. HOKKAIDO UNIVERSITY

Title

Study of transcriptional regulation of rRNA genes in higher palnts

Author (s)

Suzuki, Akihiro; #AK, Z=gA

Degree Grantor biEEKE
Degree Name Bt (EF)
Dissertation Number 5537225
Issue Date 1995-12-25
DOI https://doi.org/10.11501/3108189
Doc URL https://hdl. handle.net/2115/51292
Type doctoral thesis

File Information

000000292929, pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




NN ,\b.,“.‘.“ AN
Ry it 4 L o
EH N G L

%
A

L e N
AU TR

f . < - (R Ry B e o B A N i U
/ Jomat Ly S o A Sl I 7 1
i, | |

e | Ok
JUYS 0 LAl NG Nl Nl Nt sisty i




Study of transcriptional regulation
of rRNA genes in higher plants

Akihiro SUZUKI
1993




Contents

Abstract

Introduction

Materials and Methods

Plasmid constructions of Daucus carota rDNA

Plasmid constructions of Vicia faba rDNA
Construction of DNAs with point-mutation

DNA sequencing

RNA isolation and S1 nuclease protection analysis
Preparation of templates for in vitro transcription
Preparation of S-100 fraction for in vitro transcription
In vitro transcription assay

Preparation of probe DNA for DNA binding assay
Preparation of probe DNA for southwestern screening
Preparation of the nuclear fraction

Fractionation of crude nuclear extracts

Gel-retardation assay

DNase I footprinting and methylation interference analysis
Analysis of binding stability

Screening of Agtll cDNA library of Vicia faba

Analysis of p-galactosidase recombinant proteins

page

14
14
14
15
16
16
17
17
18
19
20
20
21
22
23
23
23




by western transfers 24
Results 26
Structure of the IGS region of Daucus carota rDNA 26
Analysis of transcription initiation site in Daucus carota rDNA 27
In vitro transcription of Vicia faba rDNA 29
Gel-retardation assay using Daucus carota nuclear extract 1
Competition assay using gene promoter
and spacer promoter sequence in Daucus carota rDNA 34
Gel-retardation assay using Vicia faba nuclear extract 37
Column fractionation of Vicia faba nuclear extracts 34
Sequences recognized by the three proteins fractions 36
Methylation interference analysis 37
The affinity of RBP-1, RBP-2
and RBP-3 to promoter sequences with mutation 38

Stability of binding of RBP-1, RBP-2 and RBP-3

to promoter sequence 39

The affinity of nuclear protein
and rDNA promoter sequence in heterogeneous system 40
DNA binding proteins during germination 41

Molecular cloning of DNA binding protein that interact

with the DNA sequence near the transcription initiation site 41

Discussion 43

Comparison of IGS organization between Vicia faba




and Daucus carota 43
Comparison of sequence around transcription initiation site

in plant rDNA 44

In vitro transcription system of rRNA gene in plant 45

Cis elements required for accurate initiation
of transcription of rRNA genes in plant 47

Functions of gene promoter and spacer promoter

in Daucus carota rDNA 49
Protein binding sequences in rDNA promoter 52
Relationships among RBP-1, RBP-2 and RBP-3 Do

Molecular cloning of a DNA binding protein that interact

with the DNA sequence near the transcription initiation site 59
Acknowledgments 61
References 62
Figure legends 83
Figure 98




Abstract

I have been studying the mechanisms of transcription of
rRNA in higher plants. Here, I present the complete nucleotide
sequence of IGS region of Daucus carota rDNA. The repeating
unit of Daucus carota rDNA has two major size classes and this
polymorphism was caused by reiteration of a 460 bp sequence.
Further analysis in this paper shows the possibility that Daucus
carota rDNA has plural promoter sequences. The results of S1
analysis and gel-retardation analysis show the possibility that
one of the sequences may act as a spacer promoter, like
Xenopus, Drosophila and Arabidopsis . In order to identify the
promoter sequences, I used Vicia faba rDNA as a material.
From the analysis using in vitro transcription system, I showed
the possibility that the cis element required for transcription
of Vicia faba rDNA may locate in downstream sequence from
-363. This region contains the sequence which binds to the
nuclear protein fraction with sequence-specific manner. I
expanded this analysis of DNA-protein interaction. I
fractionated the Vicia faba nuclear extracts using ion-exchange
chromatography and affinity chromatography, and showed
that the binding protein fraction divided to three kinds of
protein fractions. They recognized similar sequences for
binding, but their binding stability was different. Furthermore,

I was able to isolate a cDNA clone encoded DNA binding protein

that interact with the sequence near the transcription start site




of rRNA gene by southwestern technique. From these results, I
discussed the general mechanisms of transcription of plant

rRNA gene.




Introduction

In higher eukaryotes, ribosomal RNA genes (rDNA) are
organized in tandem arrays at the nucleolar organizing regions
of chromosomes. Each repeating unit usually contains one
coding sequence for each of the 17-18S, 5.8S and 25-28S
rRNAs and three spacer sequences between these coding
sequences. The spacer region from 3’ end of the 25-28S rDNA
to the 5’ end of the 17-18S rDNA consists of the non-
transcribed spacer and transcribed spacer regions and it is
called the intergenic spacer (IGS) region. The coding region for
mature rRNAs are highly conserved among various organisms
but the IGS regions are highly variable, in length and primary
structure, among organisms and even among individuals. In
many animals and plants, various types of repeating sequence
were found as tandem arrays in the IGS region, and variation
in the number of such repeating sequences usually causes the
length heterogeneity of the IGS region, thus resulting in length
polymorphism of rDNA repeating units [1].

In several plants, the complete nucleotide sequence of
the IGS region was determined for wheat [4], rye [2], maize [55,
94], radish [19] mung bean [27, 81] tomato [65, 83], potato [10],
Arabidopsis thaliana [30], Avena sativa [68], Brassica rapa [18],

Eruca sativa [49], Pisum sativum [44] and Vicia faba [44]. In

plants, the repeat units observed in IGS region, in most cases

UL



are tandemly arranged, but may also be interspersed
throughout the IGS, as has been shown for cucumber [20].
From these results, the mechanisms of interspecific
homogenization and a rapid divergence of rDNA after
separation of species was proposed [4, 18, 44, 68, 70].

In animal, many studies have demonstrated that IGS
contains promoter sequences of the rRNA transcription and
that some of the repeating sequences found in IGS have an
enhancer function for the transcription of the rRNA [41, 87,
107]. In human, it was reported that the promoter consists of
two major elements: a upstream region, composed of several
domains, that lies between nucleotides -234 and -107 relative
to the transcription initiation site and affects transcription up
to 100-fold and a core element that lies between nucleotides
-45 and -20 and affects transcription up to 1000-fold [33, 43].
In mouse, the results were reported that sequences extending
out to residue -140 greatly favor the initiation reaction,
although the sequence from -39 to +9 contains sufficient
information to initiate accurately [58]. In Drosophila and
Xenopus, IGS contains duplications of the gene promoter, called
spacer promoter, and they may stimulate transcription from
the downstream gene promoter [15, 20, 29, 48].

Furthermore, in animal, some protein factors required

to form the transcription initiation complex have been

characterized and specific DNA-protein and protein-protein




interactions have been analyzed [7, 14, 66, 86]. For vertebrate
system, two factors may be required for effective transcription
of rRNA. One of them, called UBF (upstream binding factor),
binds to promoter sequence with sequence-specific manner.
The cDNAs encoding UBF were isolated in human [42], rat [63],
mouse [35] and Xenopus [3, 56]. These UBF are well conserved
and contain different numbers of repeated HMG homology
boxes. And the existence of two different copies of the UBF
gene differing in the number of HMG boxes was reported.
Another factor was called SL1 (selectivity factor 1), which
recognized and bound to DNA-UBF complex [7]. This factor
consists of TBP (TATA box-binding protein) and TAFs (TBP-
associated factors) [16]. And the TAFs including SL1 were
identified as three polypeptides whose molecular weights were
110, 63 and 48 kDa in human[16] and 95, 68 and 48 kDa in
mouse[23]. Recently, the process of formation of SL1 was
analyzed [17, 109]. In addition, some studies have
demonstrated that SL1 and part of the cis element (SSE) cause
a species-specific transcription [32] that is a special
characteristic of rRNA gene promoters [6, 7, 77]. Recent study
demonstrated that two TAFs (TAFI 63 or TAFI 68 and TAFI
48) mediated the binding to rDNA promoter and the largest
TAF (TAFI 110 or TAFI 95) may play a role in the species-

specific assembly of productive preinitiation complexes [75,

76]. Except the knowledge about general factors described




above, the regulatory mechanisms of rRNA transcription were
reported. In NIH3T6 fibroblasts, it was reported that the
transcription of UBF gene may be a primary response for
activation of rRNA transcription [28]. In U937 cells, Rb
(retinoblastoma susceptibility gene) products inhibit the rRNA
transcription by the manner which Rb interacts with UBF and
inhibits the UBF activity [11].

In contrast to the knowledge of rRNA transcription in
animal, little is known about the mechanisms of rRNA
transcription in plants. From the analysis of IGS region, the
consensus sequence surrounding the initiation site have been
reported [19, 27, 44, 65, 95]. Despite the fact that a consensus
sequence surrounding the initiation site was proposed as a
possible cis-control element, the significance of this sequence is
still unclear. Recently, the first report about plant rDNA
promoter was presented that 98 bp sequences which lies from
-92 to +6 was sufficient to represent functional Arabidopsis
rRNA gene promoter [22]. This analysis was performed using
transient expression system, and the function of enhancer
sequence located in upstream region was also discussed. In
order to analyze the mechanisms of transcription of plant
rDNA, the in vitro transcription system of rDNA was developed
using Vicia faba embryonic axes [102]. In this report, although

accurate transcription was observed using several exogenous

Vicia faba rDNA fragments as templates, promoter sequence
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has not been identified. Recently, another in vitro transcription
system using tobacco cultured cells, was reported [26]. In their
system, when the tobacco rDNA fragment was used as
template, accurate transcription was observed, but using Vicia
faba rDNA fragments as templates, no specific transcripts were
detected [89]. This result suggested that rRNA transcription
apparatus in plant is also species-specific like animal.

With respect to trans-factors, some protein fractions that
interact with a certain sequence in IGS in a sequence-specific
manner were reported from several plants [24, 25, 39, 61, 82,
108]. In maize rDNA, several proteins bind to both regions of
promoter sequences (from -40 to -10) and upstream repeat
sequences. Thus, the enhancer function of upstream repeated
sequence was suggested [82]. In wheat rDNA, the binding of
specific proteins to the -34 to +10 region was detected. And
this region contains two binding sites, one located from -7 to +2
and another located from -34 to -14. These sites contain a
consensus sequence, which was CATGG-GC-AAAAC [39]. In
Cucumis rDNA, three proteins, whose molecular weights were
16, 22 and 24 kDa, interact to the promoter region. This
binding region also contains two binding sites like wheat. In
this case, it was reported that these proteins seem to interact
with the single strand DNAs of these region [108]. In radish
rDNA, the binding protein with dA/dT-rich sequences located

upstream region of transcription initiation site was reported




[24]. Furthermore, another protein that may relate to
processing of precursor rDNA was also reported [25]. In Vicia
faba rDNA, the protein which binds to promoter region with
sequence-specific manner was detected and the detailed
analysis of necessary nucleotides for DNA-protein interaction
was performed [61].

I have been studying the mechanisms of transcription of
rRNA in land plants. Here, I present the complete nucleotide
sequence of IGS region of Daucus carota rDNA. The repeating
unit of Daucus carota rDNA has two major size classes [45] and
this polymorphism was caused by reiteration of a 460 bp
sequence [92]. Further analysis in this report shows the
possibility that Daucus carota rDNA has plural promoter
sequences. The results of S1 analysis and gel-retardation
analysis show the possibility that one of the sequences may act
as a spacer promoter, like Xenopus, Drosophila and Arabidopsis
[90]. In order to identify the promoter sequences, I used Vicia
faba rDNA as a material. From the analysis using in vitro
transcription system [102], I showed the possibility that the cis
element required for transcription of Vicia faba rDNA may
locate in downstream sequence from -363. This region contains
the sequence which binds to the nuclear protein fraction with
sequence-specific manner [61]. I expanded this analysis of

DNA-protein interaction. I fractionated the Vicia faba nuclear

extracts using ion-exchange chromatography and affinity




chromatography, and showed that the binding protein fraction
divided to three kinds of protein fractions. They recognized
similar sequences for binding, but their binding stability was
different [91]. Furthermore, I was able to isolate a cDNA clone
encoded DNA binding protein that interact with the sequence
near the transcription start site of rRNA gene by southwestern
technique. From these results, I discussed about the general

mechanisms of transcription of plant rRNA gene.




Materials and Methods

Plasmid constructions of Daucus carota rDNA

The plasmid DER1 was used in this study [92]. It
contains a 7.6 Kb EcoR I-EcoR I fragment encompassing the
whole length of the IGS region of Daucus carota rDNA in the
EcoR I site of plasmid pBR325. As shown in Figure 1, EcoR I-Pst
[ fragment (for plasmid DEP1) and Pst I-EcoR I fragment (for
plasmid DEP2) were cloned into Sma I site of plasmid pIBI31.
Hind III-Hind III fragment was cloned into Hind III site of
plasmid pIBI31 and the resultant plasmid was named plasmid
DHHI1. For gel-retardation assay using gene promoter and
spacer promoter, five fragments were cloned. As shown in Fig.
11A, gpl fragment (from -368 to -285), gp2 fragment (from
-285 to -126), gp3 fragment (from -126 to +165), sp1 fragment
(from -290 to -126) and sp2 fragment (from -126 to +90) were
recloned into Hinc II site of plasmid pIBI31.

Plasmid constructions of Vicia faba rDNA

The DNA fragments used in this study are derived from

plasmid VER1 containing a FEoR 1/EcoR 1 fragment

encompassing the whole Vicia faba IGS region in the EcoR 1 site
of plasmid pBR325 [100]. As shown in Figure 2, Mlu [-Mlu I




fragment (for plasmid pVrMM), Mlu I-Hind III fragment (for
plasmid pVrMH) and Dra 1-Hind III fragment (for plasmid
pVrDH) were cloned into Sma I site of plasmid pIBI31. Several
fragments excised from the these plasmid with variable
restriction enzymes were used in this study (Fig. 13).

Plasmid pVrMH was used to construct of 5' or 3' deletion
mutant. This plasmid was linearized with Pst I and Xba I,
digested with exonuclease III and mung bean nuclease and
ligated [106]. The extent of deletion was determined by
sequencing through the vector junctions and was indicated in
the name of the plasmid: for example, 5'A-62 would be a
promoter mutant deleted of sequences upstream of -62 and
3'A-34 would be a promoter mutant deleted of sequences

downstream of -34 (Fig. 16).

Construction of DNAs with point-mutation

As shown in Figure 3, several 30 bp nucleotides from
-35 to -64, which contain one or a few mutated nucleotides,
were synthesized. Another 15 bp nucleotide, designated RP, 5'-
GCCACCAAATTGGTC-3'", which corresponds to the bottom
strand from -44 to -30, was synthesized. Each of the 30 bp

nucleotides and 15 bp nucleotides were annealed and a

polymerase reaction was done using T7 DNA polymerase and

dNTPs. Synthetic 35 bp double stranded DNAs were




fractionated in 10% polyacrylamide gel electrophoresis and
elution from the gel. The resultant double stranded DNAs were
cloned into Sma 1 site of pIBI31. The insert DNA was checked

by sequencing through the vector junctions.

DNA sequencing

For determination of the IGS region of Daucus carota,
plasmid DEP1, DEP2 and DEP3 were used. Plasmids DEP1 and
DEP2 were linearized with Pst I and Xba I, digested with
exonuclease III and mung bean nuclease and ligated [106].
Plasmid DHH1 was digested with 4 base cutter restriction
enzyme. The resultant fragments were randomly cloned into
Hinc 1II site of plasmid pIBI31.

For determination of the nucleotide sequence of the
cDNA (Agt11-NO.2) insert, the cDNA insert was isolated by the
digestion with EcoR I. The resultant DNA fragment was
digested with 4 base cutter restriction enzyme. The several
fragments were randomly cloned into Hinc II site of plasmid
pIBI31. The chain termination method was used for

sequencing [80].

RNA isolation and S1 nuclease protection analysis

e




Total cellular RNA was prepared from seedling of Daucus
carota according to the guanidium-CsCl method [52]. S1
mapping experiments were carried out as described by Berk
and Sharp [9]. The Hind III(at 864)-EcoT14 I(at 1099)
fragment and the Hind II(at 3001)-Eae I(at 3289) fragment
were labeled at their 5' ends for using as probe DNAs.
Sequencing ladders for size markers were produced by the

chemical modification method of Maxam and Gilbert [54].

Preparation of templates for in vitro transcription

Plasmids pVrMH and several plasmids with 5'-deletion
mutation (5'A-121, 5'A-91, 5'A-62, 5'A-54, 5'A-45 and 5'A-41)
were used in the in vitro transcription study. As shown in
Figure 9A and Figure 10A, These plasmids were digested with
several restriction enzymes. And then the resultant DNA

fragments were used as templates.

Preparation of S-100 fraction for in vitro transcription

The preparation of soluble whole cell extract was

performed according to the method of Yamashita et al. [102].

Cultured cells of carrot or embryonic axes of Vicia faba were

pulverized with a mortar and pestle in liquid nitrogen and
mixed in buffer A (10 mM HEPES-KOH pH 7.9, 10 mM KCl, 1.5




mM MgCl; 0.5 mM DTT) with a Dounce type homogenizer. After
filtration through four layers of Miracloth, 0.1 volumes of
buffer B (300 mM HEPES-KOH pH 7.9, 1400 mM KCl, 30 mM
MgCl,) was added to this filtrate. This lysate was centrifuged at
120,000 g for 15 min and then the supernatant was
recentrifuged at 120,000 g for 1 hr. The resulting supernatant
was carefully collected and dialyzed for 8 hr against two
changes of 1000 ml of buffer C (20% glycerol, 20 mM HEPES-
KOHpH 7.9, 100 mM KCl, 0.2 mM EDTA, 3 mM DTT). Insoluble
materials were removed by centrifugation at 12000 g for 10
min. The final extracted volume was approximately 6-8 ml
containing 15-20 mg/ml protein. This supernatant, designated
whole cell extract, was quickly frozen in liquid nitrogen in
small aliquots and stored at -80°C. Repetition of freeze thaw

cycles was avoided before use.

In vitro transcription assay

The transcription reaction mixture contained, in a final
volume of 30 ul, 12 mM HEPES-KOH pH 7.9, 100 mM KCI, 12

mM MgCl,, 1.5 mM DTT, 10 mM creatin phosphate, 600 uM
each of ATP, GTP and CTP, 15 uM UTP, 5 uCi [a-32P]JUTP

(specific activity 800 Ci/mmol), 100 units human placenta

RNase inhibitor, 100 pg/ml a-amanitin, 0.5-1.0 ug template

DNA and 15 pl of whole cell extract. The assay mixture was




incubated at 30°C for 45 min. The reaction was then
terminated by adding 0.1 volumes of 10% sodium lauryl
sulfate followed by two extractions with phenol/chloroform
(1:1) mixture. After the nucleic acids were precipitated with
ethanol, the pellet was dissolved in 5 ul of 50% formamide
solution containing 10 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.05%
bromophenol blue and 0.05% xylene cyanol. This sample was
incubated at 80°C for 3 min and then loaded on a 50% urea-5%
polyacrylamide gel. Following electrophoresis, the gel was
dried and subjected to autoradiography.

Size markers were prepared from several in vitro
labeled RNA fragments, using bacteriophage T3 RNA
polymerase.

Preparation of probe DNA for DNA binding assay

For preparation of probe DNAs, plasmids pVrMM,
pVrMH, pVrDH, 3'A-34, 3'A-59, 5'A-62 and 5'A-54 (Fig. 2 and
Fig. 11) were digested with several restriction enzyme. An Nsp
V-Mlu I fragment (-94 to -34 and a segment of a pIBI31
polylinker) was excised from the recombinant plasmid 3'A -34.
In order to prepare nonspecific competitor DNA, plasmid

pIBI31 was digested with Hind III and EcoR I, and a polylinker

segment was isolated.




In the case of Daucus carota, as shown in Figure 8A, gpl
fragment (-368 to -285), gp2 fragment (-285 to -126), gp3
fragment (-126 to +165), sp1 fragment (-290 to -126) and sp2
fragment (-126 to +90) were used as probes for gel-retardation
assays. The gp2 fragment and sp1 fragment and the polylinker
segments of pIBI31 were used as competitor DNAs.

The excised DNA fragments were labeled by a 3'-end-
filling with the Klenow fragment of DNA polymerase and the

[a-32P]dCTP radioactive precursors.

Preparation of probe DNA for southwestern screening

For preparation of probe DNA, an Nsp V-Mlu I fragment
(-94 to -34 and a segment of a pIBI31 polylinker) was excised
from the recombinant plasmid 3'A-34. And this fragment was

concatenated. The resultant DNA fragment was labeled with [a-

P32]dCTP by nick translation and used as probe.
Preparation of the nuclear fraction
Crude nuclear extracts were prepared according to the

method described by Nakajima et al. [61]. Embryonic axes of

Vicia faba seeds or seedlings of Daucus carota were ground

with a motar and pestle in liquid nitrogen and then

homogenized in buffer A (20 mM HEPES-KOH pH 7.9, 60 mM




KCl, 5 mM MgCl;, 1 mM dithiothreitol, 0.4 M sucrose, 0.5%
Triton X-100) with a Dounce type homogenizer. After filtration
through four layers of Miracloth, the filtrate was centrifuged at
3000 X g for 5 min. The precipitate containing nuclei was
suspended in buffer-B (the same as buffer-A, but without
sucrose and Triton X-100). Then in order to lyse nuclei, 4M
(NH4)2S04 and 1 M spermidine were added to give final
concentrations of 0.4 M and 5 mM, respectively. After gentle
stirring, the lysate was centrifuged at 12000 X g for 5 min.
Proteins in supernatant were precipitated by the addition of an
equal volume of 4M (NHy4)2804. Following centrifugation at
12000 X g for 15 min, the precipitate was resuspended in
buffer-B and dialyzed for 4 hr against buffer-C (the same as
buffer-B, but also containing 10% glycerol). Insoluble materials
were removed by centrifugation at 12000 X g for 10 min. The
supernatant, designated crude nuclear extracts, was quickly

frozen in liquid nitrogen and stored at -80 °C,

Fractionation of crude nuclear extracts

DNA binding proteins were partially purified according

to the method described by Suzuki et al [91]. Strategy of the

fractionation of binding activity was summarized in Figure 4.

For fractionation of proteins, the crude nuclear extract was

dialyzed against buffer D (20 mM HEPES-KOH, pH 7.9, 60 mM

B




KCl, S mM 2-mercaptoethanol and 10% glycerol) and applied to
a phosphocellulose column (P11; Whatman, England). After
washing of the column with three column volumes of buffer D,
proteins were eluted with buffer D with increasing
concentrations of KCI. After fractionation, each fraction was
dialyzed against buffer C (20 mM HEPES-KOH, pH 7.9, 60 mM
KClL, S mM MgCl;, 5 mM 2-mercaptoethanol and 10% glycerol)
with three changes of 2000ml of buffer and stored at -80°C.
For fractionation on a heparin column, P300 plus P400
(containing RBP-1 and RBP-3) or P500 (RBP-2) in the case of
Vicia faba, or crude nuclear extracts in Daucus carota, were
applied to an Econo-pac heparin cartridge (Bio-Rad, US.A.).
After washing with three cartridge volumes of buffer G
proteins were eluted with buffer C that contained increasing
concentrations of KCI. After fractionation, each fraction was
dialyzed against buffer C with three buffer changes and stored
at -80 °C. All steps were carried out at 4°C.

Gel-retardation assay

Binding reactions were carried out in buffer-C containing
0.05 pmol end-labeled probes (about 5 X 104 cpm) and 1ug of
poly(dI-dC)+poly(dI-dC) by the addition of a nuclear protein

fraction. The assay mixture was incubated at 25 °C for 30 min

and loaded onto 5% polyacrylamide gels in 6.7 mM Tris-HCI pH




7.5, 1 mM EDTA and 3.3 mM sodium acetate [88]. Following
electrophoresis at 5 V/cm, with constant recirculation, the gels

were dried for autoradiography.

DNase I footprinting and methylation interference analysis

DNase I footprinting experiments were performed as
described by Singh et al. [85] with slight modifications. After
elution of free and protein bound DNA fragments, each sample
was purified using DEAE-Sephacel column chromatography
[79]. Methylation interference experiments were performed as

described by Weinberger et al. [98].

Analysis of binding stability

The stability of binding of nuclear protein fractions to
DNA was analyzed by the previously described methods [57],
with the exception that the binding reactions were carried out
for 20 min at room temperature and then the incubation was
continued on ice. The experimental protocol is summarized in

Figure 23A.

Screening of Agtl1 cDNA library of Vicia faba




A cDNA library was constructed from embryonic axes of
Vicia faba poly(A)+ RNA with ¢DNA synthesis and Agtll
cloning kits (Amersham). Screening of cDNA expression was
performed as described [97] except that the binding buffer
contained 20 mM HEPES-KOH (pH 7.9), 60 mM KCl, 5 mM

MgCl,, S mM 2-mercaptoethanol, 0.25% non-fat milk, poly(dl-
dC)epoly(dI-dC) (10 ug/ml) and nick-translated probe DNA

(0.01 png/ml). After binding reaction, the filters were washed

three times with aliquots of binding buffer except for probe
DNA and poly(dI-dC)spoly(dI-dC). And then the filters were

subjected to autoradiography.

Analysis of p-galactosidase recombinant proteins by western

transfers

Y1089 lysogens harboring Agtll or Agtl11-NO.2 were
isolated [36] and induced to express high levels of their
respective p-galactosidase fusion proteins. Cells from 1.25 ml
aliquots of the induced lysogen cultures were rapidly pelleted,
and resuspended with 100 ul aliquots of SDS-PAGE loading
buffer. After holding at 25 °C for 5 min, proteins in each
sample (15 ul) were resolved by 10% SDS-PAGE. The separation
gel was then soaked in 25 mM Tris, 190 mM glycine (pH 8.3),

20% (v/v) methanol for 30 min. Proteins were

electrophoretically transferred onto a polyvinylidene




difluoride (PVDF) membrane (0.45 um) using the same buffer.
After transfer, proteins bound to the filter were denatured by
6 M guanidine-HCI and renatured. To assay for DNA binding
activity, the filters were blocked with blocking buffer
contained 20 mM HEPES-KOH (pH 7.9), 60 mM KCI, 5 mM
MgCl,, 5 mM 2-mercaptoethanol, 5% non-fat milk. The DNA

binding activities were examined by the methods described for

screening of Agtll cDNA library of Vicia faba.




Results

Structure of the IGS region of Daucus carota rDNA

Figure SA and 5B shows the complete nucleotide
sequence of 5775 bp of the IGS of a cloned Daucus carota rDNA.
The borders between the spacer and the coding regions were
inferred from sequences reported for other plants. A
diagrammatic representation of the organization pattern is
shown in Figure 6. Eight kinds of repeated sequences denoted
A, B, C, D, E F, G and H, respectively, were presented in this
region. Repeat A consisted of two sequences of approximately
150 bp, which were separated by insertion of a 10 bp
sequence. They showed a high value of sequence similarity
(91% identical), as shown in Figure 7. Repeat B consisted of
three copies of approximately 35 bp sequences. Two of them,
B2 and B3, were arranged in tandem and another sequence, B1,
was separated by an inserted sequence of 168 bp. The values
of their sequence similarity was in the range of 84% to 97%
identical (Fig. 7). The inserted 168 bp sequence, between Bl
and B2, consisted of a tandem array of three copies of an
approximately 60 bp sequence, which was named Repeat C.
The values of their sequence similarity were in the range of

80% to 98% identical (Fig. 7). Repeat D consisted of three

sequences of approximately 180 bp, which were arranged in




tandem, and their sequence similarity was in the range of 88%
to 92% identical (Fig. 7). Repeat E consisted of two sequences of
approximately 40 bp and their sequence similarity was 84%
identical (Fig. 7). Repeat F consisted of four sequences of
approximately 50 bp and located just behind the Repeat E. The
values of their sequence similarity was in the range of 68% to
89% identical (Fig. 7). Repeat G consisted of a tandem array of
three complete and one truncated copy of a 455 bp sequence
unit. The existence of this repeat sequence was reported
previously [92]. The difference of reiteration of this repeat
sequence caused the length heterogeneity of the rDNA
repeating unit of Daucus carota [92]. The last repeat sequence,
Repeat H, consisted of two sequences of 228 bp, which were
separated by 1909 bp sequences containing Repeat D, E and F.

Their sequences showed high conservation (98% identical).

Analysis of transcription initiation site in Daucus carota rDNA

[ carried out S1 nuclease protection analyses to
determine the 5' starting site of Daucus rRNA transcription
using various fragments derived from DPE2 as hybridization
probes. The results revealed the occurrence of several
protected fragments of different lengths (data not shown). The

initiation site for the RNA transcript that gave rise to the major

longest S1 fragment corresponded to the A at position 3} 27




(Fig. 8B). It is highly probable that the position 3127 is the
initiation site for TRNA transcription because the surrounding
sequences were similar to those of Vicia, maize, wheat and
radish. On the other hand, this nucleotide located in Repeat H.
The sequence of Repeat H corresponded to the position from
-217 to +11 relative to the presumed transcription initiation
site. Thus, IGS of Daucus carota rRNA gene may contain plural
putative promoter sequences. The sequence of H1 was
designated as a spacer promoter and H2 was designated as a
gene promoter, although the correct promoter sequence is
unknown.

For comparison of transcription activity between gene
promoter and spacer promoter, I carried out S1 nuclease
protection analyses using both fragments containing a gene
promoter and spacer promoter as probes (Fig. 8A). When the
fragment containing a gene promoter was used as the probe, a
clear protected band was detected. The initiation site for the
RNA transcript that gave rise to this protected fragment
corresponded to the A residue at 3127 (Fig. 8B). On the other
hand, when the fragment containing a spacer promoter was
used as the probe, several bands were detected. Two major
bands corresponded to the A residues at 990 and 986. One of
them, the A residue at 990, agreed with the A residue at 3127

of the gene promoter from a comparison of the surrounding

sequences. However, these bands were weak and disappeared




when the units of S1 nuclease were increased (Fig. 8C). These
results indicated that the gene promoter acts as the cis element

of the major transcription.

In vitro transcription of Vicia faba rDNA

For determination of cis elements required rRNA
transcription, I used in vitro transcription system using whole
cell extract and exogenous rDNA fragments. At first, I prepared
cell extract from suspension cultured cells of Daucus carota.
However, any clear transcripts were not detected using several
templates derived from plasmid DPE2. At second, I prepared
cell extract from Vicia faba embryonic axes. Figure 9 shows the
DNA fragments as templates derived from plasmid pVrMH.
These fragments were composed of 478 bp rDNA fragments
containing initiation sites (from -363 to +115) and a part of a
vector sequence at each end. The total length of the template
and expected length of transcript were also indicated (Fig. 9A).
The results of this assay are shown in Figure 9B. The accurate
transcripts were observed using each template, although
additional bands were also detected. Therefore accurate
transcription of the rRNA gene occurred in this system. Thus, I

used this system for determination of cis elements required

rRNA transcription.




Figure 10 shows the results of in vitro transcription
using several fragments derived 5' deletion mutants of Vicia
faba rDNA promoter as templates. Fach reaction was carried
out using control template (0.1 ug) which was composed of 478
bp rDNA fragment and each 5'-deleted template (0.5 ug) which
has different 5'-end each other (Fig. 10A). The size of expected
transcript from control template was 255 base and the
expected size of transcript from each 5'-detected template was
381 bp. The results of this assay are shown in Fig. 10B. This
results was not clear, since several bands appeared whose
origins were not clearly located. However, I considered the
following possibility. Since I can detect very weak 255 base
band in all reactions (lanes 1-8), it is likely that accurate
transcription was performed in each reaction. Using 5'del-363
fragment as a template, 381 base band was clearly observed
(lane 1). When 5'del-121, -91 and -62 fragments were used as
templares, I was able to detect very weak 381 base band
(lanes 2, 3 and 4). However, when 5'del-45, -41 fragments and
only vector fragment were used as template, 381 base band
was not detected (lanes 6-8). Although the result using 5'del-
54 was not clear, the size of detected band may be different
with 381 base (lane 5). These results suggest that cis element

required for transcription of Vicia faba rDNA may locate in

downstream sequence from -363.




Gel-retardation assay using Daucus carota nuclear extract

In Daucus carota, gel-retardation assays were performed
using crude nuclear extracts and fragments derived from gene
promoter and spacer promoter regions (Fig. 11A). In the case
of gene promoter, a retarded band was detected only when the
gp2 fragment (-285 to -126 relative to the putative
transcription initiation site at +1) was used for the probe (Fig.
11B, lanes 4-6). On the contrary, when other fragments were
used as probes, I was unable to detect any retarded bands
(Fig.11B, lanes 1-3 and lanes 7-9). In the case of spacer
promoter, a retarded band was detected only when the spl
fragment (-290 to -126 relative to the putative transcription
initiation site at +1) was used for the probe (Fig. 11B, lanes 10-
12). On the contrary, when other fragments were used as
probes, I was unable to detect any retarded bands (Fig. 11B,
lanes 13-15).

Competition assay using gene promoter and spacer promoter

sequence in Daucus carota rDNA

When crude nuclear extracts were added in the binding
reaction mixture, I failed to detect clear retarded bands (lanes

5, 6, 11 and 12 in Fig. 11B). Therefore, the specific binding

proteins were partially purified by chromatography on a




heparin-sepharose column. After absorption of the nuclear
extracts, protein fractions were obtained by stepwise elution
with a buffer containing 100, 200, 300, 400 and 500 mM KCl.
Using the protein fraction which was eluted with 300 mM KCl,
two retarded bands were detected (Fig. 12). Furthermore,
these detected bands, when gp2 fragment was used as a probe,
were similar to the bands when spl fragment was used as a
probe. To confirm the sequence specificity of protein binding,
competition analyses were performed. When both the gp2 and
spl fragments were used as probes, two retarded bands were
strongly attenuated by the addition of the gp2 or spl fragment
as a competitor (lanes 3-6 in Fig. 12). In contrast, these
retarded bands were not affected by the addition of a 100-fold
excess of another DNA fragment as a competitor (lane 7 in Fig.
12). These results indicated that these DNA-protein(s)
interactions are specific to the DNA sequences containing the

gene promoter and spacer promoter.

Gel-retardation assay using Vicia faba nuclear extract

In the case of Vicia faba, Kato et al. have already
determined the entire nucleotide sequence of the IGS of a Vicia
faba rRNA gene [44]. As shown in Figure 13, One of them,

named ‘Repeat-C’, is highly conserved among Vicia faba rRNA

gene units [46] and the difference of the reiteration of Repeat C




causes length heterogeneity among the rRNA gene units [100].
The transcription initiation site, determined by S1 nuclease
analysis, is located at a position 2013 bp downstream from the
3' end of the 25 S coding region [44]. By in vitro transcription
system using variable fragments derived from 5' deletion
mutants of Vicia faba rDNA promoter as templates, I could
roughly determine cis element required for accurate
transcription of rDNA. Therefore, I carried out gel-retardation
assay using nuclear extract of Vicia faba.

Three kinds of fragments derived from the IGS region,
including the initiation site (Fig. 13), were used as probes for
gel-retardation assays. As shown in Figure 14, a retarded band
was observed only when a Dra I-EcoT 141 fragment (-122 to
+96 relative to the transcription initiation site) was used for
the probe (Fig. 14, lanes 5-8). This retarded band could not be
obtained when the nuclear fraction was heated or SDS was
added to the binding reaction mixture (data not shown). Thus,
this retarded band may be produced by DNA- protein(s)
interaction, although whether this interaction is due to a single
protein or complex of several protein is not known. Using other
fragments, on the contrary, I was unable to detect any
retarded bands (Fig. 14, lanes 1-4 and 9-12).

Sequence specificity of this DNA-protein(s) interaction

was confirmed by competition experiments. When the

competitor DNA was identical to the probe, the retarded band
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was strongly attenuated (Fig. 15, lanes 3-5). On the other hand,
there was little competition even when a 100-fold excess of
Escherichia coli DNA or Mlu 1-Dra I fragment (-363 to -123)
was added. These results support the hypothesis that this
DNA-protein(s) interaction is specific for the DNA sequence. By
the addition of the upstream repeat sequence (Repeat C) as the
competitor, there was slight competition (Fig. 15, lanes 12-14).
In order to define more precisely the sequence involved
in the interaction with protein fraction, shorter probes
prepared from deletion mutants were examined in the gel-
retardation assay (Fig. 16). When both fragments excised from
3'A-34 and 5'A-62 were used as probes, retarded bands were
observed (Fig. 16, lanes 1-6). However, using other fragments
excised from 5'A-54 and 3'A-59, 1 was unable to detect any
retarded bands (Fig. 16, lanes 7-12). These results show that
the nuclear protein fraction may interact with the sequence

from -62 to -34.

Column fractionation of Vicia faba nuclear extracts

In order to investigate DNA-protein interactions more
precisely, the specific DNA-binding proteins were partially
purified from the crude nuclear extracts by phosphocellulose

column chromatography (strategy of fractionation of binding

activity was summarized in Figure 4). After washing of the




column with three volumes of buffer D, protein fractions were
eluted from the column by buffer D that contained 100, 200,
300, 400, 500, 600, 700, 800, 900 and 1000 mM KCl (the
eluted fractions were designated P100, P200, P300, P400,
P500, P600, P700, P800, P900 and P1000, respectively). Gel-
retardation assays using these protein fractions which Nsp V-
Mlu I (WT) fragment, which contained the region from -94 to
-34, were carried out. As shown in Figure 17, several fractions
gave clear retarded bands. To confirm the specificity of the
binding ability, competition experiments were performed (Fig.
18). The WT fragment and the Hind III-EcoR I fragment from
pIBI31 were used as competitors in binding reactions. When
the competitor DNA was identical to the probe DNA (WT
fragment), the intensities of bands A, B, C and D, indicated by
arrowheads in Figure 18, were considerably reduced (lanes 7,
8,12, 13,17, 18, 22 and 23). These bands were not, however,
affected by the addition of a nonspecific competitor (lanes 9,
10, 14, 15, 19, 20, 24 and 25). These results suggested that the
DNA-protein(s) interactions were specific for the DNA sequence
of the WT fragment. I refer to the protein fractions that
generated retarded bands B, C and D as RBP-1, RBP-2 and RBP-
3 [rRNA gene promoter-binding protein(s)], respectively. The
DNA-binding protein fraction that Nakajima et al. reported

previously [61] corresponds to RBP-1 since the intensitiy of

band B was the strongest of all the retarded bands and the




mobility of band B resembled that of the previously reported
complex.. In addition, band A was not stably generated in my
system, so I was not able to analyze the corresponding complex
in detail.

P300 plus P400 and P500 were separately collected by
chromatography on a heparin column. Protein fractions were
obtained from the column by stepwise elution with buffer C
that contained 100, 200, 300 and 400 mM KCI (designated
H100, H200, H300 and H400, respectively). As shown in Figure
19A, I performed gel-retardation assays with these fractions
derived from P300 plus P400. RBP-1 (band B) was eluted with
buffer C that contained 200 mM KCl, and RBP-3 (band D) was
eluted with buffer C that contained 300 mM KCI. In the case of
P500 (Fig. 19B), RBP-2 (band C) was eluted in P500/H300 and
P500/H400 (lanes 8-11). These data suggest that RBP-1, RBP-2
and RBP-3 are chromatographically distinguishable. In lanes 8
and 9 (Fig. 19B), the signals (free and retarded band) are weak.
There is a possibility that nuclease activity was present in the
P500/H300 fraction. The results of column fractionations were

summarized in Figure 4.

Sequences recognized by the three proteins fractions

To identify the region of the WT fragment that binds the

nuclear proteins, I performed DNase I footprinting



experiments. In the case of the top strand, as presented in
Figure 20A, with DNA extracted from band B (lane B), the
region from -61 to -53 was protected from DNase I by the
binding of RBP-1. In the case of bands C (lane C) and D (lane D),
the region from -61 to -54 was protected in each case. In the
case of the bottom strand, the DNA extracted from bands B, C
and D was protected over the same region, from -59 to -52
(Fig. 20B lanes B, C and D). The intensities of signals due to the
residues located from -52 to -47 (Fig. 20A, lane D) and the A
residue at position -50 (Fig. 20B, lanes B, C and D) were
enhanced. These data suggest that the fragment was easily
digested by DNase I at this position because of the binding of
the protein fractions. Consequently, it appears that RBP-1, RBP-
2 and RBP-3 bind independently to nearly the same region

near the site of initiation of transcription.

Methylation interference analysis

To obtain further information about the binding site(s), I
performed methylation interference analysis. In the case of the
top strand (Fig. 21A), when DNA was extracted from bands B, C
and D (lanes B, C and D), the intensities of the signals
corresponding to the G residue at position -61 were

remarkably reduced as compared with the free probe. In the

case of the bottom strand (Fig. 21B), the intensities of the

s
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signals corresponding to the G residue at position -56 (lanes B,
C and D) was reduced. These results suggest that these two G
residues have important roles in the binding of RBP-1, RBP-2
and RBP-3.

The affinity of RBP-1, RBP-2 and RBP-3 to promoter sequences

with mutation

The results of the DNase I footprinting experiments
indicated that three protein fractions bound to a DNA element
near the site of initiation of transcription, and apparently
important G residues were identified by methylation
interference analysis. Therefore, I introduced point mutations
in the putative binding region (from -62 to -52, see Fig. 22A)
and each mutated DNA was examined for its ability to bind to
the three protein fractions. Gel-retardation assays were carried
out using each mutated DNA as probe (Fig. 22B and 22C). When
M-59, M-57, M-56, M-55 or M-54 was used as the probe, the
three retarded bands were not detected (lanes 5, 7, 8, 9 and 10
in panels B and C). When M-60, M-58 or M-53 was used as the
probe, the intensities of the three bands were very low (lanes
4,6 and 11).

A nuclear protein in radish that binds to dA/dT-rich

sequences in promoter and upstream regions has been

reported (Echeverria et al., 1992). Therefore, adenine




nucleotides from -51 to -47 were replaced by guanine
nucleotides, and the mutated DNA was used in gel-retardation
assays. When M-91/_47 was used as a probe, the three bands
were not detected (lane 13 in panels B and C). These results
supported the results of competition experiments with
mutated DNA (Fig. 22D and 22E).

The data obtained with mutated promoter sequences
suggest that the five residues at positions -59, -57, -56, -55
and -54, and a stretch of adenine residues from -51 to -47
were essential for DNA-protein(s) interactions. Furthermore,
the residues at positions -60, -58 or -53 affected the stability
DNA-protein(s) interactions with RBP-1, RBP-2 and RBP-3.

Stability of binding of RBP-1, RBP-2 and RBP-3 to promoter

sequence

In order to characterize more precisely the interactions
of RBP-1, RBP-2 and RBP-3 with DNA, I carried out an analysis
of binding stability. Binding reactions were performed as
described above, and competitor DNA that was identical to the
probe DNA was added at the indicated times (Fig. 23A, see A-
G) during the incubation. When P300 plus P400 was used for
the binding reaction, the intensities of bands B and D were

strongly reduced independently of the duration of incubation

with the competitor (Fig. 23B, lanes A-G). This results suggests




that the stability of binding to DNA of RBP-1 and RBP-3 was
extremely low. In the case of P500, when the duration of
incubation was increased (from G to B in panel A), the retarded
band C gradually disappeared (Fig. 23C, lanes G-B). These
results indicate that the complex of probe DNA and RBP-2 was

much more stable than that of DNA and RBP-1 or DNA and
RBP-3.

The affinity of nuclear protein and rDNA promoter sequence in

heterogeneous system

In order to investigate DNA-protein interactions in
heterologous system, I carried out gel-retardation assay. As
shown in Figure 24, when WT fragment (which contained the
region from -94 to -34 of Vicia faba) and 300 mM KCI heparin
column fraction of Daucus carota were added in the binding
reaction mixture, I was unable to detect any retarded bands
(lanes 2-4). On the contrary, when crude nuclear extract of
Vicia faba and gp2 fragment or spl fragment were added in
the binding reaction mixture, I detected one retarded band,
respectively. To confirm the specificity of these retarded
bands, I carried out competition assay. When competitor was
identical to the probe DNA (lanes 6, 7, 11 and 12), retarded
bands disappeared. And when Hind III-EcoR I fragment from

pIBI31 was used as a competitor, retarded bands also




disappeared. These results suggested that the DNA-protein(s)
interactions were not specific for the DNA sequence of the
probe DNA.

DNA binding proteins during germination

In Vicia faba, it takes 29 hours to reach to the maximum
level of transcription of rRNA gene after soaking of seeds. If
the binding abilities of RBP-1, RBP-2 and RBP-3 are
interchangeable during germination, it is possible that these
protein fractions are closely related to the initiation of
transcription of rRNA gene. So, I prepared the crude nuclear
extracts from 6 stages during germination. As shown in Figure
25, I'was able to obtained at least three retarded bands (RBP-
1, RBP-2 and RBP-3) in all stages. These results suggest that
binding activities of three proteins exist through the

germination of Vicia faba.

Molecular cloning of DNA binding protein that interact with the

DNA sequence near the transcription initiation site

To study the structure and function of DNA binding
proteins that interact with the sequence located about 60 bp

upstream from the transcription initiation site, I attempted to

isolate its cDNA clone from a Vicia faba cDNA library in Agtl1.



From a screen of 1 x 10¢ phage plaques, about 20 phages that
bound to the probe were isolated after three rounds of
screening. For one of them, termed Agt11-NO.2, I determined
the specificity of the DNA binding protein encoded by the
recombinant phage in extracts of an induced phage lysogen.
Lysogen extracts were subjected to SDS-PAGE and transferred
to polyvinylidene difluoride (PVDEF) filters. After a
denaturation-renaturation procedure, the filters were treated
with the 3ZP-labeled probe. A single fusion protein band of
~140 kD was detected in the lysogen extract from Agt11-NO.2
(Fig. 26, lane 2), whereas no such band was found in a lysogen
extract from nonrecombinant Agt11 (Fig. 26, lane 1).

Sequence specificity of this DNA-protein(s) interaction
was confirmed by competition experiments. When the
competitor DNA was contained a region from -94 to -34, the
band was strongly attenuated (Fig. 26, lanes 4, 6). On the other
hand, there was little competition even when a 50-fold excess
of nonspecific competitor DNAs (Fig. 26, lanes 8, 10) was
added. These results suggested that this DNA-protein(s)
interaction is specific for the DNA sequence.

The nucleotide sequence of the cDNA insert was
determined (Fig. 27). The deduced amino acid sequence

indicated that Agtl1-NO.2 encodes a 295-amino acid

polypeptide in frame with the g-galactosidase of Agt11.




Discussion

Comparison of IGS organization between Vicia faba and Daucus

carota

I present the complete nucleotide sequence of 5775 bp
of the IGS of a cloned Daucus carota rDNA. I identify eight
kinds of repeated sequences. Figure 28 summarized the overall
structure of the IGS region of the Daucus carota and Vicia faba
rDNA. In both species, several sequences are repeated to
various extents. Though the number of repeated sequences are
different in Daucus carota and Vicia faba, respectively, the IGS
region of two species are similar with each other in the
patterns of their molecular organization. This organization is
similar to that observed with the large spacer in wheat [4]. In
both species, there is one repeated sequence which caused the
length heterogeneity of the rDNA repeating unit by the
difference of reiteration of this repeat sequence. However,
these two species have different features. There is a
heterogeneity in length of ETS (external transcribed spacer) in
Daucus carota, on the other hand, there is no heterogeneity in
Vicia faba. Furthermore, there are two promoter-like
sequences in Daucus carota. Each unit of Repeat H contained

the TATATAGGG motif which was a conserved sequence

around the transcription initiation site of plant rRNA [19, 27,




44, 65, 68, 95]. The sequence of Repeat H was corresponded to
the region at -217 to +11 relative to the presumed
transcription initiation site. Thus, IGS of Daucus carota rRNA
gene contains plural putative promoter sequences, like
Arabidopsis [30], mouse [67], Xenopus [71] and Drosophila [15].
In these rDNAs, it was reported that one of the reported
promoter sequence is genuine and the others may act as

enhancer sequences.

Comparison of sequence around transcription initiation site in

plant rDNA

Repeat H contained the TATATAGGG motif which was a
conserved sequence around the transcription initiation site of
plant rRNA [19, 27, 44, 65, 68, 95]. So, I investigated whether
another conserved sequence exist or not in the promoter
region of rRNA gene in other higher plants. As shown in Figure
29A, I found two consensus sequences TATG and CAGG. In
plant RNA polymerase I transcription, sequences around the
initiation site are conserved in higher plants. However, the
proteins that interact with those sequences have not been
identified except for a few species and a commonly defined cis
control element in a wide range of plant species has not been
clearly defined. It is possible that these sequences have the

same function on rRNA transcription in these plants.

s




Furthermore, I found purine-rich regions lying downstream of
these consensus sequences, except for the case of maize rRNA
genes. I therefore speculate that these consensus sequences
are commonly required for the interaction with DNA-binding
protein(s) on rRNA transcription in plants. Therefore, it is
possibly that this consensus sequence seems to be important
for initiation of transcription of rDNA.

Furthermore, I searched for similar sequences with this
consensus sequence in the promoter region of other species. As
shown in Figure 29B, I found the TATG/CAGG-like sequence in
human [7], mouse [14], rat [86], Xenopus [66], Acanthamoeba
[38, 47], yeast [12] and Physarum [84]. In these species except
for Physarum polycephalum, the sequence containing the
TATG/CAGG motif is important for DNA-protein interaction [7,
14, 60, 67, 38, 12]. Consequently, it is possible that this
sequence or its homologue may be a cis control element as a

contact site for rRNA transcription factor(s).

In vitro transcription system of rRNA gene in plant

The availability of in vitro system for the study of
transcription has been of prime importance in elucidating the
mechanisms of gene regulation. In studies of animals, several

systems containing protein extract from cells have been used

in attempts to determine the cis elements and trans factors




required for accurate initiation of transcription by RNA
polymerase I, II or III [31, 53, 78].

On the other hand, there has been little success in the
development of in vitro transcription system from higher plant
cells. Recently, in vitro transcription systems for RNA
polymerase II [103, 104, 74, 26] and RNA polymerase III
genes [26] were developed. Furthermore, Yamashita et al.
described an in vitro transcription system containing a soluble
whole cell extract from Vicia faba embryonic axes [102].
Accurate transcription being dependent on exogenously added
Vicia faba rDNA fragment was observed in this system.
Moreover, the resistance to a-amanitin showed that this
transcription occurred with RNA polymerase I.

In this study, I attempt to develop in vitro transcription
system for RNA polymerase I in Daucus carota. Though I used
carrot cultured cells for preparation of whole cell extract, I
could not develop it. There are some reason of my failure. For
the first reason, the whole cell extract from carrot cultured
cells may involve more digestive enzyme comparing with the
case of Vicia faba. Another possibility is that there are several
secondary metabolic products in carrot cultured cells.
Therefore, it might be necessary for me to fractionate the
whole cell extract.

In animal, RNA polymerase | transcription system is

known to be species specific. In order to study whether plant




rRNA gene transcription mechanisms is species specific or not,
I carried out the in vitro transcription using whole cell extract
of Vicia faba and cloned Daucus carota rDNA fragments.
However, any significant transcripts were not detected (data
not shown). Thus, in plant, RNA polymerase I transcription
system may be also species specific. But, this result was
preliminary, since we have failed to develop the in vitro

transcription system using Daucus carota cell extract.

Cis elements required for accurate initiation of transcription of

rRNA genes in plant

For determination of cis elements required for rRNA
transcription, I used in vitro transcription system using whole
cell extract and exogenous rDNA fragments (Fig. 10). The
results was not clear, since several bands appeared whose
origins were not clearly located. However, I considered the
following possibility. Since I can detect very weak 255 base
band in all reactions (lanes 1-8), it is likely that accurate
transcription was performed in each reaction. Using 5'del-363
fragment as a template, 381 base band was observed (lane 1).
When 5'del-121, -91 and -62 fragments were used as
templates, I was also able to detect very weak 381 base band

(lanes 2, 3 and 4). However, when 5'del-45, -41 fragments and

only vector fragment were used as template, 381 base band




was not detected (lanes 6-8). Although the result using 5'del-
54 was not clear, the size of detected band may be different
with 381 base (lane 5). So, there is a possibility that cis
element required for transcription of Vicia faba rDNA may
locates in downstream from -363, and it is likely that there are
two cis elements in this region. One element may be located
within the region from -363 to -121 and another element may
be located in downstream from -62. From the results of DNase
I footprinting analysis (Fig. 20), methylation interference
analysis (Fig. 21) and gel-retardation assays using mutated
DNAs (Fig. 22), the region of proximal cis element (downstream
from -62) corresponded to the binding site of RBP-1, RBP-2
and RBP-3. So, the results of run-off transcription assay for
determination of cis element may be supported. There have
been few studies of the cis elements that regulate the
transcription of rRNA. Doelling et al. [22] reported that the
region from -91 to +22 relative to the site of initiation of
transcription was sufficient to represent the functional
promoter of an rRNA gene of Arabidopsis in an Arabidopsis
transient expression system. From the comparison of the cis
elements in Vicia faba and Arabidopsis thaliana, 1 found that
abovementioned consensus sequence TATG and CAGG were
contained in both cis elements (Fig. 29A). Therefore, it is

possibly that this consensus sequence seems to be important

for initiation of transcription of rDNA.




In animals and yeast systems of rDNA transcription, CPE
(core promoter element) that is about 60 bp DNA sequence
located near the transcription start site (+1) is essential for
basal transcription and upstream element located upstream of
CPE act as enhancer [50, 99, 12]. From the comparison of
location of cis element, this feature may be common in RNA

polymerase I transcription system.

Functions of gene promoter and spacer promoter in Daucus

carota rDNA

In order to determine the site of transcription initiation,
I carried out S1 nuclease protection analyses. In the case of
gene promoter, a clear protected band was detected. The
results of S1 analyses indicated that the gene promoter acts as
the cis element of the major transcription, but there is a
possibility that the spacer promoter also acts as the same
element in vivo. Similar results in which both promoters were
active in vivo, were reported in the transcription of
Arabidopsis rDNA [22].

In the case of Arabidopsis, the transcripts from both
promoters were detected clearly. The reason why we failed to
detect a clear transcript from the spacer promoter is unknown,

but the following reason is suggested. The nucleotide

sequences of the gene promoter and spacer promoter were




highly conserved and this conserved sequence spread from
-217 to +11. The gene promoter has a long AT-rich sequence in
its upstream region, although the AT-rich sequence located in
the upstream region of the spacer promoter is short in length.
AT-rich sequences upstream from the rDNA promoter may be
important for rRNA transcription in plants [24]. Thus, the
difference in the length of AT-rich sequences may be related
to the transcription activity of rRNA in Daucus carota.

On the other hand, when I carried out gel-retardation
assay using fragments derived from gene promoter (gp2
fragment) and spacer promoter (spl fragment), I could obtain
the similar band pattern. And in competition analysis, two
detected bands were disappeared by the addition of gp2
fragment or spl fragment. These results indicated that these
DNA-protein(s) interactions are specific to the DNA sequences
containing the gene promoter and spacer promoter.
Furthermore, it is possible that the same protein fraction may
interact with both DNA sequences of the gene promoter and
the spacer promoter. Though the function of these proteins is
unknown, it is possible that they play roles for transcription of
rDNA because of the sequence specificity of binding. For
example, spacer promoter may have an enhancer function for
the transcription of the precusor rRNA according to the manner

in which they acted as entry sites of a transcription factor.

When I carried out S1 nuclease protection analysis, I could




obtain the weak protected band (Fig. 8). Therefore, I suggested
that precursor rRNA is actually transcribed from the spacer
promoter, but transcripts from the spacer promoter is very
unstable. In fact, when I used the probe which have short
annealing region in S1 nuclease protection analysis, I could
detect a faint band. However, when I used the probe which
have long annealing region, I could not detect any protected
bands. These results supported my idea.

In Drosophila, Xenopus and mouse, some of the repeats
in IGS were shown to have an enhancer function for the
transcription of the precursor rRNA according to the manner in
which they acted as entry sites [15, 71, 67]. So, it is possible
that some of the repeated sequences may act as a spacer
promoter, like Xenopus, Drosophila and Arabidopsis. In
Arabidopsis in fact, it was reported that the upstream repeated
sequence containing a spacer promoter increased transcription
from a Xenopus ribosomal gene promoter in injected frog
oocytes, although the enhancer activity only had a small effect
on transcription in the transfected protoplast of Arabidopsis
thaliana [22].

In the case of Vicia faba, the results of the competition
assay using Repeat C (Fig. 15), which was located in the
external spacer region (ESR), suggest that the same nuclear

protein(s) interacts with promoter sequences and repeat

sequences in the ESR. Therefore, I speculate that Repeat C




located in ESR functions as the spacer promoter as is the case
for Xenopus rRNA gene [66, 73]. It resembles the model
proposed for maize rRNA gene [82]. Repetitive elements in
ESRs are generally thought to play an important role in the

regulation of transcription.by trapping transcription factors.
Protein binding sequences in rDNA promoter

Figure 30 shows a schematic representation of the
binding properties of RBP-1, RBP-2 and RBP-3. I identified the
binding regions for RBP-1, RBP-2 and RBP-3 by DNase I
footprinting experiments (Fig. 20). The brackets correspond to
the regions protected by DNase I digestion. Furthermore, I
determined the residues which are required for stable complex
formations by methylation interference experiments (Fig. 21),
and also by gel-retardation assays with mutated DNA (Fig. 22).
Nucleotides with arrowheads in the sequence indicate essential
G residues for the binding of the three protein fractions
determined by methylation interference experiments (Fig. 21).
From the gel-retardation assays with mutated DNA (Fig. 22),
the nucleotides with white lettering show essential residues for
binding of RBP-1, RBP-2 and RBP-3, and the closed circles in
the sequence indicate the residues that have strong effects on

the stability of DNA-protein(s) interactions. Consequently, RBP-

1, RBP-2 and RBP-3 can bind to nearly the same region and




required the same residues for their respective stable complex
formations.

In higher plants, some protein fractions that bind to the
upstream sequences of rRNA genes have been reported. In
maize, a protein that binds to the promoter region of the rRNA
gene has been reported [82]. The binding region is located from
-40 to -9 relative to the site of initiation of transcription.
Comparison of the binding site in Vicia faba and maize shows
two differences. As shown in Figure 31, the location of the
binding site corresponding to the initiation site was different
and the DNA sequences around the binding site were mostly
non-homologous. However, despite these differences, it was
found that both binding sites shared two consensus sequences,
TATG and CAGG. Each internal sequence between these
consensus sequences is very different (TCTA in Vicia faba,
CCCCT in maize). In the case of radish, dA/dT-rich sequences
were identified as nuclear protein(s)-interacted sequences [24].
The Vicia and radish DNA-binding protein(s) may be distinct.
However, the functions of these proteins are still unknown.
Therefore, whether the difference is caused by the species
specificity or different functions is a further problem.

I then searched for similar sequences with this
consensus sequence in the promoter region of other plant rRNA

genes (Fig. 29A). It was found that this consensus sequence

was conserved in all of them except for maize. Although DNA-




protein(s) interactions in the promoter region have not been
reported in them, it is possible that these sequences have the
same function on rRNA transcription in the binding sites of
proteins in these plants. Furthermore, I found purine-rich
regions lying downstream of these consensus sequences, except
for the case of maize rRNA genes. Though there are consensus
sequences in rRNA gene promoter of Daucus carota, when gel-
retardation assay using gp3 or sp2 and crude nuclear extracts,
[ was not able to detect any retarded bands. It is possibly that
there is a binding activity in carrot for the consensus sequence,
but my gel-retardation system is not suitable for detection of
the activity. I therefore speculate that these consensus
sequences, which constitute a bi-partite structure, are
commonly required for the interaction with DNA-binding
protein(s) on rRNA transcription in plants.

My conclusion that the TATG(N)XCAGG sequence is
important for DNA-protein(s) interaction in the rRNA gene
promoter region, was partially supported by the methylation
interference experiments and gel-retardation assays using
synthetic oligonucleotides containing point mutations. The
methylation of G residues (-61 in the top strand and -56 in the
bottom strand) in the consensus sequence impairs protein(s)
binding. On the other hand, from the analyses using point

mutations, different results were obtained. Two G residues at

positions -54 (top strand) and -59 (bottom strand) are




important nucleotides, although the methylation of these G
residues does not interfere with protein(s) binding.
Furthermore, G-A transition at position -61 has no effect on
protein(s) binding, although the methylation of this nucleotide
impairs it. The difference of base transition from base
modification may cause this discrepancy. Although I do not
have more results, six residues at positions -59, -57 -56, -55
-54 and adenine stretch from -51 to -47 are essential
nucleotides for these DNA-protein(s) interactions. Other
nucleotides, T (-60), T (-58), and G (-53) may relate to the
stability of DNA-protein(s) interaction.

Relationships among RBP-1, RBP-2 and RBP-3

As shown in Figure 30, I revealed the characteristics for
binding of RBP-1, RBP-2 and RBP-3. I identified the binding
regions for RBP-1, RBP-2 and RBP-3 by DNase I footprinting
experiments (Fig. 20). Furthermore, I determined the residues
which are required for stable complex formations by
methylation interference experiments (Fig. 21), and also by
gel-retardation assays with mutated DNA (Fig. 22).
Consequently, RBP-1, RBP-2 and RBP-3 can bind to nearly the

same region and required the same residues for their

respective stable complex formations.




The binding properties of the three protein fractions are
very similar. To characterize the binding properties more
precisely, I analyzed binding stability. When incubation with a
competitor was carried out at room temperature, the
intensities of retarded bands B, C and D were strongly reduced,
independently of the duration of incubation with competitor
(data not shown). Therefore, incubation with the competitor
was carried out on ice. The results in Figures 23B and 23C
show that DNA-binding stability of RBP-1 and of RBP-3 was
extremely low and the complex of probe DNA and RBP-2 was
much more stable than that of probe DNA and RBP-1 or RBP-3.
Putnam et al. reported that xUBF, a factor that binds to a cis
element within the rRNA gene promoter of Xenopus, has a high
rate of dissociation from DNA, and that xUBF has a half-life of
about 1 min [69]. Since our three protein fractions and xUBF
have high rates of dissociation from DNA, there is a possibility
that this property might be common to all trans-acting factors
that participate in transcription by RNA polymerase 1.

From the next results, 1) The mobility of bands B, C and
D were different in the gel-retardation assay, 2) they could
bind to almost the same region, 3) they required the same
residues for stable binding to DNA, 4) they were
chromatographically distinguishable, 5) DNA-binding stability
of RBP-1 and of RBP-3 was extremely low and the complex of

probe DNA and RBP-2 was much more stable than that of




probe DNA and RBP-1 or RBP-3, I can suggest that three
possibilities about the relationship among RBP-1, RBP-2 and
RBP-3. It is possible that the three retarded bands reflect
distinct proteins or complexes of protein bound to the probe
DNA. The second possibility is that a certain retarded band was
formed by the interaction of an additional protein(s) with a
DNA-protein(s) complex. The third is that the three retarded
bands were created by modification, such as phosphorylation,
of the binding protein(s). With respect to the second
possibility, in vertebrate transcription systems that involve
RNA polymerase I, two kinds of transcription factor have been
identified. One transcription factor, UBF, binds to cis elements
upstream of the rRNA gene. The DNA-UBF complex is then
recognized by another transcription factor, SL1, that consists of
TBP and TAFs [16]. To examine this possibility, we carried out
gel-retardation assays, in which we added two or three protein
fractions together in the same binding reaction, but we failed
to detect any additional retarded bands (data not shown). The
functions of transcription factors are known to be affected by
phosphorylation. For example, trans-acting factors such as
CREB [101], Sp1 [40] and UBF [97, 64] are phosphorylated and
their binding properties are affected as a result. In higher
plants, HBP-1b, a factor that binds to a hexameric motif of the
wheat gene for histone H3, is affected by phosphatase

treatment which alters its ability to bind to a DNA element in




vitro [93]. I treated several fractions with phosphatase, but
failed to detect any different patterns in the gel-retardation
assay (data not shown). However, the abovementioned
possibilities cannot be entirely ruled out by the results of these
experiments.

In higher plant, there are several reports concerned
DNA-protein(s) interactions in rDNA transcription. In
cucumber, the same proteins recognize two binding sites in the
promoter region of rRNA gene, namely the upstream binding
element between -164 and -105 and the core promoter
between -41 and +16. The three binding proteins (16, 22 and
24 KDa, respectively) have been isolated [108]. In radish, an
NER (nuclear extracts from young radish leaves) protein
fraction bound to a repeated sequence (located at -1077 to
-740 from the transcription start site), and a region (-120 to
-55) containing the putative promoter has been reported [24].
Recently, Echeverria et al. reported the presence of a protein
factor, designated NF B, in radish [25]. This factor binds to a
unique sequence located 164 bp downstream of the
transcription start site and this region corresponds to the site
at which pre-rRNA is processed. A putative role was proposed
for NF B as a factor that couples transcription and processing of
pre-rRNA is discussed. In wheat, the presence of a DNA-

binding protein bound to the promoter of the rRNA gene and

upstream repeats has also been reported [39]. From their DNA-




binding specificities, these protein factors appear to be
different from RBP-1, RBP-2 and RBP-3. Although the function
of our protein fractions is still unknown, it seems possible that
the three protein fractions might function cooperatively to
regulate transcription by RNA polymerase I.

In Vicia faba, it is known that it takes 29 hours to reach
to the maximum level of transcription of rRNA gene after
soaking of seeds (unpublished data). If the binding abilities of
RBP-1, RBP-2 and RBP-3 are interchangeable during
germination, it is possible that these protein fractions are
closely related to the initiation of transcription of rRNA gene,
Therefore, I carried out gel-retardation assay using crude
nuclear extract from several stages of germination. As shown
in Figure 25, I was able to obtained at least three retarded
bands (RBP-1, RBP-2 and RBP-3) in all stages. These results
suggest that binding activities of three proteins exist through
the germination of Vicia faba. It is likely that the activation of
transcription of rDNA is independent of presence or absence of

these factors.

Molecular cloning of a DNA binding protein that interact with

the DNA sequence near the transcription initiation site

The nucleotide sequence of the insert of Agt11-NO.2 was

determined (Fig. 27) and the deduced amino acid sequence




indicated that Agt11-NO.2 encodes a protein of 295 amino acids
in length.

A computer search for related protein sequences
revealed definite similarity between this protein and nucleic
acid binding protein, such as ribonucleoprotein [51, 5],
nucleolin [105] and FMV3bp [21]. Amino acids 153 to 158 and
249 to 254 contain the regions homologous to nucleolin, other
ribonucleoprotein and FMV3bp. These regions have been
implicated in nucleic acid binding [62].

In cucumber, the same proteins recognize two binding
site in the promoter region of rRNA gene, namely the upstream
binding element between -164 and -105 and the core
promoter between -41 and +16. And the three binding protein
have been isolated [108]. These proteins also seem to interact
with the single strands of the respective DNA regions
suggesting an effect on transcriptional regulation while the
DNA is transcribed and, therefore, is single-stranded. Although
whether the protein encoded by Agt11-NO.2 can bind to a
single-stranded DNA or not is unknown, this protein have two
nucleic acid binding domains. So, there is a possibility that the
protein encoded by Agt11-NO.2 can bind to single-stranded

DNA and may play an important role in the RNA polymerase I

transcription system.
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Figure legends

Figure 1. Plasmid constructs of the IGS region of carrot rRNA

gene.

Plasmid DER1 [92] was used for recloning of IGS region. EcoR I-
Pst I fragment (for plasmid DEP1) and Pst I-EcoR I fragment
(for plasmid DEP2) were recloned into Sma I site of plasmid
pIBI31. Hind III-Hind I fragment (for plasmid DHH1) was
recloned into Hind III site of plasmid pIBI31. EcoR 1, Pst I and

Hind III indicate restriction enzyme sites.

Figure 2. Plasmid constructs of the IGS region of Vicia faba

rRNA gene.

Plasmid VER1 [100] was used for recloning of IGS region. Mlu
[-Mlu I fragment (for pVrMM), Mlu 1-Hind 1II fragment (for
pVrMH) and Dra I-Hind III fragment (for pVrDH) were
recloned into Sma 1 site of plasmid pIBI31. M, D and H indicate
restriction enzyme sites for Mlu I, Dra 1 and Hind III,

respectively.

Figure 3. Synthetic oligonucleotides for DNAs with point

mutation.




Several 30 bp nucleotides from -35 to -64, which contain one
or a few mutated nucleotides and 15 bp nucleotide, designated
RP, 5'-GCCACCAAATTGGTC-3', which corresponds to the bottom
strand from -44 to -30 were synthesized. These synthetic
oligonucleotides were used for preparation of DNAs with point

mutation. Numbering is relative to the initiation site at +1.

Figure 4. Strategy of the fractionation of DNA binding

activities.

For the first step, the crude nuclear extract was applied to a
phosphocellulose column. And then each fraction was applied
to a heparin column. Each conditions were described in

materials and methods.

Figure 5. Nucleotide sequence of the IGS of Daucus carota
rDNA.

Eight families of repeated sequences are indicated by
underlines or boxes (A, B, C, D, E, F, G and H). Bold A residues at

990 and 3027 are putative transcription initiation sites. A;

nucleotide sequence from 1 to 2900. B; nucleotide sequence
from 2901 to 5775.




Figure 6. Diagrammatic representation of the Daucus rDNA

IGS region.

The members of each repeated sequence are boxed and

marked with alphabetical letters followed by numerals.

Figure 7. Alignment of repeated members of each family of
the repeated sequences shown in Figure 5 and the sequence

homology.

Hyphens indicate the same nucleotides, and plus signs indicate
deletions of the nucleotide. Two members of the Repeat A, E
and H were directly compared with each other in order to
calculate sequence homology. In other cases, consensus
sequences (C.S.) were determined and the sequence homology
was calculated for each member by comparing it with the
consensus sequences. X marks represent undetermined

nucleotides in the consensus sequences.

Figure 8. Identification of the transcription initiation site of
the gene promoter and the spacer promoter by S1 nuclease

mapping.

A) The gene promoter probe was the Hind 111-Eae I fragment
(Hind III: -126, Eael: +163) labeled at the 5' end of the coding




strand. The spacer promoter probe was the Hind III-EcoT14 I
fragment (Hind III: -126, EcoT14 I: +110) labeled at the 5' end
of the coding strand. Numbering is relative to the each putative
initiation site at +1. Probe DNA was hybridized with 75 ug
carrot RNA (lanes 6, 7, 8 and 9) or yeast tRNA (lane 5), and
treated with 10 units (lane 6), 40 units (lanes 5 and 7), 160
units (lane 8) and 640 units (lane 9) of S1 nuclease at 37 °C for
30 min. After denaturation, protected fragments were
electrophoresed with the DNA sequence marker (lanes 1 and
10: G, lanes 2 and 11: G+A, lanes 3 and 12: C+T, lanes 4 and 13:
C). The arrow head in panel B indicates the endpoint of the
clear protected band and the arrow heads in panel C indicate

the endpoints of the faint protected bands.

Figure 9. In vitro transcription using whole cell extract and

exogenous rDNA fragments of Vicia faba.

A) Schematic representation of the DNA fragments as template.
pVrMH contained Vicia faba rDNA fragments (from -363 to
+115) in pIBI31. Position numbers show nucleotide distances
from the transcription start site (+1, indicated by arrowheads).
P, H and B indicate the restriction enzyme sites of Pvu II, Hind
III and Bgl I, respectively. Broken lines with arrows indicate

expected transcripts. Numerals indicate the template size (bp)

and transcript size (b) of each template (i, ii and iii). B) Run-off

i



transcription products using several templates. Lanes 1-3 show
the addition of variable length DNA fragments as templates
(lane 1: 1, lane 2:1ii and lane 3:iii). Lane 4 shows no addition of

exogenous DNA fragments. Numerals indicate transcript size.

Figure 10. Determination of cis elements required for rRNA

transcription.

A) Schematic representation of the DNA fragments as template.
Plasmids pVrMH and several 5'-deletion mutant plasmids (5'A-
121, 5'A-91, 5'A-62, 5'A-54, 5'A-45 and 5'A-41) were used for
preparation of DNA templates. Template 8) is a polylinker
fragment of pIBI31. Position numbers show nucleotide
distances from the transcription start site. B) Run-off
transcription products using 5'-deletion templates. Lanes 1-8
show the addition of several 5'-deletion fragments (0.5 ug) as
templates (lane 1: template 1, lane 2: template 2, lane 3:
template 3, lane 4: template 4, lane 5: template 5, lane 6:
template 6, lane 7: template 7 and lane 8: template 8).
Template C. (0.1 ug) was added in each run-off transcription
reaction mixture as a positive control. Lane M: size marker.

Numerals indicate transcripts size.

Figure 11. Gel-retardation assay using gene promoter and

spacer promoter in Daucus carota.




(A) Schematic diagram illustrating the probe DNA fragment for
gel-retardation assay. Hind III, Eae I and Rsa I indicate each
restriction enzyme site. Five fragments (gp1, gp2, gp3, spl and
sp2) were used as probes. Numbering is relative to the each
putative initiation site at +1. (B) Each DNA fragment was used
as a probe. Lanes 1-3, gpl fragment (-368 to -285); lanes 4-6,
gp2 fragment (-285 to -126); lanes 7-9, gp3 fragment (-126 to
+1635); lanes 10-12, sp1 fragment (-290 to -126) and lanes 13-
15, sp2 fragment (-126 to +90). Reactions contain O ug (lanes 1,
4,7,10 and 13), 5 ug (lanes 2, 5, 8, 11 and 14), 10 ug (lanes 3,

6,9, 12 and 15) of nuclear proteins.

Figure 12. Gel-retardation assay using gp2 and sp1 fragments

as probes with various competitors.

The Hind IIl(at -285)-Hind IlI(at -126) fragment, named gp2
fragment, was used as a probe in the left panel and the Rsa
I(at -290)-Hind Ill(at -126) fragment, named spl fragment,
was used as a probe in the right panel. Numbering is relative
to the each putative initiation site at +1. Lane 1, no nuclear
extracts; lane 2, no competitor; lanes 3 and 4, a competitor is
identical to the probe DNA; lanes 5 and 6, a competitor is the
spl and gp2 in the left panel and the right panel, respectively;

lane 7, the polylinker segment of pIBI31 was used as a
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competitor. Each competitor contained 10-fold (lanes 3 and 5)
and 100-fold (lanes 4, 6 and 7) that of the probe.

Figure 13. Schematic diagram of the intergenic spacer (IGS) of
the Vicia faba rRNA gene.

Open triangles indicate Repeat C, and closed triangles indicate
other repeat sequences [46]. The arrowhead indicates the
transcription initiation site. Mlu (Mlu 1), Dra (Dra 1), EcoT
(EcoT 141), EcoO (EcoO 191), EcoR 1 (EcoR 1), Hinf (Hinf 1) and
Sal (Sal I) indicate restriction enzyme sites. Sequences
conserved among various plant rRNA genes around the
initiation site are shown [44]. Numbering is relative to the

initation site at +1.

Figure 14. Detection of a DNA binding protein of Vicia faba

with gel-retardation assay.

Assay of three probes near the initiation site. Lanes 1-4, Mlu I-
Dra I (-363 to -123); lanes 5-8, Dra I-EcoT 141 (-122 to +96);
lanes 9-12, EcoT 141-Sall (+97 to +273). Reactions contain O ug
(lanes 1, 5 and 9), 10 ug (lanes 2, 6 and 10), 20 ng (lanes 3, 7

and 11) and 40 ug (lanes 4, 8 and 12) of nuclear proteins.

Figure 15. Gel-retardation assay with various competitors.




A DNA fragment from -122 to +10 was used for the probe.
Lane 1, no nuclear extract; lane 2, no competitor; lanes 3-5, the
same fragment as the probe; lanes 6-8, -363 to -123 fragment;
lanes 9-11 sonicated E. coli DNA; lanes 12-14, repeat C (shown
in Fig. 5). Each competitor contained 1-fold (lanes 3, 6, 9 and
12), 10-fold (lanes 4, 7, 10 and 14) that of the probe. The

arrowhead indicates bands of the DNA-protein(s) complex.

Figure 16. Gel-retardation assay with deletion mutant probe.

Lanes 1-3, 3'A-34; lanes 4-6, 5'A-62; lanes 7-9, 5'A-54; lanes
10-12, 3'A-59. Reaction contain O ug (lanes 1, 4, 7 and 10), 10
ug (lanes 2, 5, 8 and 11) and 40 ug (lanes 3, 6, 9 and 12) of
nuclear proteins. Junction sequences of rDNA are shown. Thick
lines indicate rDNA sequences and thin lines indicate vector

sequences. Arrowheads indicate the DNA-protein(s) complex.

Figure 17. Gel-retardation assay using phosphocellulose

column fraction.

Gel-retardation assays with fractions from a phosphocellulose

column were carried out. In lanes 1-3; P100, In lanes 4-6;
P200, in lanes 7-9; P300, in lanes 10-12; P400, in lanes 13-15;
P500, in lanes 16-18; P600, in lanes 19-21; P700, in lanes 22-




24; P800, in lanes 25-27; P900 and in lanes 10-12; P1000 was
added to the binding reaction. Reaction contain about 200 ng
(lanes 1, 4, 7, 10, 13, 16, 19, 22, 25 and 28), about 400 ng
(lanes 2, 5, 8, 11, 14, 17, 20, 23, 26 and 29) and about 800 ng
(lanes 3, 6,9, 12, 15, 18, 21, 24, 27 and 30) of nuclear proteins.

Figure 18. Competition analysis with fractions from a

phosphocellulose column.

An Nsp V-Mlu I (WT) fragment that contained the -94 to -34
region was used as the probe. Lanes 1-5; P100, lanes 6-10;
P200, lanes 11-15; P300, lanes 16-20; P400, lanes 21-25:
P500. Lane 1, 6, 11, 16 and 21; no competitor. In lanes 2, 7, 12,
17,22 (x10) and 3, 8, 13, 18, 23 (x100), the WT fragment was
added to the binding reaction as a competitor. In lanes 4, 9, 14,
19,24 (x10)and 5, 10, 15,20, 25 (x100), a polylinker segment
of pIBI31 was added.

Figure 19. Fractionation of P300 plus P400 and P500 on a

heparin column, and subsequent gel-retardation assays.

Gel-retardation assays with fractions from a heparin column
were carried out. P300 plus P400 (panel A) and P500 (panel B)

were fractionated on a heparin column. In lanes 2 and 3, The

flow-through fraction was added to the binding reaction. In




lanes 4 and 5, H100; in lanes 6 and 7, H200; in lanes 8 and 9,
H300; and in lanes 10 and 11, H400 was added to the binding
reaction. Odd-numbered lanes contained 0.001 ug of poly(dI-
dC)epoly(dI-dC). Even-numbered lanes contained 0.01 ug of
poly(dI-dC)epoly(dI-dC).

Figure 20. Determination of the binding sites of RBP-1, RBP-2
and RBP-3 by DNase I footprinting experiments.

The WT fragment was used as the probe. The labeled ends of
the DNA fragments used for the binding studies were the 3’
end of the top strand (panel A) and the 3' end of the bottom
strand (panel B). Lane F shows the pattern after DNase I
digestion of the free DNA probe. Lanes B, D and C indicate the
patterns after DNase I digestion of the DNA probe with bound
RBP-1, RBP-2 and RBP-3, respectively. Bars show the protected
regions. The ladders on the left are sequencing ladders.
Numerals show positions relative to the start site of initiation

of transcription.

Figure 21. Methylation interference experiments.

The WT fragment was used as the probe. The labeled ends of

the DNA fragments used for binding studies were the 3' end of

the top strand (panel A) and the 3' end of the bottom strand
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(panel B). The [32P]-labeled probe was partially methylated
and then incubated with nuclear proteins. Free (lane F) and
protein-bound (lanes B, C and D, corresponding to bands B, C
and D, respectively) fragments of DNA were separated on 5%
polyacrylamide gels and eluted. After piperidine cleavage of
the eluted DNA fragments, the resultant products were
separated on a 6% sequencing gel, in parallel with the products
of sequencing reactions of the same DNA fragment. Closed
circles (B, C and D) indicate a G residue that, when methylated,
inhibited binding to protein(s). Numerals indicate positions

relative to the site of initiation of transcription.

Figure 22. Gel-retardation assays with various mutated DNAs.

Mutated nucleotides in each synthetic DNA are indicated in
panel A and lines indicate the same nucleotides as those in the
wild-type (WT) DNA. As shown in panels B and C, gel-
retardation assays were carried out using fragments 1-13 as
probes. P300 plus P400 (panel B) and P500 (panel C) were
used as nuclear proteins. In panels D and E, gel-retardation
assays using fragments 1-13 as competitors and the WT
fragment as a probe were carried out. Each competitor was

present at 50 times the level of the probe. P300 plus P400

(panel D) and P500 (panel E) were used as nuclear proteins.




Figure 23. Stability of binding of RBP-1, RBP-2 and RBP-3 to
DNA.

The experimental procedure is described in panel A. The
competitor DNA that was identical to the probe DNA was added
at the indicated times (A-G) during the incubation. Gel-
retardation assays using P300 plus P400 (panel B) and P500
(panel C) were carried out. Lanes (-), no competitor (positive

control).

Figure 24. Analysis of the affinity of nuclear protein and

rDNA promoter sequence in heterogeneous system.

I carried out gel-retardation assay in heterogeneous system.
When WT fragment (which contained the region from -94 to
-34 of Vicia faba) and 300 mM KCI heparin column fraction of
Daucus carota were added in the binding reaction mixture, I
was unable to detect any retarded bands (lanes 1-4). Crude
nuclear extract of Vicia faba and gp2 fragment (lanes 5-9) or
spl fragment (lanes 10-14) were added in the binding reaction
mixture. Lanes 6, 7, 11 and 12; competitor was identical to the

probe DNA. Lanes 8, 9, 13 and 14; competitor was Hind III-

EcoR 1 fragment from pIBI3 1.




Figure 25. Gel-retardation assay using crude nuclear extract

from several stages during germination.

Gel-retardation assay using crude nuclear extract from several
stages during germination was carried out. Lanes 2 and 3;
dormant, lanes 4 and 5; 20 hrs after soaking, lanes 7 and 8; 24
hrs after soaking, lanes 9 and 10; 28 hrs after soaking, lanes 12
and 13; 32 hrs after soaking, lanes 14 and 15; 36 hrs after

soaking. Reaction contain O ug (lanes 1, 6, and 11), 15 ug (lanes
2,4,7,9, 12 and 14) and 40 ug (lanes 3, 5, 8, 10, 13 and 15) of

nuclear proteins.

Figure 26. Blot analyses of the proteins extracted from the

induced lysogens of Agt11-NO.2 and Agtl1.

Bacterial lysogens were prepared, and each lysogen extract
was separated by SDS-PAGE on a 10% gel and transferred to
PVDF filters. The filters were probed with the 32P-labeled DNA
fragment. Lanes 1, 3, 5, 7 and 9, lysogen of Agtll (negative
control); lanes 2, 4, 6, 8 and 10, lysogen of Agt11-NO.2. Lanes 1
and 2, no competitor; lanes 3 and 4, rDNA promoter-1 (Nsp V-
Mlu-1 fragment of plasmid 3'A-34) was added in the binding

mixture as a competitor; lanes 5 and 6, rDNA promoter-2 (Nsp
V-Hind III fragment of plasmid 3'A-34); lanes 7 and 8, M4-RV




PCR product from plasmid pIBI31; lanes 9 and 10, EcoR I-Hind
III fragment of plasmid pIBI31.

Figure 27. DNA sequence of the Agt11-NO.2 cDNA and the

deduced amino acid sequence.

Numbering of nucleotides and amino acids begins with the first
in-frame AUG codon. Amino acid sequence is shown using
single letters. Asterisk indicate the stop codon. Deduced nucleic

acid binding domain are underlined.

Figure 28. Diagrammatic representation of the Daucus carota

and Vicia faba.

The members of each repeated sequence are boxed and
marked with alphabetical letters. In Daucus carota (upper),
there are eight kinds of repeated sequences and in Vicia faba

(lower), there are five kinds of repeated sequences.

Figure 29. Comparison of the promoter sequences of rRNA

genes.

Higher plant rRNA genes (A) and rRNA genes of other species

(B). Larger letters in bold indicate similar sequences to

TATG(N)XxCAGG. Under lines indicate the purine-rich regions.




Numbering is relative to the transcription initiation site at +1;
core, core promoter of human [8] or yeast [12]; UCE, upstream
control element [7]; initiation, gene promoter; spacer, spacer

promoter; T3, terminator region closed gene promoter [55].

Figure 30. Schematic representation of the binding properties

of RBP-1, RBP-2 and RBP-3.

Brackets correspond to the regions protected by DNase I
digestion. Nucleotides with arrowheads in the sequence
indicate essential G residues for binding of the three protein
fractions determined by methylation interference experiments.
Nucleotides with white lettering show the essential residues
for binding of RBP-1, RBP-2 and RBP-3, and the closed circles
in the sequence indicate the residues that have strong effects
on the stability of DNA-protein(s) interactions. Numerals
indicate positions relative to the site of initiation of

transcription.

Figure 31. Comparison of the protein(s) binding sites of Vicia

faba and maize rRNA genes.

Conserved sequences are boxed. Brackets correspond to the

regions protected in DNase I footprinting experiments.

Numbering is relative to the transcription initiation site at +1.




EcoR 1
258

Hind III Pst I Hind 1III

| ot

DER1

- - s e - o ]

b s e e o b i O ]

98

DEP1

DEP2

o o e e B e e e e e e B e e e ol e o e o e e e e e e

DHH1

S = = i e o v ot ot o o e e e o b e e e e g

1 kb




Mlu 1

Dra 1Hinf 1

£98

pVrMM

pVrMH

pVrDH

L L T pp———

¥

- . o 2 o o o ot o o o o

I~ = = - o o e S o S o e o]




M-62
M-61
M-60
M-59
M-58
M-57
M-56
M-55
M-54
M-53
M-52

RP

-64 -35

5'-TACGTCTACAGGGAAAAAGGGACCAATTTG-3"'
5'-TATATCTACAGGGAAAAAGGGACCAATTTG-3"'
5'-TATGCCTACAGGGAAAAAGGGACCAATTTG-3"'
5'-TATGTTTACAGGGAAAAAGGGACCAATTTG-3 "
5'-TATGTCCACAGGGAAAAAGGGACCAATTTG-3"
5'-TATGTCTGCAGGGAAAAAGGGACCAATTTG-3"'
5'-TATGTCTATAGGGAAAAAGGGACCAATTTG-3"
5'-TATGTCTACCGGGGAAAAAGGGACCAATTTG-3"'
5'-TATGTCTACAAGGAAAAAGGGACCAATTTG-3'
5'-TATGTCTACAGAGAAAAAGGGACCAATTTG-3"
5'-TATGTCTACAGGAAAAAAGGGACCAATTTG-3"'
M-51/-47 5'-TATGTCTACAGGAGCGCEEGGGACCAATTTG-3"

-30 -44

5'-GCCACCAAATTGGTC-3"'

100
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human (core)
(UCE)
mouse
rat
Xenopus (initiation)
(spacer)
(T3)

=21 -11
CGGGTTTTGGGCCGCCGGGTTATTG

-111
GGCGTTT T TGGGGACAGGTGTCCGT
e -11
TTCCTATTGGACCT GGAGATAGGTA
-21 -11
GTCCTATTGTACT GGAGATATATGC

=0 -11
TTTGGCATGTGCGGGC AGGAAGGTA

TTCCAGGAGCTCGGGCAGGGGGAGC

-181

ACTTGCTC GGCCGGGC CGGGCCGGG

-120 -110

AAGAAATACGTAGTTAAGGCCGAGCGA

-40
TTTAGTCATGGAGTAC AAGTGTGAGGA

=40 -30 -20
TTTTCTGGCACCTAAACTGGTCGGACC

-30 =20 -10
CTATGCTTCTTAAAAAGAAACCCAAGA

yeast (upstream)
(core)

Acanthamoeba
Physarum polycephalum

134 Figure 29B




CGCGAARAANGGGACC
CrTIUWPCCCTGG

Figure 30

235



Vicia faba TAAGTCATCAAACTAGAAAT

/ea mays

-80

-70
|

_H_.H_P_H_ OWO.H. CAGGGAAAAAGGGACC

ATTCAGTAGTTTGATCTTTAAATACAGATGTCCCTTTTTCCCTGG

RBP-3
RBP-2

RBP-1 |
-60 -Jo

RBP-1
RBP-2
RBP-3

CTCCCCGAAGTCCTGGGAGGGG

GAGGGGCTTCAGGACCCTCCCCCATACGGG

-41

-31

|
L8

TATG OOOH_OWQOWVHNVOHPQO

211

GAGTCCATATCATCC

+ 1

Figure 31

136









