setting plants were normal in all

transgenic lines observed, i.e. not visibly different from C24. All plants grown bolted

and were fertile eventually.

Figure 37: Phenotypes of P21A and P21B Arabidopsis R2 plantlets in soil. Plants were germinated on GM

and transferred to soil after 1 week. Plantlets were grown at 12h/d at 22°C, light, and 12 h/d at 16°C,

darkness. 4 plantlets/line were grown in soil; C24 wt plantlets were controls. The 6 P21A and 10 P21B

lines analyzed are indicated. Photographs were taken 3, 4, and 5 weeks after seed (top, middle, and

bottom row, respectively) A: C24 wild-type; B: Phenotypes of 6 P21A lines; C: Phenotypes of 10 P21B

lines.
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Figure 38: Plant age at the onset of bolting of Arabidopsis P21A and P21B R2 plants. Plants were

grown in soil at 12 h/d light for 4, followed by 16 h/d light. Bars represent averages of 3-4 plants, error

bars represent 95% confidence limits.

3.6.4 Karyotype analysis of phenotypically aberrant P21A and P21B lines

In two transgenic Arabidopsis lines, deviation from wild-type development was

observed. Whereas transition from vegetative to generative phase was slightly retarded

under long-day conditions, plants remained in vegetative stage under extreme short-day
conditions. These alterations could theoretically have been caused by the introduction of

the transgene. However, such a phenotype is characteristic for polyploid plants.

Polyploidization after tissue culture has been reported (Feldmann et al, 1989).

Therefore, the ploidy level of the transgenic lines was assessed by chromosome

counting.
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Figure 39: Karyotypes of non-bolting Arabidopsis P21A and P21B R2 plants. Centromers of root tip cell

nuclei from 3 d old seedlings were DAPI stained and fluorescence micrographed. Controls were A: C24;

B: P21A line 132.0613.6; C: P21B line 123.2613.6. Non-bolting phenotypes were D: P21A line

132.1613.4; E: P21B line 123.0823.3.

The two late- or non-bolting P21A and P21B lines are tetraploid

In order to assess chromosome number in transgenic Arabidopsis P21A line 132.1613

and P21B line 123.0823, nuclei of root tip cells were prepared and chromosomes or

centromers were counted after DAPI staining. C24 was the wild-type control, and P21A

line 132.0613 and P21B line 123.2613 were transgenic, wild-type like controls. In C24

and all transgenic lines, chromosomes or centromers of several nuclei were counted.

In C24 nuclei, the expected number of 10 chromosomes, representing the diploid

Arabidopsis genome, was found. In the nuclei of the P21A line 132.0613 and P21B line

123.2613, 10 chromosomes were found as well, indicating the diploid level of these

lines. In contrast, in the examined nuclei of P21A line 132.1613 and P21B line

123.0823, 20 chromosomes were counted, representing a tetraploid level (Fig. 39).

It was thus demonstrated in C24 and transgenic Arabidopsis plants that wild-type and

late-bolting phenotypes were correlated to diploid and tetraploid levels of the genomes,

respectively. It is therefore highly probable that the phenotype alteration was caused by

the change in ploidy level. However, this assumption is based on the karyotype analysis

of only 5 lines including the wild-type control. The correlation of ploidy level and

observed phenotypes could be assessed by the analysis of the ploidy level of the other
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wild-type looking transgenic lines, e.g. by observation of the pollen size or exine

structure which are different in di- and tetraploid Arabidopsis plants (Brouckers, 1963,

Altmann et al, 1992, Heslop-Harrison and Maluszynska, 1994). In addition, reduction

of the tetraploidy in the two late- or non-bolting lines to diploidy by anther culture

(Gresshoff and Doy, 1972) should lead to recovery of the wild-type.

3.7 Analysis of PosF21 promoter activity in transgenic Arabidopsis plants

Transgenic G21B and G21C lines were obtained in order to assess the activity of the

PosFll upstream sequences in Arabidopsis plants. Transcriptional fusions of a 0.3 kb

and a 2.8 kb PosFll promoter fragment, respectively, to the uidA reporter gene were

used. Quantitative and qualitative GUS activities in transgenic plants were assessed by

fluorimetric and histochemical assays, respectively.

3.7.1 Quantitative analysis of GUS activity in plants

In order to assess quantitatively GUS activity driven by fragments of the PosFll

promoter in G21B and G21C transgenic lines, protein extracts of homozygous R2 plants

in the vegetative stage were incubated with 4-MUG, and 4-MU formation was measured

by fluorimetry.

The 0.3 kb and 2.8 kb PosFll promoter fragments differ strongly in activity

A total of 6 G21B and 8 G21C transgenic lines were assayed for GUS activity.

Arabidopsis C24 plants were the negative control, whereas the G35 line 112.0132.3

containing a CaMV 35Sp.::m'd!A transcriptional fusion was the positive control. G21B

and G21C plant extracts were incubated for 24 h and 4 h, respectively. Both 0.3 kb and

2.8 kb PosFll promoter fragments were active in Arabidopsis plants. Drastic

differences between G21B and G21C lines and considerable variations among lines with

the same transgene were observed.

In C24, a significant but very low endogenous GUS activity was observed. The G35

positive control line showed a very strong GUS activity, leading to saturation of the

assay within less than 24 h (Figs. 40,41).

In 6 G21B lines, GUS activity levels were clearly increased above the endogenous

background. However, in lines 72.0632.2 and 72.0933.6, significance levels of the

differences were below 95%. GUS activity in line 72.1011.1 was about 6 times stronger

than in the other G21B lines which showed activity levels of 2-3 pmol 4-MU/h-u,g

protein. Thus, the 0.3 kb PosFll promoter fragment active when transiently transfected

into Arabidopsis and tobacco protoplasts is also active in the tissue of transgenic

Arabidopsis plants (Fig. 40).
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Of the 8 G21C lines examined, 7 lines showed strong GUS activity which was 3-lOfold

lower than the G35 control. Levels of GUS activity were about 103fold increased

compared with the G21B lines, being in the range of 2-5 nmol 4-MU/h-pg protein in 6

lines. Line 73.0921.8 was at least 2fold stronger than the other G21C lines, whereas

lines 83.1111 and 83.1711 showed a relatively weak activity. However, these

differences were not significant at a 95% level. Line 73.0511.1 did not show GUS

activity different from the C24 control (Fig. 41). Molecular analysis of this line by
Southern hybridization had earlier failed to show the presence of the PosFllp.y.uidA

sequence in the plant genome (Fig. 25). As kanamycin resistance had earlier been

demonstrated in this line (Table 5), it can be assumed that only the part of the G21C T-

DNA next to the right border including nptll has been integrated during Agrobacterium

mediated gene transfer. The clear differences in activity between the 0.3 kb and the 2.8

kb PosFll promoter fragments suggest the presence of upstream sequences strongly

enhancing the promoter activity.

Figure 40: Fluorimetric GUS expression

analysis of Arabidopsis G21B leaves.

Leaf extracts of 3 week old in vitro grown

plantlets were fluorimetrically assayed for

GUS activity after 24 h incubation with 4-

MUG. C24 was the control; the 6 G21B

lines are indicated. Bars represent

average of 3 repetitions, error bars

represent 95% confidence limits.
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Figure 41: Fluorimetric GUS expression analysis of Arabidopsis G21C leaves.

Leaf extracts of 3 week old in vitro grown plantlets were fluorimetrically assayed
for GUS activity after 24 h incubation with 4-MUG. C24 and G35 line

112.0132.3 R2 plantlets were negative and positive controls, respectively; the 8

G21C lines analyzed are indicated. Bars represent average of 3 repetitions,
error bars represent 95% confidence limits.
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3.7.2 Histochemical analysis of GUS activity in plants

Expression of GUS in G21B and G21C plants driven by 0.3 kb and 2.8 kb PosFll

promoter fragments had been demonstrated in extracts of whole plants. However, this

assay did not provide information about developmental and organ or tissue specificity of

gene expression. In order to obtain such information, histochemical staining of plants

and plant organs was performed. Plants in vegetative and generative stage were

examined. In the vegetative stage, whole plants were used, whereas in the generative

stage, whole and sectioned organs were analyzed. C24 plants were negative control,

plants of a G35 line were the positive control.

GUS expression driven by the 2.8 kb, but not the 0.3 kb PosFll

promoter fragment, is detected by histochemical analysis

R2 plants of 7 G21B and 12 G21C lines homozygous for the transgene were grown in

vitro. At the age of 3 weeks, intact plantlets were incubated in histochemical GUS

staining solution for 48 h and examined for GUS activity. C24 was the negative control,

the G35 line 112.0132.2 was the positive control (Fig. 42).

In the C24 plant, no staining was detected, whereas the G35 line plant showed a very

strong staining.

In none of 7 G21B lines examined, any GUS activity leading to a detectable product in

the histochemical assay was detected.

Among the 12 G21C lines examined, GUS activity was detected in all lines except for

line 73.0511 where no activity was visible. In the other lines, clear differences in

staining intensity were observed. Whereas lines 73.091.8 and 73.1231.7 showed strong

staining, lines 83.0411, 83.1111, and 83.1711 showed relatively weak staining.

Generally, staining in the G21C lines was weaker than in the G35 line.

The observation of a striking difference in GUS activity between the G21B and G21C

lines by fluorimetric analysis could thus be confirmed by histochemical staining. The

weak though significant activity of the 0.3 kb PosFll promoter fragment is below the

detection threshold of the histochemical assay. In contrast, the activity in G21B plants

was histochemically detectable. Differences in GUS activity among G21C lines

measured fluorimetrically were visible in the histochemical assay. G21C line 73.0921

showed strongest expression both in fluorimetric and histochemical assays, whereas

lines 83.1111 and 83.1711 showed relatively weak expression in both assays.

Thus, activity of the 0.3 kb PosFll promoter fragment cannot be examined by

histochemical analysis due to insufficient expression levels. In contrast, the 2.8 kb

PosFll promoter fragment is sufficiently active to drive GUS expression to detectable

levels.



Results 104

ctrls C24 112.0132.3 72.0632 2

G21B 72.0933.6 72.1011.1 72.1313.1 72.1621.3 92.0313.1 92.0611.1

G21C 73.0131.8 73.0412.8 73.0511.1 73.0611.5 73.0921.8 73.1213.7

73.1231.7 83.0411.6 83.0511.5 83.0911.1 83.1111.1 83.1711.7

Figure 42: Histochemical

GUS expression analysis of

Arabidopsis G21B and

G21C R2 plantlets. 3 week

old in vitro grown whole

plantlets were stained in

histochemical GUS assay

solution and photographed.
C24 and G35 line

112.0132.3 R2 plantlets

were negative and positive

controls, respectively. The 7

G21B and 12 G21C lines

analyzed are indicated.

The PosFll promoter is active in all organs of vegetative Arabidopsis plants

In order to examine PosFll promoter activity in organs of Arabidopsis during

vegetative development, plants of 7 G21B and 12 G21C lines were grown in vitro,

subjected to histochemical assay, bleached, and fixed after 1, 2 and 3 weeks of growth.

C24 was the negative control (Fig .43).

As expected, no staining caused by background activity was observed in C24 plants of

any age. In G21B lines, no GUS activity was detected in any of the plants.

In all G21C lines except for 73.0511, GUS activity was detected in roots, hypocotyls,

cotyledons and leaves at all ages. As in the experiments described above, intensity of

GUS staining differed among the G21C lines. Line 73.0921 showed strongest staining,

whereas lines 83.1111 and 83.1711 were weakly stained. These differences were

consistent at all ages.
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Figure 43: Histochemical GUS expression analysis of Arabidopsis G21B and G21C R2 plantlets. 1, 2 and

3 week old in vitro grown whole plantlets were stained in histochemical GUS assay solution, fixed and

photographed. A: C24 control; B: 7 G21B lines; C. 12 G21C lines.
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The PosFll promoter is active in all organs of generative Arabidopsis plants

Activity of the PosFll promoter had been demonstrated in Arabidopsis plants in the

vegetative stage. In order to assess promoter activity in plants of the generative stage,

plants of 6 G21B and 7 G21C lines were grown in vitro until flower formation. Plants

were harvested and dissected. Roots, stems, leaves and flowers were separately

subjected to histochemical GUS assay. C24 and G35 line 112.0132 plants were negative

and positive controls, respectively (Fig. 44).

In C24 plants, no GUS activity was observed in any of the organs, whereas in the G35

line plants, all organs expressed GUS.

In 5 of the 6 G21B lines tested, no GUS activity was observed in any of the organs.

However, in G21B line 72.1011, weak staining was observed in stems, flowers, and

leaves. This line had been identified earlier as the one with the highest GUS expression

levels among G21B lines in fluorimetric analysis.

Among the 7 G21C lines tested, all except for line 73.0511 showed strong GUS activity

in roots, stems, leaves, and flowers. Intensities of staining, as apparent from the blue

staining of the assay buffer, differed among the lines. These differences did not

correspond to the variations observed earlier in fluorimetric and histochemical assays.

However, staining of tissues in the organs was not uniform. As visible in stem sections,

e.g., tissues next to the cuttings stained dark, whereas tissues located in the central part

of the stem section were only weakly stained. The extent of infiltration of the staining

solution was thus crucial for detection of GUS activity.

Staining of Arabidopsis plants in generative development stage revealed thus the

activity of the PosFll promoter in all plant organs.
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Figure 44 Histochemical GUS expression analysis of Arabidopsis G21B and G21C R2 plant organs

Leaves, roots, stems, and flowers of 4 week old in vitro grown plantlets were stained in histochemical

GUS assay solution and photographed A C24 and G35 line 112 0132 2 negative and positive controls,

respectively, B. 6 G21B lines. C. 7 G21C lines.
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The PosFH promoter is active in all tissues of roots,

leaves, and stems, in all flower organs, and pollen

In order to obtain more detailed information about PosF21 promoter activity in

Arabidopsis plant organs, whole plants, leaves, roots, and flowers were subjected to

histochemical GUS assay. Intact leaves, root tips, and flowers as well as cross sections

of leaves and stems were analyzed. Three G21C lines were selected: the strong

expression line 73.0921.8 and lines 83.0411 and 83.1711 with relatively weak

expression. Plants grown in vitro for 3 and 4 weeks were subjected to histochemical

GUS staining and bleached (Fig. 45). In addition, stems and leaves were sectioned (Fig.

46).

Staining of 3 week old plants showed GUS activity in roots, cotyledons, hypocotyls and

rosette leaves. The expression in line 73.0921 was stronger than in the two other lines,

whereas C24 did not show any staining. In leaves, preferential staining of vascular tissue

cells was observed in all lines. While leaf tissues were stained uniformly in line

73.0921, stomata were stained more strongly in lines 83.0411 and 83.1711. In roots,

staining of calyptra, cortex, root hairs and central cylinder was observed. In lines

83.0411 and 83.1711, staining of cortex tissue was less intensive than of central cylinder

tissue in the root hair zone. In line 73.0921, strong staining was observed in all root

tissues (Fig. 45A-C).

Rowers and stems of 4 week old plants showed staining of all organs. Again, staining in

line 73.0921 was stronger than in the other lines. Sepals were stained with a preference

for vascular tissue. Petal staining in lines 83.0411 and 83.1711 was restricted to vascular

tissue, whereas in line 73.0921, the petal blade was stained. In stamina of all lines,

filaments, but not anthers, were stained. Carpels were stained except for the stigma,

where no staining was visible. Staining of the stigma has been detected in other assays

(data not shown). Immature seeds showed staining (Fig. 45D).

In leaf sections, GUS activity was visible in all tissues, i.e. epidermis, vascular tissue,

and equally in palisade and spongy parenchyma. In line 73.0921, expression in

mesophyll cells was stronger than in epidermis cells. In contrast, in lines 83.0411 and

83.1711, epidermis cells showed stronger staining. In all lines, vascular tissue was

stained strongest. Similar to observations in stem sections, enhanced staining of stomata

was observed (Fig. 46A).

In stem sections, GUS activity was observed in all tissues, i.e. epidermis, cortex,

vascular tissue, and pith. Expression was observed in all lines but was strongest in line

73.0921 and weaker in 83.0411 and 83.1711. In all lines preferential staining was

observed in stomata. In 83.0411 and 83.1711, epidermis staining was stronger than in

cortex parenchyma, whereas in 73.0921, cortex tissue was stained uniformly (Fig. 46B).

Thus, activity of PosF21 promoter was demonstrated for all tissues of Arabidopsis

stems and leaves. Intensity of staining was demonstrated to be stronger in all tissues of
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73.0921 compared to lines 83.0411 and 83.1711. However, vascular tissue and stomata

were stained strongest in all lines (Fig. 46B).

Pollen of a heterozygous Rl plant of line 83.1111 was subjected to histochemical GUS

assay using a substrate buffer without oxidants (Jefferson, 1987). GUS activity was

observed in half of the pollen grains, consistent with the expected 1:1 segregation of the

transgene (Fig. 47). Using a substrate buffer supplemented with oxidants, however, did

not result in stained pollen grains (data not shown).

C24 73.0921.8 83.0411.6

1
~~~

83.1711.7

B

D

Figure 45- Histochemical

GUS expression analysis

of Arabidopsis G21C R2

plant organs. Leaves,

roots, stems, and flowers

of 5 week old soil grown

plantlets were stained in

histochemical GUS

staining solution, fixed,

and micrographed. C24

plant organs were con¬

trols; 3 G21C lines were

analyzed

A: whole plantlets; B.

leaves: C: root tips: D:

flowers, stems
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Figure 46 Histological GUS expression analysis of Arabidopsis G21C R2 plant organs Leaves and stems

of 5 week old soil grown plantlets were stained in histochemical GUS assay solution, fixed, methacrylate

embedded and sectioned to 24 pm thickness Sections were stained with ruthenium red and

micrographed C24 was the control, the 3 G21C lines analyzed are indicated A leaf sections, B stem

sections.
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Figure 47: Histochemical GUS expression analysis of

Arabidopsis pollen from a hemizygous G21C line

83.1111.1 R1 plant. Pollen grains were stained in

histochemical GUS staining solution and

micrographed.

3.8 Mutant phenotypes of transgenic Arabidopsis plants

In the course of Agrobacterium-mediated transfection of Arabidopsis. two kanamycin

resistant lines were obtained showing an inheritable altered phenotype. both lines

originated from tissue transfected with pBiG35 containing a CaMV 35S p.wuidA

transcriptional fusion, but no PosFll promoter or coding sequences. Results concerning

these lines are therefore presented independent of the PosFll analysis.

The "bushy" phenotype of an Arabidopsis G35 line is not related to nptll integration

Rl seeds of the Arabidopsis G35 line 112.0212 were tested for kanamycin resistance on

GM with 50 mg/l kanamycin. In 3 experiments, a total of 69 Rl seeds were plated.

During development of the plantlets, 3 distinct phenotypes were observed. The 17

kanamycin sensitive and 42 kanamycin resistant plants, the latter with a wild-type

habitus, represented expected phenotypes of a segregating population.

However, 8 plants showed a phenotype clearly different from the wild-type. This

phenotype was characterized by the development of a multitude of leaves in vitro. In

contrast to the wild-type, these plants revealed a stunted phenotype which was thus

called "bushy". When grown to maturity, the plants formed a large number of stems, in

contrast to the wild-type which develop a branched main stem when grown from seeds.

In addition, the number of roots was increased. The bushy plants formed flowers which

were sterile and did not set seeds (Fig. 48).
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Figure 48 Phenotypes of Arabidopsis G35 line 112 0212 R1 plantlets A Phenotypes of G35 line

112 0212 R1 plantlets on GM with 50 mg/l kanamycin 3 weeks after seed. KmR, wild-type and "bushy"

phenotypes (from left) B: Phenotypes of G35 line 112.0212 R1 plantlets on GM with 50 mg/l kanamycin 3

weeks after seed Arrowheads point to plantlets with "bushy" phenotype C "Bushy" phenotypic soil grown

G35 line 112.0212 R1 plant (right), C24 wild-type plant (left)

Several of the kanamycin resistant plants with a normal phenotype were grown to

maturity for R2 seed production. When R2 seed populations of 4 Rl plants were grown

in vitro in GM with 50 mg/l kanamycin, different segregation patterns of the individual

progenies were observed. In 2 populations a segregation in Kms and KmR plants was

observed (Table 9). In one population, all germinating plants were KmR. In the fourth

progeny, a segregation into three phenotypes was observed similar the Rl population.

Of 31 plants, 6 plants were Kms and 21 plants were KmR, while 4 plants showed again

the "bushy" phenotype.

One hypothesis was a T-DNA integration at two independent loci, one of them being

responsible for the bushy phenotype This would have lead to a 15:1 ratio of KmR and
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Kms plants in the Rl generation. However the ratio was 50:17, i.e. about 3:1, strongly

indicating the integration of a single nptll copy.

A second hypothesis was a recessive mutation caused by T-DNA insertion mutagenesis

at a single locus. This would have caused a normal phenotype in the hemizygous RO

plant, leading to kanamycin resistance and fertility. In the Rl population, a segregation

into Kms, hemizygous, normal looking KmR, and homozygous, "bushy", sterile plants

would have been expected. With only hemizygous KmR plants setting seeds, a uniform

segregation pattern corresponding to the Rl population would have been expected in all

R2 populations including Kms, KmR, and "bushy" phenotypes. As results show, this

segregation was observed only in 1 out of 4 R2 populations, whereas in the other

populations, only Kms and KmR phenotypes were observed among 97 plants, making the

hypothesis highly improbable.

Therefore, it was assumed that the locus of nptll integration was different from the locus

responsible for the "bushy" phenotype. According to this model, the RO genotype would

then be hemizygous for nptll as expected after T-DNA insertion, and hemizygous for

the allele causing the "bushy" phenotype, allowing seed formation. The putative Rl

genotypes based on this RO genotype and the deduced segregation patterns are listed in

Table 10.

In the Rl progeny, segregation ratios fitted to the model. For R2 progenies of KmR Rl

plants, four possible segregation patterns are presented. Of the four R2 populations

analyzed, all fitted to one of the proposed models.

The bushy phenotype is most probably not linked to an inserted nptll copy and thus not

likely to be T-DNA tagged.

parent total no

germin.

Kms Km" Km";

bushy

n n n n n

RO R1

112.0212 69 2 7 42 8

R1 R2

112.0212.1 40 1 0 39

112.0212.2 31 0 6 21 4

112.0212.3 31 0 5 26

112.0212.4 27 0 4 23

Table 9: Phenotypes of the R1 progeny of

the G35 line 112.0212 R0 plant, and of R2

progenies of KmR R1 plants.
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RO phenotype and putative genotype

nptll; bu

wt;wt | nptll/wt; bu/wt

Km"

R1 phenotypes and putative

genotypes

nptll; bu nptll; wt wt;bu wt;wt

nptll; bu

nptll; wt

wt;bu

wt; wt

nptll/nptll; bu/bu

Km"; bushy

nptll/nptll; bu/wt

Km"
nptll/wt; bu/bu

Km"; bushy

nptll/wt; bu/wt

Km"

nptll/nptll; bu/wt

Km"

nptll/nptll; wt/wt

Km"
nptll/wt; bu/wt

Km"
nptll/wt; wt/wt

Km"

nptll/wt; bu/bu

Km"; bushy

nptll/wt; bu/wt

Km"

wt/wt; bu/bu

Kms

wt/wt; bu/wt

Kms

nptll/wt; bu/wt

Km"

nptll/wt; wt/wt

Km"

wt/wt; bu/wt

Kms

wt/wt; wt/wt

Kms

Putative segregation patterns of R1 progeny and R2 progenies of R1 (Km") plants

phenotype

Km"; bushy
Km"

Kms

R1 progeny R2 progenies

nptll/nptll; bu/wt nptll/nptll; wt/wt nptll/wt; bu/wt nptll/wt; wt/wt

3

9

4

Table 10: Phenotypes and putative genotypes of the G35 line 112.0212 RO plant, its R1 descendants

and theoretical segregation patterns for the R1 progeny and the R2 progenies of KmR R1 plants.

Plants of a G35 line express the agamous phenotype

Rl seeds of the Arabidopsis G35 line 112.0933 were tested for kanamycin resistance

on GM with 50 mg/l kanamycin. Resistant plants were transferred to soil. When these

plants flowered, two phenotypes were observed. Some plants displayed a wild-type

habitus, whereas others developed flowers with an agamous phenotype. This

phenotype is characterized by an overall phenotype of a flower within a flower and the

absence of carpels and stamina (Fig. 49).

The assumption of a T-DNA insertion mutation of agamous was tested by Southern

analysis of G35 line 112.0933. The probe was generated from a template covering the

BamHUPstl fragment of the agamous genomic sequence (kindly provided by E.

Meyerowitz). However, no clear signal was seen neither with C24 nor with G35 line

112.0933 high-molecular or restriction endonuclease digested DNA (data not shown).

It remains therefore to be shown whether the mutation was caused by a T-DNA or

other mutation at the agamous locus or an alteration at a different locus.
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Figure 49 Agamous-like phenotype of an Arabidopsis flower from a G35

line 112.0933 R1 plant. A Phenotype of the stem distal region, B Detail

of the flower phenotype.
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4 Discussion

4.1 PosF21 may belong to a new subgroup of bZIP proteins

The PosF21 sequence was isolated from the Arabidopsis genome by an indirect

hybridization approach. An oligonucleotide encoding a glutamine polypeptide known

from other transcription factors was used to screen an Arabidopsis cDNA library. The

PosF21 obtained in this way encodes a protein of the bZTP class (Aeschbacher, 1990).

These bZIP proteins represent a group of eukaryotic transcription factors whose "basic

domain" sequence motif is able to bind specifically to DNA sequences (Hurst, 1994).

For most of the bZIP proteins isolated so far, specific target DNA elements are known.

In several cases, these sequences have been instrumental for gene isolation as probes to

detect bZTP proteins in cDNA expression libraries. For the putative transcription factor

PosF21, however, no such target DNA sequence is known. In order to obtain clues

about possible DNA-binding specificities of PosF21, a comparison of the primary

structure of its basic domain was performed.

Sequence comparison of all bZIP proteins isolated so far revealed only two strictly

conserved amino acid residues in the basic domain. Relative to the first leucine of the

zipper region, an arginine is located 10 residues amino-terminal, whereas an

asparagine is found 18 residues amino-terminal. Strict sequence homologies among

plant bZIP proteins extend farther, including arginine residues at positions -8, -17, and

-22, lysine at -7, and serine at -11. The alanine residue at -14 is also strongly

conserved, especially among plant bZIP proteins, whereas position -15 is occupied

mostly by alanine, in plant bZTP proteins alternatively by serine. At position -12, a

basic amino acid is usually found in plant bZTP proteins. Thus, the plant bZIP proteins

form a subgroup of the bZIP class, represented by their consensus sequences (Hurst,

1994, Fig. 1).

The overall structure of PosF21 fits into the plant consensus sequence 1 (Hurst, 1994)

with one important exception. Residues strictly conserved in plants are also found in

PosF21, but arginine at position -10 is replaced by a lysine residue. The arginine

residue normally present at this position has been shown to be essential for specific

DNA-binding. Interaction of the yeast GCN4 basic domain with its cognate AP-1

DNA element revealed an interaction of arginine with guanine at the center of the

pseudopalindromic DNA element. The two amino groups of arginine directly contact

the base by hydrogen bonds (Ellenberger et al, 1992, Suzuki et al, 1995). Similarly,

Arg -10 of Fos and Jun contact the guanine of the same DNA element (Glover and

Harrison, 1995). When Arg -10 of GCN4 was substituted with other amino acid

residues including lysine, mutant proteins were unable to bind the AP-1 site in vitro.

However, when arginine was replaced by histidine, the binding ability was not lost but
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the specificity was shifted from the AP-1 to the to the target sequence of mammalian

ATF/CREB proteins (Kim and Struhl, 1995).

Moreover, a similar arginine to lysine substitution in a bZIP protein has been found to

cause a mutant phenotype in maize. The mutation in the basic domain of the maize

Opaque-2 transcription factor caused a loss of specific binding to zein promoter

fragments in vitro. In plants, this o2-676 mutant lead to a reduction of zein levels in

maize endosperm in the range of 30-60% of wild-type levels (Aukerman et al, 1991).

The target site of 02 in the 22 kDa zein promoter contains a palindromic sequence

with a central CG pair similar to other promoter sequences recognized by bZIP

proteins (Schmidt etal, 1992).

Thus, it seems that the arginine residue at position -10 is crucial for specific binding to

DNA elements containing a guanine at the core. However, substitution of this residue

does not necessarily lead to a general abolition of DNA-binding activity, as has been

demonstrated in the case of the substitution of arginine by histidine in GCN4. Rather,

this arginine residue may be responsible for binding specificity, and its strict

conservation among bZJP proteins may reflect the equally frequent CG cores in DNA

binding sites. In addition, when possible base-amino acid pairings were examined,

lysine was found to be comparable to arginine in terms of specificity and energy

(Suzuki etal, 1995).

The ability of a bZIP protein containing a basic domain with a lysine residue at

position -10 to bind to DNA has been demonstrated with the tomato bZTP protein

VSF-1. Besides the o2-676 mutant in maize, this protein is the only bZIP protein

isolated so far with a lysine residue at position -10. Fragments of this protein were able

to bind to the negative regulatory element (NRE) in the upstream region of the bean

grp 1.8 promoter in vitro (Heierli, 1993).

The comparison of the primary structure of PosF21 and the VSF-1 revealed a striking

homology. Among the 35 residues amino-terminal of the leucine zipper, 83% are

identical. This homology is singular, in contrast to all other bZIP proteins, where the

best matching sequence, the maize OBF2 basic domain, shares only 46% homology to

PosF21 within the 28 residues amino-terminal of the leucine zipper (Singh et al, 1990,

Fig. 1). The strong sequence homology between PosF21 and VSF-1 indicates a

particular relationship. It can thus be postulated that these two proteins form a subclass

of their own among the plant bZIP transcription factors.

The homology of PosF21 and VSF-1 suggests the use of the NRE in in vitro binding

assays with PosF21 which could lead to the isolation of target DNA sequences for

PosF21. Alternatively, experiments with a PosF21 affinity column could lead to the

isolation of DNA elements binding to PosF21 similar to the method used in GCN4

analysis (Oliphant etal, 1989).
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4.2 Functional analysis of PosF21 in vitro and in vivo

4.2.1 The PosF21 upstream region shows promoter activity

in different species

In a first step of the analysis of the PosFll sequence in vivo, the promoter activity of

the region upstream of the putative transcriptional start site was assessed. Promoter

activity was assumed because transcription of PosFll had been demonstrated earlier in

Northern analysis of mature mRNA products, and a putative TATA box had been

identified in the correct distance from the transcriptional start site (Aeschbacher,

1990). Transient transfection of plant protoplasts using a reporter gene under the

control of the putative promoter sequences has been described as a suitable approach

(Fromm and Walbot, 1978). The uidA gene encoding the P-glucuronidase visible

marker was chosen as the marker gene because of its properties such as the high

sensitivity, easy quantification, and the absence of intrinsic enzyme activity in plants

(Jefferson et al, 1987). Arabidopsis and tobacco protoplasts were chosen as homo-

and heterologous systems with well established transfection protocols available

(Paszkowski etal, 1984, Karesch etal, 1991, Negrutiu etal, 1987).

The plasmids used were direct and inverted transcriptional fusions of promoter

sequences and the reporter gene. Assuming that the inverted promoter regions with a

displaced TATA box would be unable of driving transcription, they were used as

negative controls.

In the experiment with tobacco protoplasts, this assumption was confirmed with the

CaMV 35 S promoter used as the positive control. The CaMV 35S promoter fragment

conferred significant GUS activity when fused directly to the reporter gene, whereas

the inversion of this sequence resulted in a complete loss of activity. A corresponding

effect was observed with the 0.3 kb PosFll upstream region driven GUS activity. The

CaMV 35S promoter fragment used is fully active in plant tissue, conferring about 60

times the basal promoter activity (Odell et al, 1985). As the PosFH upstream

sequence promoted GUS activity in the same order of magnitude, it can be concluded

that the 0.3 kb PosFll upstream sequence is able to confer activated transcription

levels in an orientation-dependent manner in tobacco protoplasts.

In Arabidopsis protoplasts, the promoter activity of the PosFll upstream fragment was

clearly demonstrated when compared with a promoterless uidA sequence. The

expression levels were higher than in tobacco and higher than those conferred by the

CaMV 35S promoter, suggesting activated transcription as in tobacco. The differences

could be explained by interactions of the PosFll upstream fragment with activating

factors present in the homologous, but not in the heterologous cells.
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In contrast to the tobacco protoplasts, the inverted PosFll upstream sequence was able

to confer activation levels in the range of the CaMV 35 S promoter. The inverted

PosF21 upstream fragment contains no sequence similar to the TATA box located near

the putative transcriptional start site. A minority of eukaryotic promoters are TATA-

less, but nevertheless recognized by RNAP II (Lewin, 1994). Factors present only in

the homologous system may activate transcription from such a promoter sequence by

binding to direction-independent enhancer elements within the promoter, thus

providing an alternative activation mechanism not possible in the heterologous tobacco

system.

Altogether, the experiments demonstrated that the 0.3 kb PosFll upstream fragment

indeed had the properties of a promoter able to confer transcription activated above

basal levels.

4.2.2 Does PosF21 have autoregulatory function in planta?

So far, the target site of a plant bZIP protein has been identified only in the maize 22

kDa zein promoter, which is activated by the 02 transcription factor (Schmidt et al,

1992). Most of the other bZIP proteins in plants have been isolated using cognate DNA

elements, possibly representing binding sites in target promoters, in screening cDNA

expression libraries (Foster et al, 1994). In contrast, the bZIP protein PosF21 was

isolated by an indirect cross-hybridization approach. Therefore, no putative target

DNA sequence of the binding domain was known. As a starting hypothesis, it was

postulated that PosF21 may be able to autoregulate its expression by binding to its own

promoter.

Autoregulation, mostly positive, has been discussed as a possibly common feature of

eukaryotic transcription factors, leading to permanent activation patterns in cells

following a transient external stimulus (Serfling, 1989). In vivo positive autoregulation

has been reported for a number of Drosophila and mammalian proteins (Hiromi and

Gehring, 1987, Bergson and McGinnis, 1990, Thayer et al, 1989, Chen et al, 1990,

Tsai et al, 1991, Plaza et al, 1993). Gene repression by its own product has also been

demonstrated, e.g. for fos, which is cooperatively repressed by the Fos and Jun bZJP

proteins (Kdnig etal, 1989).

Transient cotransfection experiments with effector and reporter plasmids carrying the

coding sequence of the transcription factor and its binding site, respectively, are a tool

to assay transcriptional activation in vivo (Katagiri and Chua, 1992). The maize bZIP

protein 02, e.g, was shown to trans-acXivaXt reporter constructs with the maize 22-kDa

zein in maize endosperm protoplasts upon transient cotransfection (Ueda etal, 1992).

When such experiments were performed in tobacco and Arabidopsis protoplasts with

PosFll, a positive fra/is-activation of the 0.3 kb PosFll promoter fragment was

observed. Significant differences were observed between effector plasmids carrying
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the PosFll coding sequence in sense and anti-sense orientations fused to the CaMV

35S promoter, suggesting a positive autoregulatory function of PosF21. A positive

correlation between the amount of effector plasmid and the frans-activation was

observed for the sense PosFll effector plasmid, whereas this was not true for the

PosFll anti-sense effector. It is therefore not probable that a simple carrier effect of

the added plasmid DNA, which might support DNA import, is responsible for the

effect.

However, limitations of the assay must be taken into account before concluding that

frans-activation upon cotransfection shows an autoregulatory function of a

transcription factor. In transient transfection assays, a large number of reporter plasmid

copies are introduced into a cell. Thus, detectable activation could be caused by

interaction of binding sites with low-affinity activators, thus not necessarily reflecting

the situation in vivo. Similarly, large copy numbers of effector plasmids may cause an

intracellular concentration of the factor that is higher under physiological conditions,

which could lead to increased expression of the reporter gene even with low-affinity

binding. This holds definitely true for the assays performed with PosFll sequences

where amounts of 1-10 u.g effector and 20 u,g reporter plasmids were used. Thus,

alternate assays are necessary to confirm the obtained results (Katagiri and Chua,

1992).

Several other groups have performed similar cotransfection assays to assess

autoregulatory properties of bZIP proteins. In transient cotransfection assays using

tobacco protoplasts, a trans-activation was observed for the maize 02 transcription

factor with the maize b-31 gene encoding an endosperm albumin and, in addition, with

its own promoter. Binding of the promoter elements to 02 was also demonstrated in

vitro by electrophoresis mobility shift and nuclease protection assays. A weak positive

autoregulation of 02 was thus suggested (Lohmer et al, 1991). However, a problem

common to these experiments was the high concentration of 02 involved, which may

cause physiologically irrelevant interactions between the protein and DNA sequences

to occur (Aukerman and Schmidt, 1994).

The parsley bZIP protein CPRF-1 was shown to recognize in vitro the double ACGT

element dACE
, present in the untranslated leader sequence of CPRF1. In transient

cotransfection assays with parsley protoplasts, this interaction was demonstrated in

vivo as well. A deletion of dACEcw?f7 from the CPRF1 5' region was shown to

increase expression of a reporter gene in a transient transfection assay. Thus, a

negative regulation of expression of the CPRF1 gene by factors including CPRF1 was

suggested (Feldbriigge et al, 1994). In rice, the bZIP protein RTTA-l was able to

recognize DNA elements present in its own rita-1 promoter and to frcms-activate a

reporter construct containing rita-1 5' sequences, indicating that rita-1 is autoregulated

(Izawa et al, 1994). Thus, in both the studies with CPRF-1 and RTTA-l, in vivo trans-
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activation could be correlated to in vitro binding of the protein to cognate DNA

sequences present in the promoters of the reporter plasmids.

An alternative in vivo assay to transient cotransfections is the use of transgenic plants

which already harbor the reporter constructs. Tissues of such plants can then be used as

recipients for effector plasmids in transient transfection assays (Katagiri and Chua,

1992). The microprojectile bombardment has been used successfully to demonstrate

frans-activation. In order to assess trans-acXivaXor function of the tobacco bZIP protein

TAF-1, transgenic tobacco plants were produced harboring a reporter fusion of the

motif I DNA sequence to uidA. Leaves were then bombarded with an effector plasmid

over-expressing the TAF-1 cDNA. GUS activity was measured fluorimetrically and

found to be 10- to 15-fold increased after bombardment, clearly above the unspecific

effect of the vector plasmid alone (Oeda etal, 1991).

This approach was chosen to assess the putative PosFll autoregulation in planta.

Leaves of transgenic Arabidopsis plants harboring transcriptional fusions of the 0.3 kb

PosFll promoter fragment to uidA were used as targets in microprojectile

bombardment experiments. However, no GUS expression upon transfection of a

PosFll over-expressing effector plasmid was observed. The same effector plasmid

had been used previously in the transient cotransfection experiments in protoplasts,

activating a reporter plasmid with the same transcriptional fusion of 0.3 kb PosFll

promoter fragment to uidA. Efficient transfection of Arabidopsis leaf cells had been

demonstrated in initial experiments aimed at the adjustment of bombardment

parameters. In addition, when bombarded leaves of the transgenic Arabidopsis plants

were assayed for GUS expression using after prolonged incubation in an substrate

solution with less stringent control of cell specific reaction, dispersed staining became

visible, indicating the potential of the target cells to express the reporter construct to a

sufficient level. Thus, the autoregulatory fra/w-activation of PosF21 could not be

confirmed with this approach.

These results suggest that the observed high levels of fra/w-activation of the 0.3 kb

PosFll promoter fragment by PosF21 may reflect non-physiological conditions in the

transient cotransfection assay. Effects in planta may be weaker, if not absent. Elements

upstream of the 0.3 kb PosFll promoter fragment could be required for trans-

activation in planta, but not in isolated protoplasts. However, as the protoplasts used in

the cotransfection assays originated from leaf tissue, this possibility does not seem

obvious. This hypothesis could be tested by transient transfection with target tissue

from a different group of transgenic plants harboring the uidA reporter gene fused to a

2.8 kb PosFll promoter fragment. These plants express GUS very strongly, rendering

a detection of low trans-activaXion levels difficult, but this could be overcome by
shorter incubation in the substrate solution.
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Another possible approach is the introduction of the transcription factor itself into

target cells containing the reporter construct, circumventing the need for expression of

the factor from an effector plasmid. The tobacco bZIP protein TGAla was

microinjected into cotyledon and leaf cells from transgenic plants harboring a reporter

fusion of uidA and a CaMV 35S promoter fragment with as-1 elements recognized by

TGAla in vitro. Upon injection of 103-104 TGAla molecules per cell, activation of

GUS expression was observed (Neuhaus et al, 1994). A similar experiment using a

purified PosF21 fusion protein and transgenic Arabidopsis tissues could be performed,

allowing control of transcription factor concentration in the targeted cells. However, as

efficient transient expression of transgenes has been demonstrated in the Arabidopsis

leaf cells, insufficient expression of PosF21 does not seem to be an explanation for the

absence of frans-activation in planta.

A2.3 Putative binding elements in the PosF21 promoter are not recognized

by a PosF21 fusion protein in vitro

The frans-activation of the PosFll promoter by over-expression of PosF21 observed

in transient cotransfection experiments with protoplasts is not necessarily due to a

direct interaction of the factor and elements in the promoter. Alternative, indirect

mechanisms have been proposed, e.g. a displacement of an unknown factor by the

over-expressed protein from other binding sites and subsequent activation of the

promoter of interest by this factor, or activation of another gene encoding a

transcription factor by the over-expressed protein and binding of that factor to the

promoter of interest (Neuhaus et al, 199A). In order to assess whether PosF21 binds

directly to its own promoter, demonstration of in vitro interactions of PosFll promoter

elements and PosF21 could give a first hint. Like transient transfection assays, in vitro

binding assays do not necessarily reflect the situation in vivo. Nevertheless,

demonstration of in vitro binding of a putative transcription factor to a promoter

sequence together with a functional assay, e.g. in vivo frans-activation can help to

resolve whether the regulatory effect is direct or indirect (Katagiri and Chua, 1992).

The studies about autoregulatory functions of the bZIP proteins 02, CPRF1, and

RTTA-l in vivo were all supported by in vitro assays showing protein binding to

sequences of their own promoters (Lohmer et al, 1992, Feldbrttgge et al, 1994, Izawa

et al, 1994).

One problem encountered in the analysis of the PosFll promoter was the absence of

known binding motifs for bZIP proteins. The first plant bZIP protein isolated, TGAla,

was described as a TGACG-sequence-specific binding protein (Katagiri et al, 1989).

The isolation of further plant bZIP proteins revealed a relaxed preference of these

proteins for DNA motifs containing an ACGT core (Izawa et al, 1993). This core

element has been identified in a number of plant promoters containing target sequences
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of bZIP proteins (Foster et al, 1994) and shows a dyad symmetry typical for bZIP

protein cognate sites. 02, CPRF1, and RTTA-l all interact with such elements within

their own promoters or 5' regions (Lohmer et al, 1992, Feldbriigge et al, 199A, Izawa

et al, 1994). In contrast, the plant bZIP protein, PG13 from tobacco, has been shown

to interact with non-palindromic TGACTT elements in its own promoter, in nuclease

protection assays (Fromm et al, 1991).

Initially, three heptamers in the PosF21 promoter resembling most closely the TGACG

element of as-1 were thought to be putative PosF21 binding sites (R. A. Aeschbacher,

pers. comm.). In an electrophoresis mobility shift assay (EMSA) performed with a

PosF21 promoter fragment containing these heptamers, no interaction with PosF21

was observed. Only one of these heptamers, TGA(T/A)TCA, showed a

pseudopalindromic structure with limited homology to the AP-1 binding site

TGA(G/C)TCA which is recognized by GCN4 (Oliphant et al, 1988). However, the

putative PosF21 DNA binding domain was unable to replace the GCN4 DNA binding

domain in a domain swap experiment (Aeschbacher, 1990). Thus, if the heptamer in

the PosF21 promoter is functionally related to the AP-1 site, binding by PosF21 cannot

be expected.

The structure of the complex formed by DNA element with its cognate binding

proteins, GCN4 and the Jun/Fos heterodimer, has been analyzed. A specific interaction

of the central guanine base of the DNA element with a strictly conserved arginine

residue in the binding domains of the bZIP proteins was demonstrated (Ellenberger et

al, 1992, Glover and Harrison, 1995). However, neither the central guanine in the

heptamer nor the conserved arginine in the basic domain are present in the motif of the

PosF21 promoter and in the PosF21 protein, respectively. Therefore, the interaction of

GCN4 or the Jun/Fos heterodimer with the AP-1 site is probably no suitable model for

a putative direct binding of the pseudpalindromic heptamer in the PosF21 promoter

and PosF21. However, the possibility of such a binding based on different, specific

interactions between amino acid residues and bases cannot be ruled out.

Another limitation of the EMSA performed was the use of only the purified PosF21

fusion protein. Although most bZTP proteins can bind DNA as homodimers, many

bZIP proteins are able to heterodimerize with various partners (Hurst, 1994). The bZIP

proteins of the Fos family are unable to form homodimers (Vinson et al, 1993). A

bZIP protein may bind to DNA more efficiently with a heterologous partner than as a

homodimer, as was demonstrated for the c-Jun/ATF-2 heterodimer binding to the

human urokinase enhancer element (De Cesare et al, 1995). Thus, it is possible that

the PosF21 fusion protein cannot bind strongly enough to DNA as a homodimer or

cannot form homodimers at all.

The use of a recombinant protein expressed in bacteria can cause other problems. DNA

binding may depend on post-translational protein modifications which are absent in a
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protein produced in E.coli. When the PosF21 fusion protein was analyzed by SDS-

PAGE, the apparent size was about 55 kDa which is larger than the 45 kDa predicted

from the primary structure. The protein was produced from a template containing the

PosF21 cDNA sequence in a plasmid which was analyzed by specific endonuclease

cleavage; therefore, a major change in the amino acid sequence and length is not

probable. However, the primary structure of the fusion protein was not analyzed, e.g.

by specific enzymatic cleavage. In addition, the protein was refolded after column

purification by a dialysis treatment. The evidence that the PosF21 fusion protein

corresponds to the functional, native PosF21 protein is therefore circumstantial. Thus,

the failure of the PosF21 fusion protein to bind fragments of the 0.3 kb PosFll

promoter does not prove that the frans-activation of PosFll promoter by PosF21 in

protoplasts is caused by an indirect mechanism.

There are, however, possibilities to assess the binding specificities of PosFll promoter

sequences and the PosF21 protein. Putative target DNA sequences of PosF21 could be

isolated by chromatography of random oligonucleotides with an affinity column

containing the coupled PosF21 fusion protein. Such an approach led to the isolation of

a heptanucleotide preferentially bound by the yeast bZIP protein GCN4 (Oliphant et

al, 1989). Similarly, random oligonucleotides could be screened for DNA-binding to

the PosF21 protein by co-incubation followed by immunopreciptiation. In an

experiment, bound DNA was shown to be amplified by PCR, thus, very low amounts

of protein, e.g. from a nuclear extract, are sufficient (Pollock and Treisman, 1990).

This would allow a comparison of DNA-binding specificities of the PosF21 fusion

protein with Arabidopsis nuclear factors.

On the other hand, sequences of the PosFll promoter could be used to screen an

Arabidopsis expression library for binding proteins in order to identify factors involved

in the transcriptional control of PosFll gene expression. Several bZIP proteins have

been isolated in plants using promoter sequences of the same species, e.g. wheat HBP-

1 and EmBP-1, and Arabidopsis GBFl (Tabata et al, 1989, Guiltinan et al, 1990,

Schindler etal, 1992a).

4.2.4 Function of the PosF21 bZIP domain in vivo

The cotransfection system in plant protoplasts using a reporter plasmid expressing a

PosFll promoter driven uidA gene and effector plasmids expressing the PosFll

cDNA sequence had demonstrated frans-activation by PosF21 in vivo. Thus, this

system seemed to be fit for the analysis of PosF21 protein and PosFll DNA sequences

with respect to their effect upon the function of PosF21. The frans-activating property

of PosF21 is thought to depend on its bZIP domain deduced from the PosFll coding

sequence. The basic domain of bZTP mediates DNA binding (Agre et al, 1989).

Equally, the leucine zipper which mediates dimerization has been shown to be
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esssential for DNA-binding in the tobacco bZIP protein TGAla (Katagiri et al, 1992).

Thus, deletion of the bZIP domain from PosF21 should lead to a loss of the DNA

binding function and, as a consequence, of frans-activation.

In transient cotransfection experiments with tobacco protoplasts, effector plasmids

harboring a mutated PosFll cDNA were used. This sequence encoded a protein

devoid of the bZIP domain, the remaining fragments being fused in frame to prevent

changes in the carboxy-terminal protein sequence. Results showed a significant

reduction of GUS activity in protoplasts compared to control treatments with the full-

length PosFll cDNA in the effector construct. The importance of the bZIP domain of

PosF21 for iVcms-activation was thus demonstrated. A similar conclusion was drawn

from DNA-binding experiments with truncated derivatives of the parsley bZTP protein

CPRF-2 where carboxy-terminal deletions including the last leucine residue of the

leucine zipper or the entire bZTP region abolished DNA binding activity of the protein

(Armstrong et al, 1992). Other groups have shown that deletion of the basic domain

alone from different plant bZIP proteins suppresses frans-activation. Both a maize 02

and a potato PG13 mutant lacking the basic domain were able to interfere with the

activation of cognate promoter sequences in transient transfection assays (Unger et al,

1993,Riepingefa/., 1994).

A second experiment designed to assess the functional significance of the PosF21 bZIP

domain was the cotransfection with an effector plasmid harboring the isolated domain.

In a similar experiment, a 97 amino acid polypeptide encompassing the bZJP domain

and adjacent amino-terminal residues of the avian retrovirus AS42 v-Maf protein, had

been unable to transform chicken embryo fibroblasts (Kataoka et al, 1993). A

different approach using microinjection of the bZTP polypeptide of the tobacco protein

TGAla demonstrated the absence of /Tanj-activation seen upon injection of the full-

length protein (Neuhaus et al, 1994). Lacking the acidic, proline- and glutamine-rich

putative activation domains, the truncated PosF21 protein was thought to be able to

bind to DNA, but incapable of taws-activation. A protein with these properties would

represent a negative control for trans-activation by PosF21 and could be used in

competition assays with a full-length protein or functional analysis.

However, contrary to this hypothesis, activation levels were equal to those mediated by

the full-length PosFll cDNA effector plasmid. Obviously, an unexpected function of a

protein may be due to undetected sequence or conformation changes. As the DNA

construct was not sequenced, the possibility of a frame-shift due to the enzymatic

treatments cannot be excluded. However, as no exonuclease treatments were used in

the construction procedure of the effector plasmid pOE21G, the possibility of such an

alteration is rather low. If this is provided, the structure of the resulting polypeptide is

probably functional. For the bZTP proteins GCN4, Jun, and Fos, the structure of the

bZIP domain was shown to be a relatively straight a-helical conformation upon
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binding to DNA (Ellenberger et al, 1992, Glover and Harrison, 1995). Thus, the bZIP

domain does not seem to have an extensive tertiary structure depending on other

residues of the protein. The conformation of an isolated bZJJ? domain should not

interfere with a possible DNA-binding activity.

A more obvious explanation for the observed effect is the formation of a heterodimer

of the PosF21 bZIP region polypeptide with an unknown partner, the complex being

able to bind to DNA sequences and activate transcription via the activation domains of

the partner protein. The isolated bZIP domains of the parsley protein CPRF-1 and the

wheat protein EmBP-1 have been shown to bind to DNA as dimers in vitro even with

only four leucine residues of the leucine zipper retained (Armstrong et al, 1992,

Guiltinan and Miller, 1994). Heterodimers of plant bZJP able to bind to DNA sites

have been described for Arabidopsis GBF and maize 02 and OHPl proteins (Schindler

et al, 1992a, Pysh et al, 1993). As an alternative to the PosF21 bZJP domain

polypeptide, shorter fragments of PosF21 encompassing only the basic domain could

be used as a negative control and as competitors to the full-length protein to elucidate

the role of the putative DNA binding domain in frans-activation of transcription.

However, evidence concerning this hypothesis is inconsistent. Basic domain

polypeptides of the mammalian bZTP proteins Fos, Jun, and CREB were able to bind in

vitro specifically to DNA elements recognized by the full-length proteins albeit at

lower affinities (Busch and Sassone-Corsi, 1990). In contrast, a truncated EmBP-1

bZTP polypeptide which retained three leucine residues of the zipper was no more able

to bind to DNA in vitro (Guiltinan and Miller, 1994).

4.2.5 Function of the PosF21 untranslated leader sequence in vivo

In cotransfection experiments with tobacco and Arabidopsis protoplasts, trans-

activation of the 0.3 kb PosFll promoter fragment was observed with effector

plasmids harboring antisense or mutated sequences of the PosFll cDNA. One possible

explanation for this effect was extrachromosomal recombination between the two

plasmids via a homologous sequence (Baur et al, 1990). This sequence, a NheVHphl

fragment in the untranslated leader region of the PosFH mRNA, was present in the

effector plasmids pOE21A, B, and D harboring the PosFll coding sequence as well as

in the reporter plasmid pGC21A as part of the PosFll promoter sequence. The

postulated recombination product, a transcriptional fusion of the CaMV 35S promoter

to the PosFll untranslated leader and the uidA reporter gene, led to very strong GUS

activity in protoplasts (Aeschbacher, 1990). Therefore, even a limited frequency of

such recombination events might lead to significant GUS activity in transfected

protoplasts, thus biasing the result. Therefore, the effector plasmids pOE21E and

pOE21F were used lacking the untranslated leader sequence upstream of the full-

length and deleted PosFll sequences, respectively.



Discussion 127

Cotransfection experiments with these effector plasmids revealed a clear reduction of

frans-activation compared to the effector plasmids harboring the leader sequence.

However, this jTans-activation was not abolished. Thus, other factors had to be taken

into account possibly causing an increase of GUS activity upon cotransfection. One

possible explanation is an unspecific carrier effect caused by the addition of plasmid

DNA to the reporter plasmid. Carrier DNA was shown to be important for efficient

direct gene transfer to protoplasts (Negrutiu et al, 1987. In direct gene transfer

experiments, however, plasmid DNA could not replace the high molecular carrier

DNA used (Shillito et al, 1985). In addition, the carrier effect hypothesis does not

explain the different GUS expression levels upon transfection with the effector

plasmids containing the deleted PosFll sequence.

Assessment of this hypothesis by cotransfection with a transcriptionally inert effector

plasmid revealed an increased GUS activity. The magnitude of this effect was equal to

the one mediated by the pOE21F effector plasmid harboring the deleted PosFll

sequence without the untranslated leader. This demonstrated the absence of specific

/rans-activation by the deleted PosF21 mutant and thus the essential role of the PosF21

bZTP in franj-activation.

The reduction of fra/ty-activation mediated by the effector plasmids without the

PosFll untranslated leader sequence may indeed be due to the absence of putative

extrachromosomal recombination events. However, other effects of this sequence, e.g.

an increased transcription of the effector gene and subsequent higher levels of trans-

activator protein in the cell, may be responsible for the observed differences. The

tobacco mosaic virus (TMV) Q leader sequence has been shown to enhance translation

in plant protoplasts (Gallie et al, 1989). Similarly, the PosFll leader sequence could

mediate increased translation, thus leading to higher PosF21 levels and subsequent

higher frans-activation levels.

4.2.6 Specificity of frans-activation by PosF21 in vivo

The sequence specificity of frans-activation by PosF21 was assessed in a

cotransfection assay with the PosFll and CaMV 35S promoter sequences. Results

showed that the activation of the CaMV 35S promoter was not above the background
effect mediated by a non-transcribed plasmid sequence. In contrast, frcms-activation of

the PosFll promoter was significant, as had been demonstrated in earlier experiments.
These results suggest that the binding specificity of PosF21 is different from the

tobacco bZIP protein TGAla. When the TGAla protein was microinjected into

tobacco leaf and cotyledon cells harboring a CaMV 35Sp.::uidA reporter construct,

frans-activation was observed, leading to strong GUS expression. This result was,

together with in vitro binding studies, taken as strong evidence for an interaction of

TGAla with elements in the CaMV 35S promoter (Neuhaus et al, 1994). If DNA-
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binding properties of PosF21 and TGAla were similar, frans-activation should have

occurred in the cotransfection assay with PosF21 and the CaMV 35S promoter. This

negative result indicates that the unknown binding sites of PosF21 are different from

the as-1 DNA element in the CaMV 35S promoter containing the target sequences for

TGAla. However, the absence of frtms-activation of the CaMV 35S promoter does not

prove a direct interaction of PosF21 with PosF21 promoter sequences, as the observed

frcms-activation might be mediated by other factors activated by the expression of the

effector plasmid.

Summarizing these findings, fraws-activation of gene expression in plant protoplasts

by PosF21 was shown to depend on the bZIP domain in the protein as well as specific,

yet unknown elements in the promoter sequence of the reporter construct. However,

clarifying the putative direct interactions between the PosF21 protein and PosFll

promoter elements in vitro will be a prerequisite for further work concerning the

autoregulation hypothesis.

4.3 Gene transfer to Arabidopsis

Expression and function analysis of PosFll in plants required the efficient transfer of

a set of transgenes into Arabidopsis cells and the subsequent regeneration to fertile

plants. Agrobacterium- and PEG-mediated gene transfer methods were available

(Valvekens et al, 1988, Karesch et al 1991a, 1991b). The system including

Arabidopsis root explants and Agrobacterium tumefaciens as a vector for gene transfer

was chosen because of two reasons. First, the copy number of the transferred gene is

low, thus improving the chance of obtaining single copy integration, simplifying the

genetic analysis and reducing the risk of sense suppression (Matzke et al, 1994). In

addition, the regeneration of fertile plants from root explants was established

(Valvekens et al, 1988). In contrast, copy number of transgenes following direct gene

transfer is usually higher, and the regeneration protocol for Arabidopsis protoplasts

had been optimized only partially (Negrutiu et al, 1987, Karesch et al, 1991b).

The protocol of Valvekens et al. (1988) was used successfully, however, the rooting

efficiency was insufficient. Indolyl butyric acid treatment had been shown to promote

root formation in regeneration of Arabidopsis plants derived from leaf and cotyledon

explants and root segments (Schmidt and Willmitzer, 1988, Chaudhury and Signer,

1989). As the protocols for the application of IBA to the regenerants were not specified

in detail, different concentrations of IBA were tested with Arabidopsis regenerants

from root explants. The stimulating effect on root formation was found to be higher
with increasing concentrations of IBA. Therefore, a concentration of 10 mg/l IBA and

an 7 days culture were chosen as suitable parameters. However, this protocol is only

partially optimized. Lower IBA concentrations as used by Schmidt and Willmitzer
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(1988), and Chaudhury and Signer (1989), possibly combined with shortened culture

periods, may further improve the rooting response of the regenerants.

The regeneration efficiency, measured as fertile regenerants obtained per root explants

used, varied considerably between 20% and more than 110%. Thus, the best

regeneration efficiencies observed are higher than in the original method, where a

maximal rate of 80% was obtained (Valvekens et al, 1988). The critical step in the

transfection experiments performed was the formation of shoots on calli, whereas

callus formation on root explants and fertility of regenerating shoots was achieved with

a clear majority of the individuals. Excision of very small shoots at an early stage of

development was found to improve regeneration to fertile plants. Thus, a short culture

period on shoot induction medium may be beneficial to regeneration efficiency.

Similarly, a short preculture period on callus induction medium has been shown to be

essential for efficient regeneration (Valvekens et al, 1988). As alternative gene

transfer and regeneration protocols, methods of Arabidopsis transfection in planta by

Agrobacterium-mediaXtd gene transfer has been developed which obviate the need for

plant regeneration from tissue explants (Chang et al, 1994, Katavic et al, 1994).

Genetic analysis of the regenerated Arabidopsis lines showed that most of the

regenerants had the T-DNA integrated at a single locus, which allowed the simple
identification of lines homozygous for the transgene. However, the frequency of

multiple locus T-DNA integration was clearly higher with the G21B 0.3 kb

PosFllp./.uidA reporter construct.

Molecular analysis revealed integration of the gene of interest in all kanamycin

resistant lines, with one exception where the G21C 2.8 kb PosF21p.::uidA

transcriptional fusion sequence was not detected. This was probably due to incomplete

integration of the T-DNA which cannot be detected with pBIN19 derived binary

plasmids because of the location of the selectable marker gene next to the right border

(Bevan, 1984). This problem could be circumvented by the use of pBIN19 derivatives

which harbor the selectable marker gene next to the left border (van Engelen et al,

1995). Most of the lines analyzed harbor only a single copy of the transgene. However,

among the G21B lines, 6 out of 7 lines contained more than one copy. This result is

correlated to the increased frequency of multiple locus T-DNA insertion among the

transgenic lines obtained in three independent experiments. It is not clear, however,

whether these effects are linked to the T-DNA structure, as the total number of

regenerated lines is limited.

Fertile plants homozygous for the transgene were obtained upon selfing of segregating
Rl plants and bulking of R2 seeds which were tested on kanamycin. Thus, as expected

after % -tests of the Rl populations revealed 3:1 segregation patterns for many lines,

the integrated T-DNA sequences were not deleterious to plant growth in a homozygous
state.
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4.4 Functional analysis of PosF21 in planta

In order to elucidate the function of a gene product, mutations of the gene can give

clues by creating a detectably altered phenotype. For many plant bZIP proteins

including PosF21, such mutants are not available because of the direct molecular

isolation approaches used. Specific mutant alleles could theoretically be obtained by

gene targeting, however, the efficiency of this technique for nuclear sequences is very

low (Paszkowski et al, 1988). Altering expression levels or patterns of the

transcription factor, leading to changes in gene expression or morphology of the plant,

could yield information about the physiological or developmental function of the

transcription factor. Besides the use of dominant negative mutations, factor over-

expression or antisense down-regulation in transgenic plants are possible approaches

(Katagiri and Chua, 1992). Suppression of gene expression has been regarded as the

only feasible method available for the production of mutants in some eukaryotes,

allowing the determination of a biological function of a specific cDNA sequence

(Bourque, 1995).

For the functional analysis of PosF21, over-expression and antisense experiments

including transgenic Arabidopsis plants were performed. PosF21 transcription and

expression levels were assessed with strand specific RNA probes and polyclonal

antibodies against a PosF21 fusion protein, respectively.

4.4.1 The antiserum against the PosF21 fusion protein

The rabbit anti-PosF21 serum had to be raised against the PosF21 fusion protein as the

antigen. Before using this antiserum in immunological assays, the specificity was

assessed. The pre-immune serum and various proteins and plant extracts served as

negative controls.

With the pre-immune serum, no immunological reactions were detected except for a

weak reaction with the Arabidopsis protein extracts. The signal had a size of about

45 kDa which is identical to die theoretical weight of PosF21 (Aeschbacher, 1990). As

the signal was visible with extracts of wild-type and transgenic Arabidopsis plants, it

can be assumed that normal cellular components in Arabidopsis were involved in the

reaction. However, this interference of serum components with Arabidopsis

polypeptides could theoretically mask very low levels of PosF21 in Western blot

assays after PAGE. When the same Arabidopsis extracts were incubated with the

antiserum, signals of similar size, but strongly enhanced intensity, were visible with

both extracts. These signals could be caused by a specific interaction with the

endogenous level of PosF21 protein in Arabidopsis plants. As the signal obtained with

the pre-immune serum was much weaker than with the antiserum, an unspecific

reaction of serum components with plant proteins does not mask a specific interaction
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of the antiserum with a Arabidopsis 45 kDa protein possibly identical to PosF21. In

addition, the strong reaction would allow the 45 kDa protein to be detected even at

levels reduced to a substantial extent, thus visualizing a possible down-regulation

effect of PosF21 antisense constructs. In order to distinguish signals co-migrating with

the 45 kDa signal possibly representing PosF21 in PAGE, two-dimensional

electrophoresis could be used.

The PosF21 antiserum showed cross-reactions to various proteins present in the

immunological assay at high concentrations easily detectable by Coomassie blue

staining. Among them were weight marker proteins which were detected with different

intensities. In addition, cross-reaction to ribulose 1,5-biphosphate carboxylase

(RuBPCO) was demonstrated with a purified protein. RuBPCO, similar to the weight

marker proteins, was present in the assay at high concentration, being a very abundant

protein in green plant tissue (Stryer, 1995). In order to increase the specificity the

antiserum, a partial purification using plant extracts to remove unspecifically

immunoreactive compounds could be used.

Compared to the cross-reactions between the antiserum and different proteins present

at high concentrations, the reaction with the PosF21 fusion protein was very strong.

With an amount of protein which was not detectable by Coomassie blue staining, the

reaction yielded the most intensive signal in the assay. Moreover, the absence of any

similar reaction of the PosF21 fusion protein with the pre-immune serum suggests that

the signal is caused by specific anti-PosF21 antibodies present in the serum. Thus, the

antiserum was considered to be sufficient for Western analysis of plant protein

extracts.

4.4.2 Analysis of PosF21 over-expressing plants

When the 6 transgenic Arabidopsis lines harboring a PosF21 over-expression

construct were analyzed for mRNA and protein levels in plants, these levels were

different from the wild-type. In addition, mRNA and protein levels of individual lines

corresponded in a striking manner. Whereas all of the lines had mRNA levels higher

than the wild-type, 4 lines had very strongly increased levels, and 2 lines showed a

slight increase. In immunological assays, 5 lines showed a signal co-migrating with the

PosF21 fusion protein and absent in the wild-type control. One of the lines with

slightly increased PosF21 mRNA levels did not produce this signal, whereas the other

line showed only a weak signal. These results suggest that the additional signal

observed in the plant extracts of transgenic lines which is of the same apparent size as

the PosF21 fusion protein is indeed PosF21 expressed from the transgene. Thus, the

over-expression approach was successful concerning the protein levels which were

indeed significantly increased above the wild-type.
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However, when plants of these lines were grown in vitro and in soil, no obvious

phenotypical difference was visible compared to the wild-type. Thus, it seems that the

over-expression of the PosF21 cDNA to high protein levels does not affect plant

development or metabolism in a conspicuous way.

So far, studies involving the change of specific protein levels in plants using gene

transfer have been performed mostly using the antisense approach, aiming at a

reduction of expression levels. Although this approach was successfully used in many

experiments, significantly altered levels of biochemically characterized proteins

without visible changes in the plant phenotype have been reported. When a sequence

encoding an antisense RNA of the potato 10 kDa protein of photosystem II was

expressed in transgenic potatoes, a significant reduction of mRNA and protein levels

was observed. However, the drastic reduction of protein levels down to 1-3% of wild-

type concentrations did not influence other proteins associated with photosystem n.

Phenotypic differences were not observed between wild-type and transgenic plants,

either (Stockhaus et al, 1990). In another study, mRNA and protein levels of a starch

phosphorylase were strongly reduced in potato leaves without a significant effect on

starch accumulation in these organs (Sonnewald etal, 1995).

In the over-expression approach with PosF21, the sequence was under the control of

the CaMV 35S promoter. Although not determined in detail, activity of the transgene

in all organs can be assumed. The same has been found with the PosF21 gene in

Arabidopsis, where mRNA was found in different organs (Aeschbacher, 1990). Thus,

no interference due to ectopic expression of PosF21 has to be assumed in this

experiment. Rather than the pattern, the expression levels changed by the transgene

could lead to altered phenotypes. As this was not observed, it can be assumed that gene

regulation in Arabidopsis does not depend on strictly controlled levels of PosF21.

Hypothetically, PosF21 could be an ubiquitous transcription factor which, upon

heterodimerization with specific partners, would mediate specific gene expression.

This hypothesis is comparable with the possible function suggested for the maize

OHPl bZIP protein which is almost ubiquitously expressed in maize plants and has

been shown to heterodimerize with the maize 02 bZIP transcription factor. Although

OHPl was able to bind specifically to 02 cognate DNA sequences as a homodimer in

vitro, it is not able to rescue deleterious mutants of 02. It was therefore suggested,

among other hypotheses, that OHPl can activate transcription only when complexed as

a heterodimer with 02 (Pysh et al, 1993).

4.4.3 Assessment of the PosF21 antisense approach

A total of 10 transgenic Arabidopsis lines harboring a PosF21 antisense construct was

analyzed for their PosF21 mRNA and antisense RNA levels. Although showing some
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variation, the levels of PosF21 mRNA were higher than in the wild-type in all lines,

and these levels corresponded to the levels of the antisense RNA.

This result is in opposition to the findings in a number of studies where mRNA levels

were strongly decreased in transgenic plants harboring an antisense construct. The

proposed mechanism for this effect is a destabilization of the mRNA leading to more

active degradation (Jiang et al, 1995). Complete down-regulation of mRNA levels has

been demonstrated, e.g., for the potato patatin and ADP-glucose pyrophosphorylase,

and the tobacco glutamate-1-semialdehyde aminotransferase mRNAs. In all these

cases, the corresponding proteins were down-regulated as well (Hofgen and

Willmitzer, 1992, Miiller-Rober ef al, 1992, Hofgen etal, 1994).

However, other effects of antisense RNA on sense RNA levels have been reported. In

tobacco, glutamine synthetase and NADH-hydroxypyruvate reductase were down-

regulated by antisense RNAs. However, the levels of endogenous mRNAs were not

significantly reduced (Temple et al, 1993, Oliver et al, 1993). Duplex formation

between sense and antisense transcripts was proposed to be responsible for the down-

regulation effect, either by inhibition of the transport of the mRNA from the nucleus

into the cytoplasm or by directly inhibiting translation in the cytoplasm (Oliver et al,

1993). The heteroduplex was proposed to be stable, in contrast to other models

suggesting a rapid degradation by double strand-specific ribonucleases (Temple et al,

1993, van Blokland et al, 1993). Thus, the observed RNA levels in the transgenic

Arabidopsis lines harboring the antisense construct may indeed lead to decreased

protein levels.

When protein extracts of the Arabidopsis plants were subjected to Western analysis,

changes in the intensities of the different signals were observed. The 45 kDa signal

decreased relative to the 50 kDa RuBPCO signal in 9 out of 10 lines tested. Assuming

that the 45 kDa signal corresponds to the PosF21 protein, a down-regulation effect of

the antisense RNA can be proposed. This effect, however, is not very distinct and

should not be overestimated. When levels of glutamate-1-semialdehyde

aminotransferase in a number of plants were examined in two different laboratories

with Western blots, results were comparable, but not identical (Hofgen et al, 1994). In

addition, the identity of the 45 kDa signal with the PosF21 protein has not been shown.

Western blots with nuclear extracts may be a possibility to show that the 45 kDa signal

is a nuclear protein likely to be a transcription factor.

The transgenic Arabidopsis plants did not display a phenotype different from the wild-

type when grown in vitro or in soil. It has already been discussed that alterations in

mRNA and protein levels do not necessarily lead to an altered phenotype. Moreover, in

a number of studies, it was shown that only a part of the transgenic lines obtained

showed reduced protein levels. In an experiment using chitinase antisense RNA

expression in Arabidopsis, 5 out of 13 plants showed protein levels between 50 and
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100%, whereas only 2 had levels below 10% (Samac and Shah, 1994). In order to

obtain a few transgenic lines with reduced protein levels and altered phenotypes in

experiments with enzymes involved in the plant metabolism, an estimated number of

100 independent transformants is required (U. Sonnewald, pers. coram.). Compared to

this, the total of 10 transgenic PosF21 antisense harboring lines seems to be very

limited, and the high frequency of down-regulation effects observed in 9 out of 10

lines should be judged cautiously.

An alternative to the down-regulation of a transcription factor gene expression via

antisense RNA is the use of dominant negative mutants (Katagiri and Chua, 1992).

This approach allows suppression of frans-activation by the transcription factor to be

examined. Dominant negative mutants of bZIP proteins have been obtained by deleting

the DNA-binding basic domain of maize 02, tobacco PG13, and tobacco TGAla

(Unger et al, 1993, Rieping et al, 1994, Miao and Lam, 1995). Trans-activation was

suppressed with the 02 and PG13 mutants in vivo. Transfection of Arabidopsis plants

with a correspondingly deleted PosF21 sequence could lead to the isolation of loss-of-

function mutants with visibly altered phenotypes.

4.5 PosF21 gene expression in planta

Elucidation of the expression pattern and levels of a protein is a possible tool to obtain

information about its function in planta. Therefore, experiments were performed with

transgenic Arabidopsis plants harboring reporter fusions of PosF21 promoter

sequences to uidA. PosF21 promoter fragments of 0.3 and 2.8 kb length were used.

The longer promoter fragment was used because it had conferred higher expression

levels than the 0.3 kb fragment in transient transfection assays with tobacco protoplasts

(M.W. Saul, pers. comm.). It was therefore assumed that the sequence upstream of the

0.3 kb fragment contained cw-acting elements important for activation levels and

perhaps specificities.

When extracts of transgenic plants were assessed for GUS activity, the 2.8 kb PosF21

promoter fragment was found to confer activity levels about 103fold higher than the

0.3 kb fragment. It seems therefore obvious that strong cw-acting elements are located

in this fragment. Such enhancer elements can be very distant from the transcription

start site (Darnell et al, 1990). Indeed, analysis of promoter deletions in transient

transfection assays revealed the importance of distinct regions for cw-activation (M.W.

Saul, pers. comm.). An analysis revealed several sequences with ACGT cores within

the distal PosFll upstream region including a TACGTG hexamer found in the rice

rabl6A motif I (Oeda et al, 1991). The other sequences with ACGT cores do not

match any of the known binding sites. In addition, other binding sites may be located

in the distal part of the 2.8 kb PosFll promoter region.
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Expression levels of individual lines were found to vary extensively. This variation

may be due to position effects of the T-DNA insertion sites in the Arabidopsis

genome.

The organ and tissue specificity of PosFll promoter activity was examined by

histochemical methods. GUS staining of whole plantlets and organs revealed a

ubiquitious expression of the reporter gene driven by the 2.8 kb PosFll promoter

fragment. Differences in staining intensities were observed, as vascular tissues, stoma

guard cells, and trichomes revealed a stronger staining. However, this effect may be

due to preferential staining of cells and tissues easily accessible for the substrate in the

staining procedure rather than due to higher reporter gene expression levels (Martin et

al, 1992).

Tissue specificity of plant bZIP gene expression has been demonstrated. The maize 01

gene is transcribed very strongly in endosperm, but not in roots and leaves,

corresponding to the function of 02 as a transcriptional activator of genes expressed in

endosperm (Ueda et al, 1992). The maize OHPl mRNA is present in all tissues except

for floral organs (Pysh et al, 1993). The rice RTTA-l was found to be highly expressed

in aleurone and endosperm cells of developing seeds (Izawa et al, 1994). Thus,

PosFll expression pattern resembles the OHPl pattern most closely. However, as

only these few plant bZIP proteins have been analyzed in this respect, any suggestion

of a relationship of PosF21 and OHPl would be premature.

The constitutive expression of PosFll may reflect either a function of PosF21 in

regulation of housekeeping genes or the its role as a heterodimerization partner with

more specific bZJP proteins. The PosFll promoter, conferring strong and constitutive

expression, may be of use in transcriptional fusion products aimed at such an

expression pattern. Another DNA sequence in Arabidopsis with similar cis-activities,

the ubiquitin promoter, has been described, but is apparently not used frequently

(Norrisefa/., 1993, Fiitterer, 1995).

4.6 Transgenic Arabidopsis plants with altered phenotypes

In the course of the experiments using gene transfer to Arabidopsis and plant

regeneration, several transgenic lines were obtained displaying a morphology different

from the wild-type. Two lines showed delayed bolting in long day and no bolting under

short day conditions. These two lines harbored PosFll over-expression and antisense

constructs, respectively. Karyotype analysis showed that these plants were tetraploid,

presumably an effect of the tissue culture (Feldmann et al, 1989). Due to the presence

of multiple copies of a gene in tetraploid plants, gene dosage effects might lead to

clues about the function of the gene product. However, in the tetraploid PosFll over-

expression line, an effect of the PosFll transgene dosage is not probable, as this line
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showed the lowest levels of the PosFll mRNA among 6 lines analyzed and relatively

low levels of the over-expressed protein.

The two other mutant phenotypes obtained upon gene transfer harbored a control

reporter construct which does not contain any sequences of the PosFll gene. Thus,

they are not useful towards the goal of the elucidation of PosFH function in planta.

They nevertheless represent interesting plant developmental phenomena. One of the

mutants showed the agamous phenotype described in Yanofsky et al. (1990).

However, a possible T-DNA integration mutation in the ag sequence could not be

demonstrated in Southern analysis experiments yielding a very weak signal in the wild-

type plant DNA, but not in the DNA of the transgenic line (data not shown). The

possibility of a T-DNA integration, rearrangements or point mutations in ag, but also

changes at a different locus must be assessed to explain the observed phenotype.
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Summary

We have isolated a putative transcription factor gene,

PosF21, from Arabidopsis thaliana using an indirect

cross-hybridization approach. cDNA clones were

isolated which encode single repeating amino acids.

Such sequences may function as activation domains

in transcription factors and may be indicative for such

proteins. The clone PosF21 encodes a region very rich

in glutamines. Besides this putative activation domain

it encodes a protein sequence which shows all the

characteristics of a basic-domain/leucine zipper type

of DNA-binding domain.

PosF21 is expressed constitutively at a low level in

young seedlings and in roots, stems and leaves of

mature Arabidopsisplants. A genomic clone of PosF21

was isolated and the gene structure was analyzed.

Related sequences in Arabidopsis and a wide range of

other plants were detected using the putative DNA-

binding domain as a probe in cross-hybridization

experiments. Transient transformations in tobacco

protoplasts were performed using the beta-glucuroni-

dase (GUS) gene as reporter gene. Approximately

400 bp of the 5' genomic region of PosF21 promote

expression of the GUS gene in tobacco protoplasts.

Evidence for a regulatory function of PosF21 was

obtained since co-expression of the full PosF21 protein

or its DNA-binding region alone specifically stimulated

GUS gene expression directed from the PosF21

promoter by 6-3-fold.

Introduction

Transcription is a major level at which gene regulation is

achieved (Hames and Glover, 1988). The concerted action

of transcription factors influencing promoters synergistically

or antagonistically provides a means to control expression

from a promoter (Lewin, 1990). Although there are a large

variety of transcription factors, they seem to be based
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structurally on only a few protein motifs. The homeodomain

which is involved in DNA-binding, for example, is shared

between many of the factors involved in embryogenesis

in Drosophila (Biggm and Tjian, 1989, for a review see

Levme and Hoey, 1988) and in many transcription factors

from other systems such as frog, mouse and man (for a

review of vertebrate homeodomains see Dressier, 1989)

Other domains such as the zinc-fingers, the basic-domain/

leucine zipper or the paired domain are also DNA-binding

motifs used by different types of transcription factors

(Fngeno etal., 1986, Struhl, 1989). Since these structures

are strongly conserved between related factors in various

organisms, many putative transcription factors could be

isolated by cross-hybndization to DNA probes of the known

DNA-binding dimenzation domains (e.g. Burn etal., 1989;

Carrasco etal., 1984, Fjose etal., 1985). Cross-hybndization

experiments in plants using probes of these domains from

non-plant systems have, however, so far not detected

related sequences in plants This is most probably due to

the weak conservation of these domains at the nucleotide

level. Isolation of transcnption factors from plants has there¬

fore mainly been based on screening of cDNA expression

libraries for in-wfro binding to target sites (Katagiri et al,

1989, Tabata et al., 1989), by differential screening of

cDNA libraries (Sommer ef al, 1990) or by gene tagging

using T-DNA insertions or transposons as molecular

markers (Ludwig et al, 1989, Yanofsky ef al., 1990) For

other plant factors see also Gruissem (1990). In addition

to the known DNA-binding motifs, transcnption factors

often encode activation domains. In yeast, many transcnp¬

tion factors encode acidic domains which are indispensable

for activation of a gene (Hope etal., 1988, Ma and Ptashne,

1987). Other activation domains are based on stretches of

amino acids rich in a single arnino acid. In SP1, a human

transcription factor, a glutamine-rich stretch provides an

activation function (Courey and Tjian, 1988). This stretch

can be functionally complemented, although to a lower

level, by a glutamine-rich sequence of the Antennapedia

transcnption factor of Drosophila (Courey and Tjian, 1988).

Another activation domain is the prolme-nch region of the

human CTF factor (Mermod et al., 1989). In the Drosophila

factor Kruppel, an alanme-nch region provides a repression

function (Licht ef al., 1990).

In many other putative transcnption factors similar regions

rich in a single amino acid exist. The most stnking repeats

are the 'M' or 'opa' repeats (Laughon etal., 1985; McGinnis

etal, 1984, Wharton etal., 1985). These are polyglutamme

or polyasparagme stretches which are found in several

303
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homeotic genes. The pen repeat, consisting of glycine

stretches, has been found in the Ubx gene from Drosophila

(Beachy et al., 1985) and in many genes of unknown

function (Haynes et al., 1987). Repeats of histidmes and

prolines, the paired repeat, have been found in the paired

and other Drosophila genes, including bicoid (Frigeno et

al., 1986; Frohnhofer and Nusslem-Volhard, 1986). These

repeated sequences are often found in transcnption factors

and appear either alone or in combination (Frigeno et al.,

1986; Mlodzik et al., 1988; Weigel et al., 1989). They are

also found in many transcnption factors in eukaryotic sys¬

tems other than Drosophila, tor example, in the yeast gene

PH02 (Sengstag and Hinnen, 1987) or in the mammalian

Oct-1 gene (Sturm and Herr, 1988). The function of these

stretches is, however, still mainly unknown. Interestingly,

the recently isolated Knotted-1 gene from maize, which

encodes a homeobox, also contains a very histidme-nch

region with nine histidmes in a row (Vollbrecht etal., 1991).

The rationale for the experiments presented here is that

such stretches of single repeating ammo acids may be

indicative of a transcnption factor. We hypothesized that

the retention of such sequences indicates that they have

a function in transcription factors and that this function,

and therefore the sequences, would also be retained in

plant factors.

Since many of the amino acids found in such stretches

are encoded by only one or two codons, glutamine, for

example, is encoded by CAA or CAG, the possible

divergence at the nucleotide level is also restrained. It is

thus straightforward to isolate plant genes encoding such

stretches by a cross-hybndization approach. Analysis of

the other protein domains should then reveal whether

these genes encode a putative transcription factor.

Here we present evidence that a glutamine-rich sequence

could be used as an indicator for a putative transcription

factor of the b-Zip class in Arabidopsis thaliana and we

present a molecular charactenzation of the isolated PosF21

gene. In addition, evidence for a putative autoregulation
of the PosF21 factor is provided.

Results

Isolation of A. thaliana cDNAs coding for single repeating

amino acids

An A thaliana (cv. Columbia) cDNA library derived

from young seedlings was screened with the oligonucleo¬

tide oRAl, which is composed of eight repeating CAA

triplets and eight repeating GGA triplets (5'AACAACAA-

CAACAACAACAACAACAAGTACGGAGGAGGAGGAGG-

AGGAGGAGGA3'). This oligonucleotide can detect many

sequences which can encode single repeating amino

acids such as glutamine-rich regions (CAA triplets),

asparagme-nch regions (AAC), glycine-nch regions (GGA)

and so on. From a plaque lift of 30 000 cDNA phages, about

220 signals were obtained following a low stringency

hybridization procedure (55°C, 2 x SSC). Under high

stringency conditions, about 70 signals were retained.

Eighteen pure phages could be punfied from plaques

identified under low stnngency conditions. The cDNA

inserts from 14 phages could be isolated as EcoRl fragments
and cloned into a pTZ18R vector. Cross-hybndization

analysis and partial sequencing showed that there were

eight independent cDNAs. Seven were represented once

and one was represented by seven overlapping clones.

The average size of the inserts is 1.2 kb with a range

between 800 bp and 2.3 kb. All cDNA inserts were

sequenced at least partially in order to analyze the repeat

structure which had cross-hybndized to the oligonucleotide
ORAL

One clone, PosF21, encodes two long stretches of

glutamines. These stretches of 11 and 9 glutamines are

separated by a single histidine residue, and are present in

a very glutamine-nch region. PosFt 7 encodes a glutamine-

nch region very similar to that of PosF21. In this case

stretches of 13 and 11 glutamines are separated by a

single glutamic acid residue. Eleven residues 5' of this

region there is a stretch where six out of seven residues

are glutamines. PosF1 encodes three blocks of three, five

and eight repeated asparagine residues, about 650 bp 5'

of the putative poly(A+) tail. Another clone, PosF16probably
encodes 13 single repeating asparagine residues about

250 bp 5' of the poly(A+) tail. Stretches of six and seven

single repeating glycine residues were found in clones

PowFt and PosF6, respectively. PowF7ar\d PosF15cor\Xam

nine repeating TTG triplets in the 3' non-coding region of

the cDNA, respectively 90 and 135 bp 5' of the putative

poly(A+) tail.

The repeated structures described in the clones above

are similar to those found in known transcription factors

(see Introduction). We therefore searched through data¬

banks for other obvious homologies to known domains of

transcription factors. Only in the case of PosF21 was such

a significant homologyjound, which was to the DNA-

binding-dimenzation domain of the b-Zip class of factors

(Vinson ef al., 1989). Northern analysis has, however,

shown that the two interesting clones PosF17 and PosFt

were both not full length (data not shown). Despite several

rescreens of the A. thaliana library it was not possible to

obtain full-length cDNAs of these clones. It remains,

therefore, unknown whether putative DNA-binding-
dimenzation domains might be encoded in the uncloned

700 bp and 600 bp of PosF17 and PosFt

Expression of the PosF21 gene

Northern analysis of PosF21 in mature tissues of A. thaliana

shows that the full-length mRNA has a size of about

4
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1.5 kb. Figure 1 shows that the PosF21 transcript is

expressed at a low level in roots, stems and leaves of

mature plants. The differences in signal strength of the

PosF21 mRNA are very similarto the differences observed

with the expressed control U2snRNA. Since this U2snRNA

gene (U2.2) is expressed in all Arabidopsis tissues at the

same rate (Vankan and Filipowicz, 1988), there is no

evidence for a difference in expression of PosF21 at this

level. In 3-9-day-old seedlings the expression rate is similar

(data not shown). The abundance in young seedlings is

about 1 out of 15 000 mRNAs as observed with screens

of the A. thaliana cDNA library of young seedlings (data

not shown).

The cDNA insert of PosF21 was completely sequenced

on both strands and was determined to have a size of 934

bp. Rescreens of the A. thaliana cDNA library did not result

in the isolation of a longer cDNA clone. It was therefore

attempted to obtain sequence information from the 5'

PosF21

R S L

U2snENA

"r S L~

region of PosF21 by isolating the corresponding genomic

region.

Isolation of the genomic region of PosF21

Southern analysis of the A. thaliana (ecotype Zurich)

genome shows a single 4.0 kb EcoRl band which cross-

hybridizes to the PosF21 cDNA sequence under high

stringency conditions (data not shown). As a probe in the

Southern analysis, a sequence devoid of the glutamine-
rich region was used since the glutamine region cross-

hybridized to several regions in the A. thaliana genome

(data not shown). DNA was isolated from the region of an

agarose gel containing this cross-hybridizing band and

cloned into an Eco Rl-cut Bluescript vector. Clones con¬

taining the correct fragment were identified by colony

hybridization with PosF21 cDNA sequences as the probe.
The whole 4.0 kb region was sequenced from both

strands. Comparison of the PosF21 cDNA sequence with

the genomic sequence shows that the whole coding

sequence of PosF21 is encoded within the first 2 kb of the

genomic fragment. The 2 kb sequence which lies 3' of the

end of the PosF21 gene was searched for open reading
frames and screened for homologies in databases, but no

evidence for the presence of another gene within these 2

kb was found.

X^Hr ^^V

4.4-

2.4-

1.4-

0.4-

0.2-

i-

Figure 1. PosF21 expression in mature tissues.

The expression of PosF21 in mature tissue was determined by Northern

analysis. Each lane contains 0.5 iig of polyfA*) RNA from R: roots, S: stems

and L: leaves.

The 433 bp Hae III fragment of the cONA of PosFZI (genomic position 457

to 1318), which covers the DNA-binding-dimenzation domain, served as

a hybridization probe. The filter was exposed for 7 days. The probe was

stripped off and the filter rehybndized with the 800 bp insert from the pPV1
plasmid as a probe. This fragment contains sequences from the U2.2 small

nuclear RNA (U2snRNA) gene. The filter was exposed for 2 h to visualize

the U2snRNA signals.

Analysis ofgene structure of"PosF21

Figure 2 shows the genomic sequence of the PosF21 gene

together with the deduced protein sequence from the

genomic position -403 to 2027. Position -403 corresponds
to one end of the sequenced 4.0 kb EcoRl fragment. The

complete cDNA sequence of PosF21 is encoded on this

fragment. There are no sequence differences between the

cDNA of PosF21 and the genomic sequence, although the

cDNA sequence is derived from a different cultivar

(A. thaliana ecotype Columbia).
A long open reading frame starts at position 1 and goes

to position 621 where the first intrpn is located. The cDNA

sequence is only available from position 453 onwards. The

sequence upstream of the available cDNA, however,

probably represents coding sequence, as predicted by a

computer program that calculates the probability of a

sequence being coding or non-coding (testcooe program,
see Experimental procedures). This, taken together with

the evidence for an RNA start site at -89, presented

below, means that the methionine at position 1 most

probably represents the first residue of PosF21. Translation

terminates at a TGA stop codon at position 1624.

PosF21 contains introns of 182, 134, 92 and 127 bp,

respectively. The introns conform to the GT-AG rule of

exon-intron borders (Breathnach and Chambon, 1981).

It is noteworthy that a small open reading frame exists
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-403 GAATTCTCTCCTTCCCTCATCTCATCTCCTACCTAGATCTCTCTCTTCTCTTCCTCTCATTTCCTTCTCCCTTACTAAATTTCCTTCTCT -314

-313 AATCTCTACTTTGTCCAAAAGCATTTAACTTTAACCGGAAAAATCTTACATTTTTTTCCTCCTGGATCTCTCTCTCTATATCTGCACATT -224

-223 CACACTACAGCTGATTTAGATCTATTTCGTAAGTGGGTCTTTCAAAGTCGTCTCCTTTGATCTACTTTGATTCAGGGTTAGGATTAAAAA -134

i> RNA-start
AAAGTTGCTAGCTTTAATTTGCCAACTTACTATTCTTATGTGTAA -44

-43 TAATCGTTTGCAGGGTCGTTGATTTGGTGATAAGTCAGTAGAAATGGATAAGGAGAAATCTCCAGCACCTCCTTGTGGAGGTCTTCCTCC 47

1 HDKEKSPAPPCGGLPP16

48 TCCATCTCCATCAGGTCGATGCTCTGCATTCTCAGAAGCTGGTCCCATTGGTCATGGTTCAGATGCTAATCGAATGAGTCATGATATTAG 137

17 PSPSGRCSAFSEAGPIGHGSDANRMSHDIS 46

138 CCGTATGCTTGATAACCCACCTAAGAAGATTGGACATCGGCGAGCTCATTCTGAAATACTTACTCTCCCTGATGATTTGAGCTTTGATAG 227

47 RMLDNPPKKIGHRRAHSEILTLPDDLSFDS 76

228 TGATCTTGGTGTGGTTGGTAATGCTGCTGATGGAGCTTCTTTCTCTGATGAGACTGAAGAAGATTTGCTCTCTATGTATCTTGATATGGA 317
77 DLGVVGNAADGASFSDETEEDLLSMYIDMD 106

318 TAAGT1TAATTCTTCTGCTACATCTTCTGCCCAAGTTGGTGAGCCATCAGGAACTGCTTGGAAAAATGAGACAATGATGCAGACAGGCAC 407

107 KFNSSATSSAQVGEPSGTAUKNETMMQTGT 136

|> cONA-start

408 AGGCTCAACTTCCAATCCTCAGAATACGGTTAATAGTCTTGGCGAAAGGCCAAGAATCAGGCATCAACATAGCCAATCTATGGATGGTTC 497
137 GSTSNPQNTVNSLGERPR1RHQHSQSMDGS 166

498 AATGAATATCAATGAGATGCTTATGTCGGGAAATGAAGATGATTCTGCTATTGATGCTAAGAAGTCTATGTCTGCTACTAAACTTGCTGA 587
167 HNINEMLHSGNEDDSAIDAKKSHSATKLAE 196

588 GCTTGCTCTCATTGATCCTAAACGTGCTAAGAGgtaattggttttcgtttttcttctgtgattctctggtttcttaaatcctgtttatag 677
197 L A L 1 D P K R A K R 207

678 tgtggatggacacggtgactatttgtgtgcttttggtttgaaccttaatgccaccagtcatttagttgcttcagctgttcccacataact 767

768 tcagctttttaatgagtggagcaagtgtataatttgtttttgtttcatacaatagGATATGGGCAAACAGGCAGTCCGCAGCACGATCAA 857
208 I U A N R 0 S A A R S K 219

858 AAGAAAGGAAGACGAGATACATATTTGAGCTTGAGAGAAAAGTACAGACTTTGCAAACAGAGGCTACAACTCTCTCAGCCCAGTTGACCC 947
220 ERKTRYIFELERKVQTLQTEATTLSAQLTL 249

948 TCTTACAGgttagttttgactcattgtacggttgttctttcttcatgctaaatgaaactaaatctagccttacaacgtttgttcgtgcat 1037

250 I Q

1038 tgtgattttttatgggttgaaaacttgtgctcttttcttcctgtttgtatagAGAGACACAAATGGCTTGACTGTTGAAAACAATGAGCT 1127

252 RDTHGLTVENNEL264

1128 GAAGaGCGGTTACAAACAATGGAGCAGCAGGTTCACTTGCAGGATGgtgagtctctcttttatcacaaacaatatccctctgtgccaag 1217
265KLRLQTHE0QVHLQ0 279

1218 actgctatagttggtteatatcatcgaattgaatcttctctattaacagAACTAAACGAAGCACTAAAGGAGGAAATCCAGCATCTGAAG 1307

280 ELNEALKEEIQKL<293

1308 GTGTTGACTGGCCAAGTTGCTCCATCAGCGTTGAACTATGGGTCGTTTGGATCAAACCAGCAGCAATTCTATTCCAACAATCAGTCAATG 1397

294 VLTGQVAPSALNYGSFGSHOOOFYSNNQSH 323

1398 CAAACAATCTTAGCTGCAAAACAGTTCCAGCAACTTCAGATTCATTCACAGAAGCAGCAACAACAACAACAACAACAACAACAGCAACAC 1487

324 QT1LAAXQFQQLQ1HSQKQOQQQQQQQQQH 353

1488 CAACAGCAGCAGCAGCAACAGCAACAGTATCAGTTTCAACAGCAACAGATGCAACAGCTTATGCAGCAGCGGCTTCAACAGCAAGAACAA 1577

354 QQQQQQQQQYQFQQQQHQQLHQQRLQQOEQ 383

1578 CAAAATGGAGTAAGACTCAAGCCTTCACAAGCCCAGAAAGAGAACTGAGGAATATGAATATGTCCCAOgtaagtgagaggttctccttct 1667
384 0NGVRLKPSQAOKEN* 398

1668 gaacaattcctttctcattcataaattgttgttcatccatcacttgcagtctcttggattttagggttttagctaacacagcttaacggg 1757

1758 tgccttggcctacagGGTATTGGCGTTTTGGTACGTAGAAGAAACCTTTTGGTAAGGTCATTGAAGATAAACATTTGGGTAAGCCCAAAG 1847

1848 AAACAGAGTTCCGTGCATTGCAAATATGCAATGCACTGCAATTATTAGTTGTTTGGATTTGATATAGAGACTGAGTCTCGAAACCATAGT 1937

1938 ATGTAAAAATATAATCACGTTCAAAAGCTGTTAATTTGTTATAATCTTATAACAATTGTGTTTTAAGATACAAACCTACTTTGTGTTATG 2027

Figure 2. PosF21 gene structure

The nucleotide sequence of the genomic region of PosF21 is shown starting from the EcoRl site of the 4 O kb genomic EcoRl fragment until the genomic

position 2027 The end of the cDNA sequence at position 455 is indicated The putative TATA box at position -120 is under- and overlined The RNA start

site as determined by pnmer extension expenments is indicated The putative polyadenylation signal sequence is underlined as well as the consensus

YGTGTTYY sequence The deduced protein sequence is indicated using one letter codes Intron sequences as based on comparison between the available

cDNA and the genomic sequence are written in lowercase
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in the 5' untranslated leader sequence. At position -51 an

ATG is encoded which is followed at position -24 by an

in-frame TGA stop codon.

A polyadenylation signal (AATATA) is present starting

from position 1945. Sixty base pairs 3' to this sequence,

beginning at position 1995, a sequence homologous to

the YGTGTTYY consensus sequence (Y = pynmidme,
McLauchlan etal., 1985) is located. This sequence is also

thought to play a role in the 3' processing of mRNA

(McLauchlan et al., 1985). The sequence of the isolated

cDNA clone of PosF21 ends with a poly A track, at the

position which corresponds to the genomic position 2008.

This is 6 bp 3' to the YGTGTTYY consensus sequence.

A potential stem-loop structure 28 bp long is located

between position 1858 and 1885, i.e. in the 3' untranslated

region. The stem would be 12 bp and the loop 4 b long.

The precise mRNA start site was mapped by pnmer

extension expenments (Figure 3). The longest extension

product maps to position -89, a G residue (Figure 2).

Although such a start site is atypical it is not unusual

(Kozak, 1984). Positions -87 and -86 may also be used

as start sites but incomplete extension cannot be ruled

out. A putative TATA box is present starting from position

-120. The mRNA start site therefore lies 32 bp 3' to the

putative TATA box which is in agreement with other start

site distances from the TATA box observed in plants

(Joshi, 1987).

PE 1 2 3 4 PE
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The protein structure of PosF21 product

The deduced product of PosF21 contains 398 ammo

acids with a predicted molecular weight of 44.7 kDa. The

glutamine-rich region of PosF21 runs from residue 331 to

384. Of 65 residues in this region 41 are glutamines (63%).

Eleven and nine glutamines are encoded in two blocks of

single repeating glutamines from residue 342 to 352 and

from residue 354 to 362. Figure 4 shows that this region

is similar to the glutamine-rich regions of the SP1 and the

Antennapedia transcription factors both in size and in

glutamine content An acidic region is present in PosF21

from positions 37 to 106. This region encodes 12 aspartic

SP1

Figure 3. Initiation of the PosF21 mRNA

The pnmer extension reactions were earned out as desenbed in Expenmental
procedures, using the oligonucleotide oPE1 which is specific for the 5

untranslated region of the PosF2t transenpt. and A thaliana leal polyvV)
RNA. The pnmer extension products were sized in a 6%/7 M urea sequencing

gel (PE lanes) A sequencing reaction was run in the same gel and served

as size marker (lanes 1-4) The autoradiograph was exposed for 21 days
The sizes in bases are indicated at the left with the longest extension

product at position 108 b

acid and four glutamic acid residues, which corresponds

to a frequency of 23% Between positions 70 and 105 the

frequency is 32%. Seven out of the first 19 residues are

prolines (37%), thus making the,amino terminus of PosF21

MNQTSGGSI^AGMKEGEQNMTCXX^ILIOPQLVP^GP^I^ALPAAPLSGQTFTTO^ISeETLQNI^LQAVPNSGPIIIRTPTVGPNGQ
282 372

Antennapedia
MPYYNGQGMr^craHQVYYSRPDSPSSQVGG\mPQAQTHGQI£\reCfl^

66 155

PosF21

P^FYSNNQSMP^ILAAKQFraLQIHSQK«raOO£C^

313 395

Figure 4. Glutamine stretches of PosF21, SP1 and Antennapedia
The glutamine-nch regions of PosF21, SP1 and Antennapedia are shown in one letter codes Glutamines (Q) are in bold and underlined
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C/EBP 283

Jun 262

Fos 238

GCN4 226

YAP1 65

CREB 284

Cys-3 100

CPC1 216

HBPI* 181

TGA1* 73

OPAQUE2* 228

PosF21 203

CONSENSUS

BR-A BR-B Leucine zipper

EYRV^El^Nj^VRKSlDllAKQRNVETaQKVLEl.TSDNDRLRKRVEQX.SRELD'fLRG
KAERKBMT^Ra*XSKC»Kf^LERIAR£^

IRRlMES^M]rUy^ciN^RELTDt|,OAETDQlLEDKKSA£QTEIANLLKEKEHtEF
PAALj<lA^TE;^R^SliAl^LQRMKQIiBDKVEEiLSKNYH£ENEVA^LKKLVGER
TKQI^TArJ4RA|QRAFlEMREKMKS^iKKVQSiE SIQQQNEVEATFtRDQL I T&VN
KREVBL^^RE^RECiR^pEYVKdl^NRVAVl,ENQNKf£IEELKAIJKDLYCHKSD
AEEDp&qmTA^S^FSj^KQREQAifKSAKEMSEKVTQCEGRIQAJLETENKUKG
WAml^^Tl^RisiEi^lUQRLEBiiAKIEElIAERDRYKNLALAHGASTE
LKKOjdfcstlRESil#s|L^QAECEElGQRAEKitKSENSS'tRIELDRIKKEYEELLS
KVLl^IAQ»REXlRKSI«ligKAYVQfillNSKLiaiQLEQBLERARKQGMCVGGGVDA
RVR^KESKRESJVR^slYi^AAHLKBiiiDQVAQiKAENSCLLRRIAAXNQKYNDANV

KRAKk:IWANRQSAARSKEI^TRYlFELERKVQTI,QTEATTXSAQLTLIQRDTN(iLTV

BB-BN—AA-B-R-BB LE—

Q

-L -L L—

Figure 5. Comparison of PosF21 with other members of the b-Zip family of transcription factors

The amino acid sequence of the putative basic DNA-binding domain and the leucine zipper of PosF21 is aligned with other members of the b-Zip family of

transcnption factors. The consensus sequence is a prediction of the 'Scissors grip' model for leucine zipper proteins (Vinson et al., 1989)
B means basic, predominantly either arginine or lysine residues BR-A and BR-B mean basic region A and B

Protein sequences of the non-plant factors were collected by Vinson et al (1989) The sequence of HBP1 is from Tabata ef al (1989), TGAla is from Katagin
etal (1989), and 02 is from Hartings ef a/ (1989)

The proteins marked with an asterisk are plant proteins

a very prolme-nch area. This prolme-nch region is similar

to the proline-rich amino terminus of the maize Opaque2

protein (Hartings etal., 1989). Opaque2, which is encoded

by the 02 gene, regulates zein deposition in maize endo¬

sperm and shows similarities to transcription factors of the

b-Zip class (Hartings ef al., 1989).

Between position 200 and 270 a putative DNA-binding
and dimerization domain of the b-Zip class is encoded.

Figure 5 shows that the putative basic DNA-binding domain

of PosF21 is in good agreement with the consensus

sequence for such domains, with the absolutely conserved

N residue also present (Vinson etal., 1989) At the correct

distance to the basic domain, a putative leucine zipper is

encoded (Landschulz ef al., 1988). This leucine zipper is

in perfect agreement with the predictions of the 'Scissors

grip' model for leucine zipper proteins (Vinson etal., 1989).

The leucine zipper of PosF21 has mainly hydrophobic
residues (namely I, V, A, L, T, N) in the fourth position of

the repeat (leucine is number 1). No prolines are encoded

in the zipper. This makes it likely that the leucine zipper

forms a stable coiled coil structure (O'Shea et al., 1989).

A comparison between PosF21 and the three plant

transcnption factors of the b-Zip class which have so far

been isolated is also shown in Figure 5. Although the

characteristics of a basic domain and leucine zipper are

conserved there is little homology elsewhere. It is therefore

unlikely that PosF21 represents the Arabidopsis equivalent
of one of these genes.

Figure 6 shows that the first mtron splits the basic

domain whereas the second mtron splits the leucine zipper.

The glutamine-rich region is uninterrupted by introns. The

fourth mtron lies in the 3' untranslated region of PosF21.

It is interesting that mtron 2 is placed, in relation to the

DNA-binding-dimenzation domain, in an identical position
to mtron 3 in the 02 gene (Hartings et al., 1989).

Homologous sequences ofPosF21 in Arabidopsis and in

other higher plants

The data presented in Figure 7 show that the DNA-binding-
dimenzation domain region of PosF21 can be used as a

molecular probe to reveal related sequences in a wide

range of angiosperms and gymnosperms.

In Arabidopsis, white spruce, tobacco, soybean and

sunflower, the DNA-binding-dimenzation domain of PosF21

cross-hybridizes to about three to six fragments under

Intron 1 Inlron 2 Intron 3

ATG

r_L

looep I I Base Domain / Leucine Zipper

H Glutamines

Inlron 4 Stemloop

9

Figure 6. PosF2t transcript

The transcript of PosF21 is shown in scale.

The ATG start and the TGA stop codon are

written m bold The location of the putative

DNA-binding-dimenzation domain is

shaded lightly The glutamine coding region

is shaded strongly The locations of the

introns are marked The putative stem-loop
structure towards the 3' end is indicated.
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Figure 7. Southern analysis of Arabidopsis thaliana and other higher

plants

(a) Ten micrograms of total DNA from A thaliana were digested to completion
with the following enzymes 1 EcoRl. 2 BamHl, 3 Xbal. 4 Hmdlll,

5 8g/ll, 6 uncut control The 433 bp Haelll fragment of the cDNA of

PosF2l (genomic position 457 to 1318), which covers the DNA-bmding-
dimenzation domain served as a hybridization probe After hybridization
under reduced stringency the filter was washed at 55CC 2 a SSC and

exposed for 4 days The sizes of a DNA size marker are indicated at the

left of the blot

(b) Different plant DNAs were digested with EcoRl to completion and a

Southern blot was prepared The same Has III fragment as above was used

as a probe The filter was washed at low stringency conditions (55'C. 2 x

SSC) and exposed for 7 days Sizes of a DNA size marker are indicated at

the left of the blot W 15 tig of white spruce (Picea abies) DNA A 2 5 iig

of A thaliana DNA, T 10 jig of tobacco (Nicotiana tabacum) DNA, So

15 pig of soybean {Glycine max) DNA, Su 15 tig of sunflower (Helianthus

annuus) DNA. The amounts of DNA loaded represent roughly equivalent

genomes (Flavell ef al, 1974, Nagl et al, 1983)

reduced stringency hybridization conditions (55°C, 2 x

SSC). The band pattern in tobacco is different to the one

which is revealed by a probe of the TGA1A DNA-binding-
dimenzation domain from tobacco (Katagiri ef al., 1989).

In two Gramineae, maize and rice, bands occur under the

described hybridization conditions only if DNA amounts

are analyzed in the Southern analysis, which represent

several times the genome equivalents compared to the

other plants (data not shown).

Transient transformations of PosF21 in tobacco

protoplasts

Transient transformation of tobacco protoplasts was

performed to provide evidence that PosF21 functions as

a transcnption factor. First it was established whether or

not the cloned genomic region 5' to the coding sequence

of PosF21 acts as a promoter. Secondly, since many

transcription factors are autoregulated (Serfling, 1989), it

was checked whether transcription rates from the PosF21

PosF2l cod seq
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Figure 8. Construction of plasmids used in the transient transformation

assay

p21 mod contains the complete PosF21 coding sequence including the 5'

promoter region, without introns pGC21A and pGC35A express the GUS

gene from the PosF21 and 35S promoter, respectively, with a nos terminator

sequence pOE21E, pOE21F and pOE21G express full length or modified

PosF21 coding sequence from the 35S promoter of CaMV, with a terminator

sequence from CaMV

Enzymes B SamHI, E EcoRl, N Mel, Hp Hphl, Ss Sstl. Es Espl.
Ba Sail Sn SnaBI, X Xbal, Ha Haelll

All drawings are to scale The light shaded areas indicate PosF21 coding

sequence with the DNA-binding-dimenzation domain labeled in black

Abbreviations prom promoter, term terminator, cod seq coding sequence

promoter could be affected by over-expressing the PosF21

protein from co-transformed plasmids. Showing an auto¬

regulation of PosF21 would provide evidence for its function,

despite the lack of knowledge of the target genes of

PosF21.

Figure 8 shows the plasmid constructions used in the

transient transformation assays. The construct pGC21A

expresses the B-glucuronidase (GUS) coding sequence

(Jefferson etal., 1987) from the 396 bp PosF215' genomic

region (position -402 to -6) which includes the putative
TATA box and the mRNA start site of PosF21. pGC35A

expresses the same GUS cassette from a 562 bp fragment
of the 35S promoter of CaMV (Odell ef al., 1985). (GC

stands for GUS cassette and the numbers 21 and 35

indicate the promoters.)

These constructs express GUS at a comparable level,

after PEG-mediated direct gene transformation into tobacco

SR1 protoplasts (Figure 9). Transformation of plasmids in

which either the PosF21 promoter sequence or the 35S

promoter sequence had been cloned in opposite onentation

in front of the GUS gene, did not produce GUS levels

above background values obtained by transformation with

promoterless GUS constructs (data not shown). The
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Figure 9. Transient transformations of tobacco protoplasts.

Tobacco SRI protoplasts were transformed and GUS expression was

measured as described in Experimental procedures. Each column represents

five individual transformations from the same protoplast preparation. The

error bar indicates the 95% confidence interval.

The three bars for each treatment represent three independent expenments,

with the first bar in each group representing the first expenment, etc. The

protoplasts were treated either with PEG alone, with pGC21A or with

pGC35A as indicated in the first row of labels on the X axis. In some cases

co-transformation was earned out with the plasmids indicated in the

second or third row of labels on the X axis. In each case. 20 iig of reporter

plasmid and 10 ng of co-transforming plasmid (if used) were added.

pBSK(-) is a control, vector plasmid, pBluescript II SK(-).

approximately 400 bp 5' sequence of PosF21 therefore

probably represents a functional promoter sequence.

Constructs which were used to over-express PosF21 in

tobacco protoplasts are shown in Figure 8. pOE21E

expresses the full coding sequence of PosF21 from the

35S promoter. pOE21 F is the same as pOE21 E except that

the DNA-binding-dimenzation domain of PosF21 has been

deleted and the remaining parts of PosF21 have been

fused in frame. This results in the production of a PosF21

protein in which the DNA-binding-dimerization domain

has been deleted. pOE21G expresses only the DNA-

binding-dimerization domain of PosF21. (OE stands for

over-expression, 21 indicates that PosF21 proteins are

over-expressed.) These plasmids were co-transformed

with either pGC21A or pGC35A (Figure 9). Fluorometric

GUS assays performed after co-transformation of these

plasmids intobacco protoplastsshowed that co-expression

of either the full coding sequence (pOE21 E) or the DNA-

binding region alone (pOE21G) led to a significant, about

6-8-fold, increase in expression of GUS from the PosF21

promoter (pGC21A) but not from the 35S promoter

(pGC35A). Co-transformation with constructs expressing
PosF21 protein and lacking the DNA-binding-dimerization
domain (pOE21 F) or with vector sequences alone showed

a maximum increase of 1.5-2-fold in GUS expression,

probably due to an unspecific increase in efficiency.
The level of expression from the 35S promoter was not

specifically stimulated by co-expression of either pOE2lE,

pOE21 F, or pOE21 G (Figure 9; and some data not shown).

The data in Figure 9 are derived from three independent

experiments, as indicated. Although other experiments

have shown variation in the relative level of 35S and

PosF21 promoter-driven expression, the specificity of the

stimulation on the PosF21 promoter and the lack of stimu¬

lation by constructs lacking the DNA-binding domain was

retained in all cases.

Discussion

The indirect cross-hybridization strategy might be used in

different systems

Isolation of plant transcription factors has so far been a

laborious task. The method of cross-hybridization to known

DNA-binding-dimerization domains from non-plant

organisms has so far not led to the isolation of corre¬

sponding genes in plants. Most transcription factor genes

have been isolated by in-vitro binding of promoter elements,

identified as binding sites of transcription factors, to proteins

expressed from cDNA expression libraries. Other regulatory

factors have been identified by isolation of the genomic
loci which were mutated either by transposable elements

or T-DNA insertion. Both strategies are, however, only

functional under certain circumstances. The first method

is dependent on the identification of a binding site on the

target DNA. The latter relies on the fact that mutagenesis
of a transcription factor gene produces an identifiable

phenotype.

The indirect cross-hybridization approach we present

here does not rely on the identification of the function of

the gene. This approach may also lead to the isolation of

transcription factors which can only bind as heterodimers

or which are encoded redundantly and whose function is

taken over by other factors upon mutation of the gene. The

assay is, however, limited because it will only lead to the

isolation of transcription factors that contain a domain of

single repeating amino acids. On the other hand, since

glutamine-rich regions might be protein domains which

provide interaction surfaces between co-activators (Ptashne

and Gann, 1990), this method may also be useful for

identifying proteins which do not bind to DNA and cannot

therefore be isolated by cross-hybridization experiments

to known DNA-binding domains. The method is also

310 Roger A. Aeschbacher et al.
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necessarily limited in that domains can initially only be

identified on the basis of their sequence.

Since this work was initiated when there was little

evidence for the importance of single repeating ammo

acids in domains of transcription factors, our screenings

were aimed at detecting many different stretches of such

sequences in plants. For future experiments it might be

advisable to use oligonucleotide probes which are specific

for one single repeating amino acid which will limit the

number of cDNA clones to be analyzed and improve the

efficiency of the strategy. Nevertheless, our approach has

led to the identification of several cDNA clones of

A. thaliana which encode domains similar to activation

domains and that might encode transcription factors One

of them, PosF21, was characterized in detail and shown

to encode a DNA-binding-dimenzation domain of the

b-Zip family.

The PosF21 gene shows homologies to transcription

factors

PosF21 shows strong structural similarities to the DNA-

binding and dimerization domain of transcription factors

of the b-Zip class, such as GCN4 (Hope and Struhl, 1986),

JUN (Angel etal., 1988), FOS (Curran and Franza, 1988),

TGA1A (Katagiri ef al, 1989) or Opaque2 (Hartings ef al.,

1989). Besides this striking homology, PosF21 also encodes

a long glutamine-rich region which was the structural

characteristic by which it was isolated This region shows

similarities to the known activation domains of SP1 (Courey

and Tjian, 1988) and Antennapedia (Schneuwly et al,

1986). Single repeating glutamine residues have also

recently been found in the human (34 glutamines) and

Drosophila (six and eight glutamines) TFIID TATA-box

factors (Hoey etal., 1990, Hoffmann etal, 1990, Muhich

etal., 1990)

Whether the glutamine-nch region in PosF21 acts as an

activation domain in plants is so far unknown. In an expen¬

ment in yeast, where we replaced the acidic activation

domains of GCN4 (Hope et al., 1988) with the glutamine

stretch of PosF21, we could not observe a complementation

of the GCN4 activity (data not shown). This result from

yeast, however, is in agreement with other unpublished

results from Gill ef al. and from Lillie and Green (see

Ptashne and Gann, 1990), which also indicate that acidic

activation domains in yeast transcription factors cannot

be complemented by simply exchanging them with

glutamine-nch activation regions.

PosF21 encodes a prolme-nch region which is similar to

the one found in the 02 locus in maize (Hartings ef al,

1989) The function of this domain is unknown for both

genes, but it will be interesting to analyze whether this

domain might function as an activation domain as is the

case in the human CTF protein (Mermod et al., 1989).

Whether the acidic domain of PosF21 also serves an

activation function is not known but the existence of such

a region in a gene which encodes a putative DNA-binding-
dimenzation domain might imply such a role for this stretch.

Since PosF21 not only encodes a leucine zipper, but also

shows strong similarities to a b-Zip-class DNA-binding
domain and to activation domains of transcnption factors,

we believe that PosF21 is not simply involved in dimenzation

processes promoted by the leucine zipper, but indeed

probably functions as a transcnption factor or co-activator.

Expression pattern of PosF21

PosF21 is expressed weakly but constantly in developing

seedlings and mature tissues from A. thaliana. Whether

there is a strong expression in a more specific tissue is not

known. The fact that there is a relatively strong expression

from the cloned PosF21 promoter region in tobacco

protoplasts (Figure 9) and in A thaliana protoplasts (data

not shown), can have various explanations. The approxi¬

mately 400 bp 5' promoter region may not encode the full

promoter of PosF21. We are currently isolating more

upstream sequences in order to assay for a possible

negative regulatory element. It is also possible that the

PosF21 promoter functions particularly well in the transient

protoplast system. We have some evidence that sequences

3' to the TATA box are important in this respect and thus

post-transcnptional effects on expression may play a role.

Related sequences in higher plants

The DNA-binding-dimerization domain of PosF21 reveals

several related sequences in A. thaliana and other higher

plants. Whether these sequences code for related proteins

can only be answered by isolating these sequences and

deducing the protein sequence from the DNA sequence.

A 6.5 kb EcoRl fragment from A. thaliana, which hybndized

strongly to the PosF21 probe, has already been isolated

and partial sequencing data show that it encodes a gene

closely homologous to PosF21 (data not shown).

Functional analysis ofPosF21

The transient transformation experiments in tobacco

protoplasts show that expression of GUS from the PosF21

promoter is significantly stimulated by co-expression of

either a complete PosF21 protein or by the PosF21 DNA-

binding-dimenzation domain alone. The stimulation is

3-4-fold stronger than a background activation observed

with control plasmids. A construct expressing a protein

lacking the DNA-binding-dimenzation domain shows no

stimulation. In none of several experiments could a specific

stimulation of expression from the 35S promoter be

observed. Thus it seems that the PosF21 product is affecting
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expression from itsown promoter in aspecific way. Whether

this autoregulation happens in a direct or indirect manner

is, however, unclear. The fact that a construct lacking the

DNA-binding-dimenzation domain does not have a stimu¬

latory effect makes it likely that DNA binding or dimerization

is important, but other factors such as nuclear transport

may play a role here. Since the putative DNA-binding and

dimerization domain stimulates expression on its own, the

activation, at least with this construct, is independent of the

glutamine, proline and acidic domain of PosF21. However,

proteins lacking an activation region can still stimulate

transcription if they can associate into heteromenc DNA-

binding complexes with partners that contain an activation

region. The transcnption factor JUN, depnved of the acidic

activation domain, for example, can still efficiently stimulate

transcription by heterodimenzing with Fos proteins (Oliviero

and Struhl, 1991). A similar mechanism of hetero-

dimenzation of PosF21 with other regulatory factors

would explain why the DNA-binding-dimenzation domain

of PosF21 on its own can stimulate transcnption from

the PosF21 promoter. Another explanation would be

that PosF21 or its DNA-bindtng-dimenzation domain

alone could cause a displacement of an inhibitor bound to

the promoter of PosF21.

We have attempted to find DNA binding activity directly

using gel-shift expenments. However, expenments with

fusion proteins isolated from £ coli and either whole

promoter fragments or oligonucleotides containing

sequences from the promoter related to known binding

sites for b-Zip proteins did not reveal an interaction This

may be due to technical problems but could also be due

to the lack of a second protein which PosF21 might need

to form a heterodimer b-Zip-class proteins, which need

to form heterodimers in order to bind to DNA, are already

known. Fos proteins, for example, need to heterodimenze

with Jun proteins before binding to AP-1 sites (Sassone-

Corsi et al., 1988). On the other hand, since PosF21 might

affect expression from its own promoter in an indirect way,

for example, by downregulating an inhibitor, showing

binding of the DNA-binding domain to its own promoter

might be impossible.

These results highlight both the limitations and strength

of the method used in this work. The method leads to the

isolation of factors for which a function is not known and

thus characterization of the functional domains is not

straightforward. However, other methods, although in

general leading to the isolation of factors with at least

one identified function, also do not immediately allow

characterization of the wider range of activities in the

plant. The strength of the method employed here is that it

has the potential to lead to the isolation of many interesting

factors without the bias caused by their ability to function

in in-vttro assays or by their phenotypic expression.

In order to analyze the function of PosF21 in A. thaliana

we are currently trying to modify the level of PosF21

protein in transgenic plants.

Experimental procedures

Standard techniques

Unless detailed below all standard techniques for DNA cloning
and so on were carried out according to Maniatis et al. (1982)

Isolation of RNA

Isolation of total plant RNA was according to a modified version

of Kirby et al. (1967). Lyophilized plant material was ground to a

fine powder using a pre-cooled mortar and pestle The frozen

plant powder was then immediately processed according to Kirby
etal (1967).

PolylA*) RNA was enriched on an oligo dT-cellulose column

according to Aviv and Leder (1972). RNA was separated by

electrophoresis using the denaturing Na-phosphate buffer system
described in Ausubel et al. (1987). RNA was denatured by glyoxal

prior to loading (Ausubel etal., 1987).

Isolation ofplant DNA

Plant DNA was isolated according to Lassner ef al (1989) with

the following modifications Fresh plant tissue was frozen in liquid

nitrogen and lyophilized The matenal was ground with a mortar

and pestle using aluminium oxide crystals for better disruption of

the cell walls The fine powder was then processed according to

Lassner et al. (1989) with the addition of two more chloroform

extractions

cDNA library ofA. thaliana

A thaliana (cv Columbia) seedlings grown in liquid culture were

harvested 8 days after germination cDNA synthesis on poly(A+)
RNA from these plants was performed after the method of Berger
and Ktmmel (1987). The cDNA produced was tailed with EcoRl

linkers and cloned into the EcoRl site of the \amp3 phage vector.

Labeling of nucleic acids

DNA fragments were labeled by the 'random priming' method of

Femberg and Vogelstein (1983). The 5' ends of oligonucleotides

were labeled with T4 polynucleotide kinase

Hybndization techniques

Northern and Southern transfer of RNA and DNA to nylon mem¬

branes (Hybond, Amersham International, Aylesbury, UK) were

done as described in Amersham literature Hybndization conditions

were the same for Northern and Southern hybridizations 5 x

SSC, 50% (v/v) deionized formamide, 5 x Denhardt's solution,

0 5% SDS, 25 u,g ml*' sonicated denatured calf thymus DNA, 5%

dextran sulfate (Maniatis ef al., 1982). For low stnngency hybridiz¬

ations, the formamide concentration was lowered to 37%. Pre-

hybridization was earned out for at least 3 h. Usually, 5 x 10*

c p.m. cm"2 membrane of heat denatured, radioactively labeled

probe was added to the hybridization solution. High stringency

hybridizations were done at 42°C for at least 12 h, low stnngency
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hybridizations were at 37°C for at least 18 h. If radioactive

oligonucleotides were used as probes, formamide was omitted,

a hybridization temperature 5°C below the Tm was used; 2CC for

every A or T and 4°C for every G or C deoxynucleotide was used

to determine the Tm (Berger and Kimmel, 1987). The time of

hybridization was at least 3 h (Berger and Kimmel, 1987).

Washing conditions were as follows

(i) Low stnngency 2 x SSC, 0 1 % SDS, 2 x 5 mm at room

temperature, followed by 2 x SSC, 0.1% SDS, 2 x 20 mm at

55°C.

(u) High stringency 2 x SSC, 0.1% SDS, 2 x 5 mm at room

temperature, followed by 0.1 x SSC, 0.1% SDS, 2 x 20 mm at

68°C.

Signals on filters were detected by autoradiography.

DNA sequencing

Sequencing was done directly from double-stranded recombinant

plasmids or from single-stranded DNA. The dideoxy sequencing

method was performed according to Sanger ef al. (1977) using

modified T7 polymerase (Sequenase®, United States Biochemical

Corporation) following the instructions of the supplier.
The 4.0 kb EcoRl genomic fragment of PosF21 was sequenced

completely from both sides by sequencing nested deletions of

the fragment Nested deletions were produced according to the

'pBluescnpt Exo/Mung ONA sequencing system' handbook of

Stratagene Single-stranded DNA from deletion clones differeing

by not more than 200 bp was sequenced. In this way a long

overlap was generated.
Reaction products were separated on 0.2 mm or 0.2-0 7 mm

wedge-shaped 5% polyacrylamide gels containing 7 M urea

(Chen and Seeburg, 1985, Maxam and Gilbert, 1977).

Transcript mapping

Primer extension experiments were done as follows 10 u.g of

poly(A+) RNA from leaves was heat denatured for 5 mm at 85*C

Two picomoles of 32P end-labeled primer were added to a final

volume of 30 u.l of 20 mM Tris-HCI pH 8 3,200 mM NaCl, 01 mM

Na2EDTA The mixture was heated at 65CC for 3 h. Extension of

the primer was then carried out in 100 u,l of a buffer containing
200 mM Tris-HCI pH 8.3,10 mM MgCI2, 0.5 mM each of dCTP,

dGTP, dTTP, dATP, and 30 U ofAMV reverse transcriptase for 1 h

at 42°C. The reaction was terminated by phenol extraction. The

synthesized cDNA was ethanol-precipitated and analyzed on a

5% polyacrylamide/7 M urea sequencing gel
The pnmer used for extension was purified over a 12% poly-

acrylamide/7 M urea sequencing gel. It has the following sequence*

5' GAGATrTCTCCTTATCCATTTCTACTGACTTATCA 3' The

primer overlaps the putative start codon of the PosF21 gene,

going from position 19 to -16 of the genomic sequence.

Oligonucleotides

Oligonucleotides were synthesized on a DNA synthesizer (model
380 A, Applied Biosystems, Foster City, USA) and were purified
on 10-15% polyacrylamide/7 M urea gels.

Plant culture conditions

Seeds of A. thaliana were surface sterilized and grown in MS

medium, with half-strength MS macro salts, and 1% sucrose

(Murashige and Skoog, 1962). About 50-200 seeds were grown
in 100 ml medium in a 1 litre Erlenmeyer flask with constant light,
at 24°C, on a rotary shaker (100 r.p.m.). A. thaliana plants were
also grown in axenic cultures, four plants per box, on 40 ml of the

same medium, which was solidified with 0.7% agarose. The

culture conditions here were 16 h light (55 u.mol m"2 sec"') at

20°Cand8hdarkat16"C.

N. tabacum (cv. Petit Havana SR1) plants were cultured as

previously described (Shillito and Potrykus, 1986).

Isolation and transformation of tobacco protoplasts

N. taoacum (cv. Petit Havana SR1) mesophyll protoplasts were

isolated as descnbed (Shillito and Potrykus, 1986) Transformation

of protoplasts was performed by PEG-mediated direct gene
transfer according to Negrutiu et af. (1987). Protoplast suspension

(0.5 x 106 protoplasts in 250 u-l) was mixed with DNA in a 12 ml

tube and 250 u-l PEG-CMS (Negrutiu ef al, 1987) was added. Final

concentration of PEG was 20%. Usually 20 u.g of plasmid DNA

were transformed. For the co-transformations, 10 u.g of the

second plasmid were co-transformed. No earner DNA was used.

PEG 4000 from Serva or Merck was used to prepare PEG-CMS.

Viability of protoplasts was determined by a fluorescein diacetate

test (Larkm, 1976).

Analysis of GUS expression

The transformed N tabacum protoplasts were resuspended at a

density of 2 x 105 ml"1 in 12 ml tubes in K3 medium (Shillito and

Potrykus, 1986). Transformed protoplasts were kept in liquid
culture at 25°C for 24 h.

The GUS assay was performed as described by Jefferson

(1987) The cells were pelleted and washed twice with 10 ml of

W5 medium (Negrutiu ef al, 1987). The cells were collected by
centnfugation, taken up in 100 u.l extraction buffer and lysed by
sonication Disruption of the cells was checked under the micro¬

scope Extract (50 u.l) was incubated with 500 u.l of assay buffer

(4-methylumbelliferyl glucuronide, Clontech Laboratories Inc,

Palo Alto, USA). The reaction was stopped after 24 h with a nine¬

fold excess of stop buffer The 4-methylumbelliferone (MU)
concentration was monitored with a spectrofluorometer, at 365

nm excitation and 445 nm emission. The fluorescence was

calibrated with MU standards. Protein concentration was measured

by the method of Bradford (1976) and GUS expression standardized

to units of pmol MU per h per u-g protein

Plasmid constmctions used mjhe transient

transformation assay

p21mod was constructed by fusing a 1006 bp BamHl/Espl
fragment, from the clone containing the 4 kb genomic region of

PosF21 in pBluescnpt II SK(-), to the corresponding Espl site of

the PosF21 cDNA clone p21mod therefore represents the

complete PosF21 coding sequence including the 5' promoter

region without introns.

pOE21 E was constructed in two steps as follows,

(i) pOE21A was constructed by inserting the 1317 bp Nhe\l

SnaBI fragment of p21mod into the Smal site of pDH51, pDH51
is a plant expression vector containing the 35S promoter and

terminator from the CaMV (Pietrzak ef al., 1986).
(li) pOE21E was then constructed by cloning the Hp/i I/Bam HI

fragment from pOE21A (genomic position-81 to 1791, including
the Bam HI site from the polylinker), into the Sma I site of pDH51.
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pOE21F was constructed by deleting a 302 bp Espl/Ba/I

fragment (genomic position 588 to 1318) from pOE21E.

POE21G was constructed as follows. A blunt-ended Ncol

fragment was cloned into the Smal site of pDH51, this restores

the Ncol site in the position of the Smal site of the polyclontng

region of pDH51. The Ncol fragment was then cut out again with

Ncol and the vector was blunt-ended. A 433 bp Haelll/BaA

fragment of p21 mod (genomic position 457 to 1318) was inserted

into the vector. This procedure leads to the formation of an ATG

start codon to which the coding sequence of PosF21 encompassing

the DNA-binding region is fused in frame.

PGC21A was constructed in two steps by cloning the 396 bp

EcoPMHptt fragment of p21 mod (genomic position -402 to -6)

into the Smal site of pBluescnpt II SK(-), which gave plasmid

pP21A. The 2.2 kb Smal/EcoRI fragment of pBI101, which includes

the GUS coding sequence and the nopalme synthase terminator

was cloned into the Sma\lEcoRl site of pBluescnpt II SK(-). This

yielded the plasmid pGCl. pGC21A was then generated by

cutting out the GUS cassette from pGCl as a 2.2 kb Smal/Hindlll

fragment and inserting it into the EcoRV site of pP21 A.

PGC35A was cloned by first inserting the 562 bp EcoRI/Sa/l

fragment of pDH51, which contains the 35S promoter from CaMV

from position -532 to 30 (RNA start site counted as 1), into the

EcoRI/Sa/l sites of pBluescnpt II SK(-), which generated pGC3.

pGC35A was then generated by inserting the Xba\ fragment of

pGC3, containing the 35S promoter, into the corresponding site

of pGC1.

Computer analysis

DNA sequences were analyzed using the 'gcg sequence analysis

software package' of the University of Wisconsin (Madison, USA)

(Devereuxefa/., 1984).

Plasmids and vectors

pDH51: Pietrzak etal. (1986), pPV1 Vankan and Filipowicz (1988),

pTZ18R: Rokeach ef al. (1988); pBI101 Clontech Laboratories

Inc; pBluescnpt II SK(-) Shorter al (1988); xamp3 Kemp etal.

(1983).
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