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It was previously shown that a 1.5 kb fragment located
in the non-transcribed spacer (NTS) is the earliest
replicating region of pea (Pisum sativum) rDNA in
synchronized root cells. In the present report the
structure of this region was characterized. It contains a
cluster of four 11 bp near matches to the Saccharomyces
cerevisiae ARS consensus sequence (ACS). These near
matches are embedded in an A+T rich domain located
upstream from the transcription initiation site. We
identified and mapped an intrinsic DNA bending locus
5’ to the cluster of near matches. Several eukaryotic
origins including the ARS from the budding yeast show
very similar structural features. This observation
strengthens the notion that pea rDNA replication initiates
at or near this region. Replication of the entire pea rDNA
repeat was analysed by two-dimensional (2D) agarose gel
electrophoresis. The results obtained indicate that only
a small fraction of the potential origins is used in each
replication round. Forks moving in the direction opposite
to rRNA transcription are stalled at a polar replication
fork barrier (RFB), which mapped near the 3’ end of
the transcription unit. Consequently, most of pea rDNA
appears to replicate in a unidirectional manner. These
results show that the strategy used to replicate pea and
yeast rRNA genes is very similar, suggesting that it has
been conserved and might be common to most
eukaryotes.

Key words: Pisum sativum/rDNA/replication fork barrier/
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Introduction

Initiation of DNA replication in eukaryotic chromosomes
occurs at numerous discrete sites along parental DNA
(Huberman and Riggs, 1968). In yeast, there is evidence
that these sites, called replication origins, are specific DNA
sequences. Some but not all genomic DNA fragments from
yeast confer autonomous extrachromosomal replication to
the plasmids containing them. Autonomously replicating
sequences (ARSs) isolated by this plasmid assay share several
structural features (Campbell and Newlon, 1991). They are
100—200 bp long sequences containing a highly conserved
11 bp core consensus sequence (ACS) (A/TTTTATA/
GTTTA/T). This ACS is part of a 15 bp sequence called
domain A (Marahrens and Stillman, 1992). ACS is
indispensable for ARS function and it is known to be a
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binding site for protein factors (Bell and Stillman, 1992;
Diffley and Cocker, 1992 and references therein). Domain
A is flanked 3’ to the T-rich strand of the ACS by a less
conserved sequence (domain B), which is also required for
an efficient ARS activity. Domain B is an A+T rich
sequence that contains several near matches to the ACS
(Palzkill and Newlon, 1988). Two-dimensional (2D) agarose
gel electrophoresis led to the demonstration that ARS
elements serve as true plasmid replication origins. Some but
not all of them also do so in their original chromosomal
context (reviewed by Fangman and Brewer, 1991;
Deshpande and Newlon, 1992). Some genomic DNA
fragments from other organisms, including plants, also
function as ARSs in yeast (Stinchcomb et al., 1980). There
is no evidence, however, that those sequences that behave
as ARSs in yeast also function as origins of replication in
their native context.

Contrary to the situation in yeast, the nature and organiza-
tion of chromosomal replication origins in higher eukaryotes
is still poorly understood (Fangman and Brewer, 1992).
Some recently developed techniques for origin mapping
suggest that initiation of DNA replication takes place also
at a short specific DNA region within the dihydrofolate
reductase (dhfr) domain in CHO cells (Burhans ez al., 1990;
Vassilev et al., 1990). On the other hand, 2D gels showed
bubble-containing replicative intermediates (RIs) along a
broad zone within the dhfr domain (Dijkwel and Hamlin,
1992 and references therein). This latter observation suggests
that initiation can actually occur at multiple locations in
higher eukaryotes. The nature of this apparent contradic-
tion is still unknown. Supporting the hypothesis for random
initiation, substitution of the dyad region of an Epstein—Barr
virus (EBV)-derived plasmid by almost any large enough
(12 kb or more) human DNA fragment, promotes autonom-
ous replication of the recombinant plasmid in human cells
(Heinzel et al., 1991). Furthermore, replication initiates at
multiple sites in at least one of these plasmids (Krysan and
Calos, 1991).

Replication of the ribosomal RNA genes (rDNA) has been
studied using different approaches in a variety of species.
Electron microscopy revealed that in Tetrahymena (Cech and
Brehm, 1981), Physarum (Vogt and Braun, 1977), yeast
(Saffer and Miller, 1986), Xenopus larvae (Bozzoni et al.,
1981), sea urchin embryos (Botchan and Dayton, 1982) and
Drosophila embryos (McKnight et al., 1978) initiation of
rDNA replication takes place at the non-transcribed spacer
(NTS). In vivo preferential labelling also indicates that
replication of Xenopus rDNA initiates at the NTS in
synchronized cultured cells (Bozzoni et al., 1981). On the
contrary, replication of plasmids containing one rDNA repeat
from Xenopus appears to initiate at random locations both
in microinjected eggs and in vitro (Hyrien and Méchali,
1992; Mahbubani ez al., 1992). Moreover, initiation events
are not restricted to the rDNA sequences but occur also
throughout vector DNA sequences. These results support
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the notion that almost any DNA molecule injected in Xenopus
eggs replicates with an efficiency that depends only on the
size of the molecule (Harland and Laskey, 1980).
Consistently, replication of histone gene repeats also seems
to initiate at multiple locations in Drosophila embryos
(Shinomiya and Ina, 1991). In all the latter cases, random
initiation might be due to a hypothetical abundance of the
factors required to initiate DNA replication in rapidly
dividing embyronic cells. As indicated above, however,
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Fig. 1. Organization of the two size-class repeats of pea rDNA. Each
tandem repeat comprises a transcription unit (arrow) and a non-
transcribed spacer (NTS). The NTS contains an array of 11 (r size
class) or nine (r’ size-class) imperfect sub-repeats of ~ 180 bp each
(open small boxes). This variability accounts for the size heterogeneity.
Black boxes within the transcription units represent the regions coding
for the 188, 5.8S and 25S mature rRNAs. There is a single HindIII
(H) site per repeat, close to the transcription initiation site. The r
repeats (9.0 kb long) contain four EcoRI cleavage sites (E). Among
them two located in the NTS are missing in the r’ repeats (8.6 kb
long). The earliest replicated restriction fragment (ERRF), which was
proposed to contain the putative replication origin (Herndndez er al.,
1988a), is also indicated.

specific initiation within the NTS has been reported in the
rDNA of Drosophila and sea urchin embryos (McKnight
et al., 1978; Botchan and Dayton, 1982).

In yeast, the rDNA origin of replication was recently
mapped at or near an ARS present in the NTS2 (Linskens
and Huberman, 1988; Fangman and Brewer, 1991). These
studies also revealed the presence of a replication fork barrier
(RFB) near the 3’ end of the yeast RNA ribosomal genes.
This barrier stops only forks moving in the direction opposite
to rRNA transcription (Brewer and Fangman, 1988;
Linskens and Huberman, 1988).

In pea, a 1.5 kb EcoRI— HindIIlI fragment located within
the NTS is the earliest replicating rDNA fragment in
synchronized root cells (Herndndez er al., 1988a). This
observation suggests that the replication origin of pea rDNA
also resides within the NTS. The principal aims of the present
work were to characterize this putative replication origin
region and to analyse replication of the complete pea rDNA
repeat using 2D agarose gel electrophoresis.

Results

Ribosomal RNA genes (rDNA) of Pisum sativum cv. Alaska
consist of ~3900 repeat units arranged in tandem (Ingle
et al., 1975). Each repeat contains a transcription unit for
the rRNA precursor and a non-transcribed spacer (NTS).
There are two major size-classes of rDNA repeats in pea:
a large size-class of 9.0 kb () and an 8.6 kb small size-
class (') (Figure 1). The NTS of the r repeats contains an
array of 11 imperfect sub-repeats of ~ 180 bp each, whereas
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Fig. 2. Analysis of DNA bending in a restriction fragment containing the complete NTS of pea rDNA. (A) Restriction map of the BamHI—HindIIl
fragment containing the complete NTS corresponding to the r repeats. The fragments analysed in this study are indicated below the map (double-
headed arrows). B, BamHI; E, EcoRI; M, Miul; Ha, Haelll. Only the Haelll site nearest to the 3’ end is indicated. (B) A plasmid containing the
complete BamHI — HindIIl fragment (pHB3.3) was digested with EcoRI+HindIIl and electrophoresed at 4, 30 and 60°C on 5% polyacrylamide gels.
The apparent size of restriction fragments a and b from the insert was determined and plotted against the temperature of electrophoresis. (C) The
plasmid pHB3.3 was further digested with Mlul and analysed by 2D PAGE. The first dimension (left to right) was run at 60°C and the second
dimension at 4°C (top to bottom). Before loading, the sample was mixed with restriction fragments generated by digestion of pBR322 with

Hinfl+ HindIIl, which were used as internal markers. The size of these markers in bp and their position at the end of the first dimension are
indicated along with the position of fragments al, a2 and b derived form the insert. The largest ~4400 bp fragment consists of vector plus a small

BamHI—EcoRI fragment located at the 5’ end of the insert.
1476



the NTS corresponding to the r’ repeats has only nine of
these sub-repeats. This variability in the number of sub-
repeats accounts for the size heterogeneity. In addition, the
r repeats have two EcoRI cleavage sites, one in each of two
contiguous sub-repeats. These EcoRlI sites are absent in the
r’ repeats (Figure 1). The r size-class is assigned to
chromosome 4 and the r’ class to chromosome 7. These
locations correspond to those of pea nucleolar organizer
regions (Piller e al., 1990).

The DNA fragment containing the putative replication
origin of pea rDNA is intrinsically bent and contains a
cluster of near matches to the yeast ARS consensus
sequence

Intrinsic DNA bending is closely associated with several
replication origins (Caddle er al., 1990 and references
therein). To find out whether this is also the case in pea
rDNA, we looked for DNA bending in a recombinant
plasmid (pHB3.3) containing the complete NTS and the 3’
end of the coding region (Figure 2A). This plasmid was
digested with EcoRI and HindIIl and the apparent size of
the two larger restriction fragments corresponding to the
insert (Figure 2A, a and b) was determined in polyacrylamide
gels run at different temperatures. A hallmark of bent DNA
fragments is that they show low electrophoretic mobility in
polyacrylamide gels run at low temperatures (Koo et al.,
1986). Only fragment a, which contains the putative
replication origin, showed an increasing apparent size as the
electrophoresis temperature decreased (Figure 2B). To map

Replication of eukaryotic rRNA genes

the bent locus more precisely, fragment a was further
digested with Miul resulting in two restriction fragments:
al and a2 (Figure 2A). Fragment al contains only sequences
corresponding to the sub-repeats. Fragment a2, on the other
hand, consists of the 3’ end of the sub-repeat array and the
NTS sequence that separates the sub-repeats from the
transcription initiation site. Initiation of transcription actually
takes place 4 bp downstream from the HindIII restriction
site (Piller et al., 1990). These two fragments were analysed
by 2D PAGE (Figure 2C). Before loading, Hinfl+ HindIII
digested pBR322 was added to the sample as an internal
standard. The first dimension took place at a high
temperature (60°C) to minimize the anomalous mobility of
bent DNA fragments. The second dimension was run at a
lower temperature (4°C). Under these conditions bent DNA
restriction fragments move more slowly during the second
as compared with the first dimension, while non-bent DNA
fragments show a similar behaviour in both dimensions.
Consequently, at the end of the 2D electrophoresis, bent
DNA fragments are detected above a diagonal formed by
non-bent fragments (Mizuno, 1987). As shown in Figure
2C, fragment a2 clearly exhibited a lower mobility during
the second as compared with the first dimension, indicating
that it is bent. Fragment al, on the other hand, showed
almost the same mobility in both dimensions. Although at
60°C (first dimension) fragment a2 run faster than fragment
al, due to its smaller size, at 4°C (second dimension) their
relative mobilities were reversed. The 517 and 506 bp
pBR322-Hinfl restriction fragments also showed low
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Fig. 3. Mapping of the centre of bending within the 356 bp Haelll — HindIII restriction fragment by circular permutation analysis. (A) The bent )
Haelll - HindIIl fragment showed in Figure 2A was cloned as a tandem dimer in pUC18 (see Materials and methods for details). The cleavage sites
for restriction enzymes that cut once in each element of the dimer are indicated. The dimer was isolated and separately digested with these enzymes.

The permuted fragments generated are represented by black lines below

the map of the dimer. (B) The relative mobility of each permuted fragment,

pointed by white arrows, was determined by electrophoresis in a 5% polyacrylamide gel run at 4°C. The first lane of the ggl cprresponds to size
markers (Hinfl digest of pBR322). (C) The relative mobility of each permuted fragment was plotted against the restriction site in one el.elment of the
dimer. The relative mobility was estimated as a percentage of the distance migrated by the Hinfl fragment that showed the highest mobllht).'. The.
inflexion on the curve points to the position (arrow head) where the bending is centred (Wu and Crothers, 1984). This position is also indicated in

(A) by arrowheads.
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electrophoretic mobility during the second dimension. They
served as an internal control since it is well known that these
fragments are bent (Stellwagen, 1983).

The pea rDNA bending was further mapped to the
Haelll —Hindlll fragment using the same analytical
procedure. This fragment covers the 3’-half of the a2
fragment (Figure 2A). The bending centre within this
fragment was determined by the circular permutation method
of Wu and Crothers (1984). This method is based on the
observation that electrophoretic mobility decreases as the
centre of bending approaches the centre of the fragment. A
plasmid containing a tandem dimer of the Haelll — HindIII
segment was constructed (see Materials and methods). This
dimer was isolated and cleaved with restriction enzymes that
cut only once per monomer, to produce a family of circularly
permuted molecules of identical size (Figure 3A). These
molecules, that differ only in the position of the bending
centre, were analysed in a polyacrylamide gel run at 4°C.
The relative mobility of each of these permuted molecules
(pointed by arrows in Figure 3B) was plotted against the
position of the restriction site within the fragment (Figure
3C). The lowest point on the curve corresponds to the
bending centre (Wu and Crothers, 1984). It mapped around
position 140 of the Haelll — HindIII fragment (Figure 3C),
which is 20 bp downstream from the 3'-end of the sub-repeat
array and 216 bp upstream from the HindIII site.

A radioactively labelled synthetic 11 bp oligomer
corresponding to the yeast ACS specifically hybridizes to
the 1.5 kb EcoRI—Hindlll fragment of pea rDNA
(Herndndez et al., 1988a). We determined the nucleotide
sequence of this fragment by the dideoxy method (Figure
4). It consists of seven imperfect elements of the sub-repeat
array covering the 5’ 1221 bp of the fragment (Figure 4,
large box) and a unique 236 bp sequence that separates the
sub-repeats from the 5'-end of the coding region. Sequence
homology searching revealed the presence, in the latter
unique sequence, of a cluster of four near matches (two 10/11
and two 9/11) to the 11 bp yeast ACS (Figure 4, small
boxes). The centre of bending maps ~ 30 bp upstream from
the first near match (Figure 4, thick line). These near
matches are embedded in a block of 135 bp sequence
(nucleotides 1272 —1406) that is 73% A+T rich.

Initiation of DNA replication is an infrequent event in
each repeat of pea rDNA

Replication of pea rDNA was analysed using the 2D
neutral/neutral agarose gel electrophoresis procedure
developed by Brewer and Fangman (1987). This technique
allows identification of the shape of RlIs corresponding to
any specific restriction fragment. In short, DNA is digested
with the selected restriction enzyme(s) and the resulting
fragments are separated predominantly according to their
mass in the first dimension, which is run in a low percentage
agarose gel at low voltage. The second dimension maximizes
the effect of retardation caused by the molecular topology
of RIs. This second dimension is run in a high percentage
agarose gel at high voltage. Once electrophoresis is
completed, the gel is blotted and then hybridized with a probe
specific for the fragment to be analysed. After the first
dimension, the RIs corresponding to any given DNA
fragment are distributed between the positions where
non-replicating linear forms (1 X) and molecules of double
its mass (2 X) have moved. After the second dimension, due
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EcoORI
1{ AATTCATTGT GTAGGCCAAG TTATTGTCCT TCCCGCCTCT CGTCCCGTGG

51| CCTATGGCTA TGGAGCACTA GTTCCGGTCG GAAAATCGAG GATTGTTGGA
101| AATGCTCCGA GACTTTGGAG TCCCTTAACA TTTGTTGGAA TAGAAGTCCA

v
151| TGCAAAAATT GGGGTACAAA TTCATTGTGT AGGCCAAGTT ATTGTCGCTC

201| CCGCCTTCTT CGTCCCATGG CACGTGGCCT ATAGCCTATG GAAGCTGGGT
251| TCCGGTCGAA AAATCGAGGA TTGTTGGAAA TGCTCCGAGA CTTAGGAGTC

301| CCTTGACATT TGTTGGAATA GAAGTCCATG AAAAAATTGG GGTTCAAATT

351 CATTGégTAG GCCAAGTTAT TGTCGTTCCC GCCTCTCGTC CCATGGCACG
401| TGGCCTATAG CCTATGGAAG CTGGGTTCCG GTCGAAAAAT CGAGGATTGT
451| TGGAAATGCT CCGAGACTTT GGAGTCCCTT AACATTTGTT GGAATAGAAG
501| TCCATGAAAA AATTGGGGTA CAAATTCATT GTETAGGCCA AGTTATTGTC
551| GTTCCCGCCT CTCGTCCCAT GGCACGTGGC CTATGGTCTA TGCCTATGGA
601| GCACTAGGTC CGGTCAAAAA ATCGAGGATT GTTGGAAATG CTCCGAAACT
651| TTGCAGTCCC TCAACATTTG TTGGGATAGA CGTCCATGCA AAAATTGGCA
701| TCAAAATTCG TTGT!ZTAGGC CAAGGTGTTG TGCTCCCGCG TCTCGTCCGG
751| TGGCACGTGG CCTATGGACC ACGCGTTTCG GTCAAAAAAT AGAGGATTGT
801| TCGGAATGCT CCGAAACTTT GGAGTCCCTC AACATTTGTT GGGATAGACG
851| TCCATGCAAA AATTGACATC AAAATTCGTT GTETAGGCCA AGTTATTGTC
901{ CTCCCGCCTC TCGTCCCGTG GCACGTGGCC TTTCGACGAT TAGTTCCGGT
951| CGAAAGTCGA GAATTATTCG AAATGCTCCG AAACTTTGCA GTCCCTCAAC
1001|ATTTATTGGA ATAGACGTCC ATGCAAAAAT TGGCATCAAA ATTCATTGT‘C
1051 | TAGGCCAAGT TTTGATGTTC CCGCCTCTCG TCCCGTGGCA CGTGCCTATG
1101| GCCTATGGAC CACCCGTTCG GTCAAAAAAT CACAGTTGTT CGAAATGCTC

|faerIz
1151| CGAAACTTTG CAGATCCTTT CTATATGTAT TGAGGAAAGA TCATGCAAAA

1201| AATCGGCTCA AAATTCATTG T}I‘CCGACTAG GATTCCGTTG GTTTCCGTCC

1251 GCATAAAGCC GACACTTAGA MAAATCATAA AAPATTCATA CGACGTCGAA
1301 AAACAATTAT TTTTGGTGGA cc'rca'rr AACAAGCATG
1351 CAAAATTTCA TGAAAAAATT CGAAGTC MGGP@
1401 TGICTACAGG GAAAAAGGGA CCCAGTTGCT GCTAAAGCAG GACATGCAAA

1451 TCAAGCT
HindIII

Fig. 4. Nucleotide sequence of the EcoRI—HindIIl fragment containing
the putative replication origin of pea rDNA. The large box contains
the NTS sub-repeats separated by arrowheads. The remaining
corresponds to a unique sequence where four near matches to the yeast
11 bp ACS were found (small boxes). Numerals above each small box
indicate the number of matches. The position of the centre of bending
is indicated by a thick horizontal black line. Only the Haelll restriction
site nearest to the HindIIl end is indicated.

to the low mobility caused by their shape, RIs move above
the diagonal corresponding to non-replicating linear
fragments. Unique hybridization patterns are obtained
depending on how the fragment is replicated: by a single
fork moving from one end to the other (simple Y pattern),
by a bidirectionally growing bubble initiated at the centre
of the fragment (bubble pattern) or by two forks moving in
opposite directions that meet at the centre of the fragment
(double Y pattern). Composite patterns also can be found
if the fragment replicates from an origin asymmetrically
located within the fragment (bubble-to-simple Y composite
pattern) or by two forks entering the fragment asynchron-
ously (simple Y-to-double Y composite pattern).

If initiation of DNA replication occurs at a specific site
in every rDNA repeat, a bubble pattern would be the only
one generated by a restriction fragment where the origin is
symmetrically centred. If not all the potential origins are
used, on the other hand, some molecules would lack an active
origin and would be replicated passively by a single fork
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Fig. 5. Analysis of pea rDNA Rls by 2D agarose gel electrophoresis. (A) Restriction maps corresponding to the two size-class repeats (r and r’) of
pea rDNA are shown at the top. The sites for the restriction enzymes used in the study are indicated (E, EcoRl; B, BamHI; H, HindlIll; A,
Asp700). The 3’ end of the transcription unit of both size-classes have been arbitrarily aligned. The restriction fragments analysed in each 2D gel are
represented below the maps with the name of the enzyme(s) used to generate them on the right. Those fragments containing the RFB (vertical grey
bar) are drawn as Y structures and named by a letter on the left. Due to the size heterogeneity of the NTS, restriction fragments spanning this
region show two different sizes. The long ones (b, ¢ and d) derive from the r repeats and the small ones (b’, ¢’ and d') from the r’ repeats. An
exception occurs when EcoRI is used. The two EcoRI sites present in the NTS of the r repeats are missing in the r’ repeats. Therefore, among the
two EcoRI fragments analysed from the NTS the longest one (a’) derives from the r’ repeats. (B) 2D gel autoradiograms corresponding to the pea
rDNA regions diagrammed above. Pea DNA from asynchronously dividing root-cells was digested with the enzyme(s) indicated below each
autoradiogram. For the probes used see Materials and methods. Arrows indicate the accumulated simple Y Rls with the fork stalled at the RFB.

initiated elsewhere. As a consequence, both a simple Y and
a bubble pattern would be obtained in the same autoradio-
gram (Schvartzman et al., 1990; Martin-Parras et al., 1991).
The relative intensity of these two signals will depend on
the frequency of origin usage (Martin-Parras et al., 1992).
The bubble pattern might not even be detected if activation
of the potential origins is a rare event.

Intact pea chromosomal DNA from asynchronously
growing root-cells was obtained from isolated nuclei
embedded into agarose plugs. The embedded DNA was
digested with the indicated restriction enzyme(s) and the
restriction fragments were separated in 2D gels. After
transfer to nitrocellulose, specific probes were used to
investigate the RIs of a series of overlapping restriction
fragments covering the entire rDNA repeat. Figure 5SA
(upper part) shows a restriction map of the two major size-
classes of pea rDNA units. The NTS of the r repeats is
~350 bp longer than the NTS corresponding to the r’
repeats. Therefore, those restriction fragments containing
the NTS are doublets. In each doublet, the larger fragment
arises from the r repeats while the shorter one derives from
the r’ repeats. An exception occurs when EcoRlI is used.
The NTS of the r repeats contains two EcoRI cleavage sites
located very close to each other. These sites are absent in

the NTS of the r’ repeats. Therefore, here the largest EcoRI
fragment derives from the r’' repeats and contains the
complete NTS. On the other hand, the coding region
generates single-sized restriction fragments since no
heterogeneity exists within this region.

In the 2D gel autoradiogram shown at the bottom left of
Figure 5B, Rls of the EcoRI fragments containing the NTS
were analysed. The probe used detected two fragments of
4.9 and 3.8 kb, respectively. The 4.9 kb fragment derived
from the r' repeats and contained the complete NTS including
both ends of the transcription unit. The 3.8 kb fragment arose
from the r repeats and lacked the 3’ end of the coding region
as well as part of the NTS next to it (Figure 5A). Two arcs
of RIs were visible above the diagonal corresponding to
linear molecules. These arcs merged from the linear forms
of each EcoRI fragment and returned to the diagonal of linear
molecules with duplicated masses. These arcs correspond
to simple Y patterns indicating that these fragments were
primarily replicated by a single fork that proceeded from
one end to the other. Two more signals were also visible.
They appeared as spikes rising from the point where the
simple Y arcs returned to the diagonal of linear molecules
(Figure 5B, EcoRI). These signals correspond to X-shaped
recombination intermediates.
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Fig. 6. Structural features of pea rDNA involved in replication. (A) Organization of pea rDNA repeats. (B) Structure of the NTS. The 5’ unique
sequence separates the end of the transcription unit from the sub-repeat array. This region contains the RFB. Adjacent to the sub-repeats, there are
two complete and one truncated 26 bp direct repeats (arrowheads) (Piller er al., 1990). The 3’ unique sequence separates the sub-repeat array from
the transcription start site (TSS). This region is suggested to contain a weak DNA replication origin. It is a bent A+T rich sequence (the centre of
bending is indicated by che arrow) containing four near matches to the yeast ACS represented by black boxes. The position of the box above or
below the line indicates the position of the T rich strand in the upper or the lower strand of the sequence, respectively. The number above each box
indicates the number of bp that match the 11 bp ACS. (C) Sequence homologies found between yeast and pea RFBs. The upper sequence
corresponds to the direct repeats in the 5’ unique sequence of pea rDNA. The position of the first and last nucleotides counted from the end of the
258 coding region are indicated in parenthesis (according to Piller er al., 1990). The middle sequence below each repeat corresponds to a unique 12
nucleotides from the HindIll—Hpal yeast rDNA fragment where replicating forks are stalled (Brewer et al., 1992; Kobayashi et al., 1992). The
positions of the first and last nucletoides of this sequence from the HindIII site are indicated in parenthesis. The bottom sequence corresponds to
another unique 11 nucleotides from the EcoRI—HindIIl yeast IDNA fragment located upstream and adjacent to the HindllI—Hpal fragment (from
Elion and Warner, 1984). It has been proposed that this EcoRI—HindIIl fragment plays a role in fork arrest in yeast (Brewer et al., 1992). The
positions of the first and last nucleotides of this sequence from the EcoRlI site are indicated in parenthesis. Matches are denoted in upper case letters.

All the other restriction fragments analysed also generated
signals corresponding to simple Y patterns (Figure 5B). As
expected, the EcoRI fragment from the transcription unit
gave a single simple Y arc due to the size homogeneity within
that region (Figure 5B, EcoRI, coding region). Longer
exposure times failed to detect any complete or even partial
2D hybridization signal corresponding to RIs containing an
internal bubble (data not shown). Therefore, initiation of
DNA replication seems to be a very rare event in each repeat
of pea rDNA.

Replication forks moving in the direction opposite to
transcription are stalled at a barrier near the 3’ end of
the transcription unit

A conspicuous spot was detected over the simple Y arc
generated by the largest EcoRI fragment (e’ in Figure 5B,
EcoRI). This EcoRI fragment derives from the r' repeats
and contains the complete NTS as well as both ends of the
transcription unit (Figure 5A). The spot appeared close to
the point where the simple Y arc ends at the diagonal formed
by linear molecules. It was produced by an accumulated RI
containing a single fork positioned at a specific site. This
site, therefore, functions as a replication barrier where forks
are stalled. Based on its mobility in the first dimension, the
estimated mass for this accumulated intermediate was 9.1 kb
(1.86x the mass of the linear form). Since the linear
fragment is 4.9 kb, this means the fork stopped once it
replicated 4.2 kb of the fragment. Therefore, the barrier
should be located 0.7 kb apart from either end of the
fragment. If it were located at the right end of the fragment
it would block forks moving rightward, whereas if it were
at the left end it would be active on leftward moving forks.
The smaller 3.8 kb EcoRI fragment that derived from the
r repeats does not contain a barrier, since no spot of Rls
appeared over the simple Y arc generated by this fragment
(Figure 5B, EcoRI). This 3.8 kb fragment is similar to that
one coming from the r’ repeats but lacks ~ 1.5 kb on the
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left end that includes the 3’ end of the transcription unit and
part of the NTS (Figure 5A). This observation strongly
suggests that the barrier maps 0.7 kb apart from the left end
of the 4.9 kb EcoRI fragment. Therefore, the accumulated
RI would be due to blockage of the leftward moving fork.
The position of the barrier would then map in the NTS
~200 bp apart from the 3’ end of the transcription unit in
both size-classes (Figure 5A, grey vertical bar). If this
hypothesis is correct, the position of the spot would vary
along the simple Y arc depending on the relative position
of the barrier along the restriction fragment. In addition, the
spot of accumulated RIs should be visible on the simple Y
arcs generated by both size-class fragments whenever they
span the barrier. The series of overlapping fragments cover-
ing the complete NTS analysed in Figure 5 varied in their
endpoints relative to the position of the presumptive RFB.
The results obtained satisfied all the expectations. Both
simple Y arcs generated by each of the two BamHI fragments
containing the NTS showed a spot corresponding to
accumulated intermediates (b and b’ in Figure 5B, BamHI).
As expected, the relative position of each of these spots is
slightly closer to the inflection point of the simple Y arc than
in the EcoRI digest. The relative masses estimated for these
accumulated intermediates fit well with the expected ones:
1.78 X and 1.76 X, respectively. Moreover, both BamHI —
HindIII fragments produced spots even closer to the inflection
point (c and ¢’ in Figure 5B, BamHI + HindIII). Replication
of each Asp700 fragment generated a spot located almost
at the inflexion point of the simple Y arc (d and d’ in Figure
5B, Asp700). Finally, the single EcoRI fragment
corresponding to the coding region produced no spot of
accumulated intermediates (Figure 5B, EcoRI, coding
region).

These results proved that both size-classes of pea rDNA
repeats contain an RFB in the NTS near the transcripton
termination site. This barrier blocks only leftward moving
forks, since the putative spots corresponding to accumulated



intermediates for rightward moving forks were absent.
Therefore, the barrier is specific for forks moving in the
direction opposite to transcription, impeding them from
entering the transcription unit. Consequently, most of pea
rDNA appears to replicate unidirectionally.

Discussion

We determined the DNA structure of the region containing
the putative replication origin of pea rDNA (Herndndez
et al., 1988a). We also studied replication of the entire
rDNA repeat by 2D agarose gel electrophoresis. Within the
putative replication region, we found an A+T rich 135 bp
sequence containing a cluster of four near matches to the
yeast ACS. Yeast ARSs are also A+T rich sequences con-
taining several matches to the ACS. Deletion analyses
indicate that these multiple matches are important for ARS
funetion (Palzkill and Newlon, 1988). However, other
experimental results showed that only the match contained
in domain A is critical for ARS function and the other near
matches stimulate ARS activity simply becuase they are
easily unwound (Natale et al., 1992 and references therein).
Unwinding of this region would permit the entry of replica-
tion enzymes into the DNA helix. The coincidence of
sequence features with yeast ARSs supports the idea that pea
rDNA replication might initiate by a similar mechanism
within the region of the NTS mentioned above.

We found intrinsic DNA bending in the NTS of pea rDNA
centred ~ 30 bp usptream from the cluster of near matches.
Yeast ARS1 and other DNA fragments with ARS activity
also contain a bending locus (Snyder ez al., 1986; Eckdahl
and Anderson, 1987; Valenzuela, 1990). Deletion of the
natural bending impairs ARSI activity, which is restored
to a near wild type level with synthetic bent DNA (Williams
et al., 1988). The role of DNA bending in ARS1 function
was recently questioned, however, by Marahrens and
Stillman (1992) who were able to separate origin function
from DNA bending.

Bent DNA is also present near other putative eukaryotic
replication origins (Caddle ez al., 1990; Heck and Spradling,
1990). Moreover, several replication initiation binding
factors are known to recognize (Zahn and Blattner, 1987),
induce (Mukherjee et al., 1985) or enhance (Koepsel and
Khan, 1986; Stenzel et al., 1987) DNA bending at several
prokaryotic origins. The presence of a DNA bending locus
at the putative replication origin of pea rDNA supports the
idea that this structural feature may be a cis-acting element
in at least some eukaryotic replication origins.

In pea rDNA the bent locus, the transcription initiation
site and the putative DNA replication origin are all clustered
in a 250 bp region (Figure 6B). The proximity of these three
elements led us to suggest that they might be functionally
related. There is evidence that transcriptional elements can
enhance the activation of replication origins (reviewed in
DePamphilis, 1988; Heintz et al., 1992). It is also known that
DNA bending near transcription initiation sites regulates
promoter function in bacteria (Bracco et al., 1989;
McAllister and Achberger, 1989; Claveri-Martin and
Magasanik, 1992) and probably in eukaryotes as well (Shuey
and Parker, 1986; Inokuchi et al., 1988; Schroth et al.,
1992). Therefore, the DNA bent locus mapped near the
transcription initiation site in pea rDNA might indirectly
influence initiation of DNA replication by affecting promoter
function. This hypothesis implies that the frequency of origin
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usage in pea rDNA, which seems to be low (see Results and
discussion below), would be related to the level of transcrip-
tional activity of the rRNA genes. The observation that in
higher plants only a small fraction (~20%) of the ribosomal
genes shows an active open chromatin configuration is
consistent with this hypothesis (Conconi et al., 1992).

None of the pea rDNA restriction fragments analysed
generated a complete or even a partial hybridization signal
corresponding to RIs containing an internal bubble (Figure
5B). The cluster of near matches to the yeast ACS is close
to the centre of the 4.9 kb EcoRI fragment and within the
central third of the 3.8 kb one. Therefore, if bidirectional
replication initiates at this region, Rls of these fragments
should generate a bubble signal when analysed by 2D agarose
gel electrophoresis. The only visible signal generated by RIs
from these and all the other fragments that were analysed,
however, corresponded to a simple Y pattern (Figure 5B).
Since lysis of the nuclei, DNA purification and digestion
with restriction enzymes were all carried out in agarose
plugs, we believe that the possible breakage of bubble-
containing molecules at the forks during sample manipulation
(Martin-Parras ez al., 1992) was significantly reduced and
cannot account for their total absence. Pea IDNA from
samples isolated from S-phase synchronized cells and
enriched for RIs by column chromatography on benzoylated
naphthoylated DEAE-cellulose produced similar results (data
not shown). We explain the lack of a bubble signal in the
autoradiograms by the low frequency of origin usage in pea
rDNA. If only a fraction of the potential origins is activated
in each particular S phase, those that are used would replicate
a stretch of rDNA that contains several repeats. Consequen-
tly, many molecules of a restriction fragment containing the
potential origin would be replicated by a single fork initiated
several repeats apart. If the frequency of origin usage is low
enough, fragments where the origin is active would be so
scarce that it would be unlikely to detect bubble-containing
RIs in 2D gels. A low frequency of origin usage was also
found for yeast rDNA replication (Walmsley et al., 1984;
Linskens and Huberman, 1988; Fangman and Brewer,
1991), where a weak ARS maps within the NTS (Skryabin
et al., 1984). Analysis of yeast rDNA fragments containing
the ARS by 2D gel electrophoresis only detected single
fork-containing RIs (Brewer and Fangman, 1988) or a strong
signal generated by simple Y RlIs together with a very faint
bubble signal (Linskens and Huberman, 1988; Fangman and
Brewer, 1991). In the case of pea, it should also be
considered that in in vivo growing root tips, proliferating
cells are only a small fraction of the total cell population.
Therefore, the percentage of replicating DNA in a given
sample is significantly lower than in yeast or cultured
mammalian cells.

Based on the intensity of the signal in long exposed
autoradiograms we deduced that a bubble pattern at least
10-fold weaker than the simple Y pattern would still be
visible. Since bubble-containing fragments are replicated by
two moving forks, they are expected to replicate twice as
fast as single fork-replicated fragments. Thus, our results
suggest that at most one out of five potential replication
origins would be functional in each individual replication
round of pea rDNA. The specific replicon size of pea IDNA
is unknown. If it does not differ much from the average
replicon size in pea, which is ~ 80 kb (Schvartzman et al.,
1984), each replicon would accommodate about nine rDNA
repeats. Therefore, only one out of nine potential origins
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would be active. This is consistent with the frequency of
origin usage estimated above. Moreover, initiation of DNA
replication in higher plants may occur in a delocalized
manner, as already suggested for mammalian cells (Dijkwel
and Hamlin, 1992 and references therein). This would make
the detection of a discrete bubble pattern even more difficult.

A displacement loop model has been recently proposed
for replication of rDNA in pea meristematic root cells (Van’t
Hof and Lamm, 1991). According to this model, pea rDNA
would replicate through single-stranded Rls. In the present
study we found no evidence suggesting such a mode of
replication. Two-dimensional gels of all fragments analysed
showed simple Y arcs arising from the linear form of each
fragment. These signals had an inflection at a position
corresponding to 1.5 X the mass of the linear fragments and
they ended at the diagonal corresponding to linear fragments
with a duplicated mass. Therefore, in contrast to what would
be expected according to the displacement loop model (Van’t
Hof and Lamm, 1991), both parental strands appeared to
be simultaneously copied. The model proposed by Van’t Hof
and Lamm (1991) is based on the detection of three spots
corresponding to rDNA molecules showing low mobility
during the second dimension of neutral/neutral 2D agarose
gel electrophoresis. We did not find these hybridization
signals in our 2D gel analysis. One possible explanation for
the discrepancy between our results and those by Van’t Hof
and Lamm (1991) is that during the DNA isolation procedure
followed by these authors, samples were somehow enriched
for rare rDNA molecules that generated the spots mentioned
above. Extrachromosomal DNA might be the source of these
molecules since rDNA is included in this DNA fraction
(Kraszewska et al., 1985) and replicates by strand displace-
ment (Krimer and Van’t Hof, 1983). In addition, we have
noticed that standard isolation of DNA by phenol extrac-
tion of lysed nuclei leads to significant degradation of Rls.
This problem is avoided when nuclei embedded into agarose
plugs are used (see Materials and methods).

A relevant observation of this work is the presence of a
polar RFB in the NTS close to the transcription termination
site of pea rDNA. An RFB was also found within the rDNA
repeat of Saccharomyces cerevisiae (Brewer and Fangman,
1988; Linskens and Huberman, 1988). In both species the
barrier maps near the 3’ end of the transcription unit and
blocks only leftward moving forks, preventing them from
entering into the coding region in the direction opposite to
transcription. These striking coincidences suggest that (i) the
mechanism of fork blockage may be similar in these two
distant organisms, (ii) such a barrier could be a common
feature for rDNA replication in all eukaryotes and, therefore,
(iii) it probably plays an important physiological role.

Two specific single-strand gaps or nicks were detected in
the rDNA of synchronized pea root cells (Hernandez et al.,
1988b). These discontinuities, whose locations do not
coincide with the RFB mapped in the present work, were
suggested to be related to termination of DNA replication.
This interpretation was based on the observation that they
were preferentially detected in the rDNA of cells positioned
at the S/G, boundary and early G, phase (Herndndez et al.,
1988b). Joining of replicon-size nascent DNA to give mature
DNA is known to occur precisely at this stage (Schvartzman
et al., 1981, 1984). However, the fact that these nicked
restriction fragments showed the mobility expected for linear
molecules in agarose gels (Herndndez et al. , 1988b) suggests
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that they were not due to replication-fork-containing
structures. Their relationship to termination of DNA
replication is still an open question.

The nature of the RFB in the rDNA of pea and yeast is
still unknown. Fork arrest might be intrinsically induced by
the DNA structure at the barrier. Then, a DNA fragment
containing the barrier would also be active when replicated
in other organisms. We cloned the 3.3 kb BamHI — HindIII
fragment from the r size-class of pea rDNA (see Figure 5A)
in both orientations in unidirectionally replicated pUC
vectors. Analysis by 2D gel electrophoresis showed no
accumulation of Y-shaped RlIs in either of the two
recombinant plasmids replicating in Escherichia coli (data
not shown). This observation strongly suggests that the RFB
is not caused by the DNA structure itself.

It has been shown recently that the arrest of replication
forks in yeast IDNA occurs independent of rRNA transcrip-
tion (Brewer et al., 1992; Kobayashi et al., 1992). This
observation proves that fork arrest does not occur as a
consequence of collision between the replication machinery
and RNA polymerase I (Pol I) travelling in opposite
directions. In E. coli and Bacillus subtilis, head-on collision
between RNA polymerase and DNA replication is
specifically avoided by the appropriate orientation of actively
transcribed genes so that the promoters are proximal to the
bidirectional origin of replication (Brewer, 1988; Ziegler and
Dean, 1990). In addition, collision is also prevented by polar
fork barriers (7Ter sites) at the E. coli replication termination
region (Kuempel et al., 1989). The physiological role of the
RFB in pea and yeast rDNA might also be to prevent such
a collision between replication and transcription, which
would have deleterious consequences.

As already suggested for yeast (Brewer et al., 1992;
Kobayashi et al., 1992), fork arrest in pea rDNA might be
also mediated by one or several trans-acting factors that
would bind to one or several specific DNA binding sites.
Bound sequences would inhibit some activity of the replisome
in an orientation-dependent manner. Fork blockage mediated
by DNA binding proteins also occurs at yeast centromeres
and at the EBV family of repeats. Centromere binding
proteins and the EBNA-1 protein, respectively, are
responsible for fork pausing in these systems (Gahn and
Schildkraut, 1989; Dhar and Schildkraut, 1991; Greenfeder
and Newlon, 1992). The best known mechanism for replica-
tion fork blockage operates at the Ter sites in E.coli
(reviewed by Kuempel et al., 1989). Ter sites are 22 bp
binding sequences recognized by the fer binding protein
(TBP), which is encoded by the zau(ter) gene. The Ter—TBP
complex seems to arrest replication forks by obstructing
helicase action in an orientation-specific manner. All
helicases tested so far from E.coli, virus and mammalian
cells are inhibited by this complex in a polar manner (Hidaka
et al., 1992 and references therein; Lee and Kornberg,
1992).

The fact that the site where forks stall in pea and yeast
rDNAs coincides near the 3’ end of the transcription unit,
suggests that factor(s) responsible for transcription termina-
tion also might be involved in fork arrest. Transcription
termination of mouse rRNA genes is mediated by a specific
nuclear factor (TTF1) that binds to a repetitive motif (Sal
box) at the 3’ end of the intergenic spacer (Grummt et al.,
1986). Interestingly, the termination signal is orientation
dependent and specific for Pol I. The mechanism of



transcription termination at the human rDNA is similar to
the one operating in mouse (Pfleiderer et al., 1990). Similar
transcription termination factors operating at pea and yeast
rDNA also might be involved in replication fork arrest. It
would be interesting to find out whether Sal boxes of mouse
and human rDNA function as replication barriers with the
opposite polarity as they direct transcription termination.

In yeast, rDNA forks are stalled within the 129 bp
HindIll - Hpal restriction fragment of the NTS1 (Brewer
et al., 1992; Kobayashi er al., 1992). We contemplated the
possibility that the sequence signal(s) for fork arrest in yeast
rDNA could be similar to that in pea rDNA. To test this
hypothesis we looked for nucleotide sequence homology
between the yeast 129 bp fragment and the 5’ region of the
NTS of pea rDNA containing the fork barrier. The DNA
sequence of this region has been recently determined (Piller
etal., 1990). A sequence of 12 bp from the yeast fragment
showed significant homology with a sequence that is
tandemly repeated three times in the pea NTS (Figure 6C).
These repeats are adjacent to the 5’ end of the subrepeat
array (Piller et al., 1990). Brewer and coworkers (Brewer
et al., 1992) reported that in their plasmid constructs, this
129 bp HindIll-Hpal fragment is necessary but not
sufficient to achieve an efficient fork arrest. They suggested
the possibility for an essential function present in the adjacent
188 bp EcoRI—HindIll fragment. This fragment contains
the terminator sequence for transcription by yeast Pol I (van
der Sande et al., 1989). A sequence of 10 bp from this
fragment (Figure 6C) also shows homology with the
sequences mentioned above. Although these sequence
homologies may simply be fortuitous, more investigation is
clearly needed to determine their possible meaning.

The main conclusion of the present report is that the
organization of pea and yeast rDNA for replication shares
several important features: (i) a similar structure of the
putative replication origin, (ii) a low frequency of initiation
events, and (iii) the presence of a polar replication barrier
close to the 3’ end of the transcription unit. These similarities
between a higher eukaryote and a eukaryotic microorganism
raise the possibility that these features were conserved and
might be common to the rDNA of most eukaryotes.

Materials and methods

Plant material

Pea seeds (P.sativum, cv. Alaska) were supplied by W.Altee Burpee Co.,
Warminster, PA. Seeds, surface-sterilized with 10% (v/v) sodium
hypochloride, were aseptically germinated in Petri dishes on three layers
of Whatman no. 1 filter paper moistened with distilled water. After 4 days
at 18°C the apical 3 mm from primary roots were excised and subsequently
used for nuclei isolation.

Two-dimensional polyacrylamide gel electrophoresis

First dimension was run on a 5% polyacrylamide gel in TBE buffer (89 mM
Tris-borate, 2 mM EDTA) at 7 V/cm at 60°C. The gel was then reoriented
90° relative to the first dimension and the second dimension was run under
the same conditions except that temperature was maintained at 4°C. DNA
fragments were detected by staining the gel with 0.5 pg/ml ethidium bromide
dissolved in TBE buffer.

DNA sequencing

Sequencing was performed by the dideoxy method (Sanger et al., 1977)
using a Sequenase Version 2.0 sequencing kit (US Biochemical Corp.).
Plamid pHB3.3 contains a 3.3 kb BamHI— HindIII fragment from the long
pea rDNA size-class cloned in pBR322 (see Figure 2A) (Herndndez et al.,
1988a). This fragment consists of the 3’ end of the coding region and the
NTS. The EcoRI—HindIll subfragment from the insert in pHB3.3 was
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isolated, made their ends blunt with the Klenow fragment of DNA
polymerase I and subcloned in both orientations in the Smal restriction site
of the phagemid pEMBLI18(+) (Dente et al., 1985), yielding plasmids
pEHE1.5(+) and pEHEL.5(—). A nested set of external deletions of the
insert in each of these plasmids was generated by the exonuclease
I/nuclease S1 procedure (Promega). The resultant deleted plasmids were
propagated in the E. coli strain DHSaF'. Single stranded DNA was obtained
by superinfection with f1 as helper phage. The universal 17-mer (—40)
oligonucleotide was used as primer in the sequencing reactions and
[a->>S]dATP as the labelled precursor. Sequencing gels (0.35 mm thick,
6% polyacrylamide, w/v) were run in a Hoefer apparatus following the
suppliers’ instructions.

Plasmid construction for circular permutation analysis

The bent Haelll - HindIIl fragment was isolated from pHB3.3 and cloned
in the Smal site of pUCI18 after filling the HindIII end using the Klenow
enzyme. The resultant plasmid (pHH356 —) was double digested with either
Scal+EcoRI or Scal+BamHI. Scal cuts within the ampicillin resistance
gene. EcoRI and BamHI cleave in the pUC18 polylinker at either side of
the insert. Therefore, one of the two restriction fragments generated by each
double digest contains the insert at one end and the 5’ (Scal +EcoRI digest)
or the 3' (Scal +BamHI digest) region of the ampicillin resistance gene at
the other end. The region of the ampicillin resistance gene that is missing
in one of these two fragments is present in the other. These two fragments
were isolated and ligated to each other after their ends were made blunt
with the Klenow enzyme. DH5aF’ E. coli cells were transformed with the
ligation products and plated in the presence of ampicillin. Ligation can occur
in two possible orientations, but only that in which the ampicillin resistance
gene is reconstituted will contain a head-to-tail dimer of the insert. One
clone was selected and confirmed by restriction enzyme analysis to contain
a plasmid (pDimHH356) bearing a tandem dimer of the Haelll — HindIIl
fragment. This dimer was isolated from pDimHH356 by EcoRI+BamHI
digestion.

DNA sample preparation for 2D agarose gel electrophoresis
Nuclei were extracted from pea meristematic root tips according to the
procedure described by Chiatante et al. (1990) using McLeish buffer (66 mM
Na,HPO,, 66 mM NaH,PO,, pH 6.8) as extraction buffer. Nuclei
suspension was filtered through a 20 um nylon mesh and centrifuged at
1500 g for 30 min at 4°C. Nuclei pellet was resuspended in McLeish buffer
at a concentration of 5 X 107 nuclei/ml and the suspension warmed to
42°C. An equal volume of 1% low-melting-temperature agarose prepared
in McLeish buffer and cooled at 42°C was added to the nuclei suspension.
After mixing by swirling, the molten mixture was transferred to a hand-made
Plexiglas mould and allowed to set at 4°C for 30 min. The hardened agarose
was extruded from the mould and sliced in small blocks (6 X 3 X 2 mm).
Blocks were then incubated with gentle shaking in 5 vol of KS solution
(10 mM Tris—HCI, pH 7.6, 100 mM EDTA, 1 mg/ml proteinase K, 1%
N-lauryl-sarcosine) at 42°C for 18 h. KS solution was then replaced by
10 vol of PMSF solution (10 mM Tris—HCI, pH 7.6, 1 mM EDTA, 1 mM
phenyl-methylsulphonyl fluoride) and agarose blocks were incubated for
1 h at room temperature with gentle shaking. This incubation was repeated
with fresh PMSF solution. Blocks were finally washed twice for 15 min
with 10 vol of Tris—HCI (pH 7.6), 1 mM EDTA at room temperature
and stored for a few days in this solution at 4°C. For longer term storage
(a few months) blocks were washed with and stored in 2 mM Tris—HCl
(pH 8.0), 5 mM EDTA at 4°C. For restriction endonuclease digestion of
agarose-embedded DNA, blocks were individually transferred to microfuge
tubes and incubated twice for 15 min with 300 ul of the appropriate restric-
tion enzyme buffer at 4°C. Blocks were then incubated overnight at 37°C
with 100 pl of fresh restriction buffer containing 30—50 U of restriction
enzyme (Boehringer-Mannheim) and 200 ug/ml RNase A. Before loading
on to the agarose gel, blocks were equilibrated in 10 mM Tris—HCI
(pH 8.0), 1 mM EDTA. Each block contained ~ 10 ug of total DNA.

2D agarose gel electrophoresis

The first dimension was electrophoresed at room temperature for 40 h in
a0.4% (w/v) agarose gel in TBE buffer at 0.6 V/cm. The lane containing
the phage N\ DNA/HindIIl marker sizes was excised, stained with ethidium
bromide and photographed. The second dimension was in a 1% agarose
gel in TBE buffer containing 0.5 ug/ml ethidium bromide at a 90° angle
with respect to the first dimension. The dissolved agarose was poured around
the excised lane from the first dimension and electrophoresis was carried
out at S V/cm for 7 h in a 4°C cold-room.

Southern transfer and hybridization
Gels were washed twice for 15 min in 50 mM HClI, then twice for another
15 min in 0.5 M NaOH containing 1 M NaCl followed by another 60 min
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wash in 1 M Tris—HCl (pH 8.0) with 1.5 M NaCl. The DNA was
transferred to nitrocellulose supported membrane (BAS-85, Schleicher and
Schuell, Inc.) in 10 X SSC (SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) for 16—18 h and the membranes were baked at 80°C for 2 h.
Prehybridization was carried out in 50% formamide, 5x SSC, 5X
Denhardt’s solution (100 X Denhardt’s contains 2% bovine serum albumin,
2% Ficoll and 2% polyvinylpyrrolidone), 0.1% SDS, and 250 ug/ml
sonicated salmon testes DNA at 42°C for 16—18 h. Membranes were
hybridized in 50% formamide, 5X SSC, 5x Denhardt’s solution, 250 pg/ml
sonicated salmon testes DNA and 10% dextran sulfate with 10° c.p.m./ml
probe DNA labeled with [32P)dCTP by random priming (~ 10° c.p.m./ug),
at 42°C for 24—48 h. After hybridization, the membranes were washed
twice for 15 min in 2 SSC and 0.1% SDS at room temperature followed
by two to three washes in 0.1x SSC and 0.1% SDS at 60°C for 30 min
each time. Exposure of XAR-S films (Kodak) was carried out at —80°C
with two intensifying screens for 1—7 days. Two cloned pea rDNA
fragments were used as probes. The 1.5 kb EcoRI— HindIII fragment from
the NTS of r repeats (named ERREF in Figure 1) was used to analyse Rls
of restriction fragments containing part or the complete NTS. The 3.7 kb
EcoRI fragment from the coding region was used as probe to detect Rls
of the transcription unit.

Acknowledgements

We are grateful to C.Lépez-Estrafio for testing the pea RFB in E. coli and
to Dr Joel A.Huberman for his suggestions and critical reading of the
manuscript. This work was partially supported by grant PB87-0468 from
the Spanish Comisién Interministerial de Ciencia y Tecnologia (CICYT),
a grant 93/0161 from the Fondo de Investigaciones Sanitarias and by a grant
from the Comunidad de Madrid. L.M.P. was the recipient of a predoc-
toral fellowship from the Spanish Ministerio de Educacién y Ciencia (MEC).

References

Bell,S.P. and Stillman,B. (1992) Nature, 357, 128—134.

Botchan,P.M. and Dayton,A.l. (1982) Nature, 299, 453 —456.

Bozzoni,l., Baldari,C.T., Amaldi,F. and Buongiorno-Nardelli,M. (1981)
Eur. J. Biochem., 118, 585—590.

Bracco,L., Kotlarz,D., Kolb,A., Diekmann,S. and Buc,H. (1989) EMBO
J., 8, 4280—-4296.

Brewer,B.J. (1988) Cell, 53, 679—-686.

Brewer,B.J. and Fangman,W.L. (1987) Cell, 51, 463 —471.

Brewer,B.J. and Fangman,W.L. (1988) Cell, 55, 637—643.

Brewer,B.J., Lockshon,D. and Fangman,W.L. (1992) Cell, 71, 267—276.

Burhans,W.C., Vassilev,L.T., Caddle,M.S., Heintz,N.H. and
DePamphilis,M.L. (1990) Cell, 62, 955—965.

Caddle,M.S., Dailey,L. and Heintz,N.H. (1990) Mol. Cell. Biol., 10,
6236—6243.

Campbell,J.L. and Newlon,C.S. (1991) In Broach,J.R., Pringle,J.R. and
Jones,E.-W. (eds), The Molecular and Cellular Biology of the Yeast
Saccharomyces: Genome Dynamics, Protein Synthesis, and Energetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, Vol. I,
pp. 41—146.

Cech,T.R. and Brehm,S.L. (1981) Nucleic Acids Res., 9, 3531 —3543.

Claverie-Martin,F. and Magasanik,B. (1992) J. Mol. Biol., 227, 996—1008.

Conconi,A., Sogo,J.M. and Ryan,C.A. (1992) Proc. Natl. Acad. Sci. USA,
89, 5256—5260.

Chiatante,D., Brusa,P., Levi,M., Sgorbati,S. and Sparvoli,E. (1990)
Physiol. Plant., 78, 501 —506.

Dente,L., Sollazzo,M., Baldari,C., Cesareni,G. and Cortese,R. (1985) In
Glover,D.M. (ed.), DNA Cloning—A Practical Approach. IRL Press,
Oxford, Vol. I, pp. 101-107.

DePamphilis,M.L. (1988) Cell, 52, 635—638.

Deshpande,A.M. and Newlon,C.S. (1992) Mol. Cell. Biol., 12, 4305—4313.

Dhar,V. and Schildkraut,C.L. (1991) Mol. Cell. Biol., 11, 6268 —6278.

Diffley,J.F.X. and Cocker,J.H. (1992) Nature, 357, 169—172.

Dijkwel,P.A. and Hamlin,J.L. (1992) Mol. Cell. Biol., 12, 3715-3722.

Eckdah,T.T. and Anderson,J.N. (1987) Nucleic Acids Res., 15, 8531 —8545.

Elion,E.A. and Warner,J.R. (1984) Cell, 39, 663 —673.

Fangman,W.L. and Brewer,B.J. (1991) Annu. Rev. Cell Biol., 7, 375—402.

Fangman,W.L. and Brewer,B.J. (1992) Cell, 71, 363 —366.

Gahn,T.A. and Schildkraut,C.L. (1989) Cell, 58, 527—535.

Greenfeder,S.A. and Newlon,C.S. (1992) Mol. Cell. Biol., 12, 4056 —4066.

Grummt,I., Rosenbauer,H., Niedermeyer,I., Maier,U. and Ohrlein,A.
(1986) Cell, 45, 837—846.

1484

Harland,R.M. and Laskey,L.A. (1980) Cell, 21, 761—771.

Heck,M.M.S. and Spradling,A.C. (1990) J. Cell Biol., 110, 903 -914.

Heintz,N.H., Dailey,P.H. and Heintz,N. (1992) Trends Genet., 8,
376—381.

Heinzel,S.S., Krysan,P.J., Tran,C.T. and Calos,M.P. (1991) Mol. Cell.
Biol., 11, 2263—-2272.

Herndndez,P., Bjerknes,C.A., Lamm,S.S. and Van’t Hof,J. (1988a) Plant
Mol. Biol., 10, 413—-422.

Hemn4ndez,P., Lamm,S.S., Bjerknes,C.A. and Van't Hof,J. (1988b) EMBO
J., 7, 303—-308.

Hidaka,M., Kobayashi,T., Ishimi,Y., Seki,M., Enomoto,T.,
Abdelmonem,M. and Horiuchi,T. (1992) J. Biol. Chem., 267,
5361—5365.

Huberman,J.A. and Riggs,A.D. (1968) J. Mol. Biol., 32, 327—341.

Hyrien,O. and Mechali,M. (1992) Nucleic Acids Res., 20, 1463 —1469.

Ingle,I., Timmis,I.N. and Sinclair,J. (1975) Plant Physiol., 55, 496—501.

Inokuchi,K., Nakayama,A. and Hishinuma,F. (1988) Nucleic Acids Res.,
16, 6693 —6711.

Kobayashi, T., Hidaka,M., Nishizawa,M. and Horiuchi,T. (1992) Mol. Gen.
Genet., 233, 355-362.

Koepsel,LR.R. and Khan,S.A. (1986) Science, 233, 1316—1318.

Koo,H.-S., Wu,H.-M. and Crothers,D.M. (1986) Nature, 320, 501 —506.

Kraszewska,E.K., Bjerknes,C.A., Lamm,S.S. and Van’t Hof,J. (1985) Plant
Mol. Biol., 5, 353—-361.

Krimer,D.B. and Van’t Hof,J. (1983) Proc. Natl. Acad. Sci. USA, 80,
1933-1937.

Krysan,P.J. and Calos,M.P. (1991) Mol. Cell. Biol., 11, 1464—1472.

Kuempel,P.L., Pelletier,A.J. and Hill, T.M. (1989) Cell, 59, 581—583.

Lee,E.H. and Kornberg,A. (1992) J. Biol. Chem., 267, 8778 —8784.

Linskens, M.H.K. and Huberman,J.A. (1988) Mol. Cell. Biol., 8,
4927—-4935.

Mahbubani,H.M., Paull,T., Elder,J.K. and Blow,J.J. (1992) Nucleic Acids
Res., 20, 1457—1462.

Marahrens,Y. and Stillman,B. (1992) Science, 255, 817—823.

Martin-Parras,L., Herndndez,P., Martinez-Robles,M.L. and
Schvartzman,J.B. (1991) J. Mol. Biol., 220, 843 —853.

Martin-Parras,L., Herndndez,P., Martinez-Robles,M.L. and
Schvartzman,J.B. (1992) J. Biol. Chem., 267, 22496 —22505.

McAllister,C.F. and Achberger,E.C. (1989) J. Biol. Chem., 264,
10451 —10456.

McKnight,S.L., Bustin,M. and Miller,0.L. (1978) Cold Spring Harbor
Symp. Quant. Biol., 42, 741 —-754.

Mizuno,T. (1987) Nucleic Acids Res., 15, 6827 —6841.

Mukherjee,S., Patel,I. and Bastia,D. (1985) Cell, 43, 189—197.

Natale,D.A. Schubert,A.E. and Kowalski,D. (1992) Proc. Natl. Acad. Sci.
USA, 89, 2654 —2658.

Palzkill, T.G. and Newlon,G.S. (1988) Cell, 53, 441—450.

Pfleiderer,C., Smid,A., Bartsch,I. and Grummt,I. (1990) Nucleic Acids Res. ,
18, 4727-4736.

Piller,K.J., Baerson,S.R., Polans,N.O. and Kaufman,L.S. (1990) Nucleic
Acids Res., 18, 3135—-3145.

Saffer,L.D. and Miller,O.L. (1986) Mol. Cell. Biol., 6, 1148—1157.

Sanger,F., Nicklen,S. and Coulson,A.R. (1977) Proc. Natl. Acad. Sci. USA,
74, 5463 —5467.

Schroth,G.P., Siino,J.S., Cooney,C.A., Th'ngJ.P.H., Ho,P.S. and
Bradbury,E.M. (1992) J. Biol. Chem., 267, 9958 —9964.

Schvartzman,J.B., Chenet,B., Bjerknes,C. and Van’t Hof,J. (1981) Biochim.
Biophys. Acta, 653, 185—192.

Schvartzman,J.B., Krimer,D.B. and Van’t Hof,J. (1984) Exp. Cell. Res.,
150, 379-389.

Schvartzman,J.B., Adolph,S., Martin-Parras,L. and Schildkraut,C.L. (1990)
Mol. Cell. Biol., 10, 3078 —3086.

Shinomiya,T. and Ina,S. (1991) Nucleic Acids Res., 19, 3935—-3941.

Shuey,D.J. and Parker,C.S. (1986) Nature, 323, 459—461.

Skryabin,K.G., Eldarov,M.A., Larionov,V.L., Bayev,A.A., Klootwijk,J.,
De Regt,V.C.H.F., Veldman,G.M., Planta,R.J., Georgiev,0.1. and
Hadjiolov,A.A. (1984) Nucleic Acids Res., 12, 2955—2968.

Snyder,M., Buchman,A.R. and Davis,R.W. (1986) Nature, 324, 87 —89.

Stellwagen,N.C. (1983) Biochemistry, 22, 6186—6193.

Stenzel, T.T., Patel,P. and Bastia,D. (1987) Cell, 49, 709-717.

Stinchcomb,D.T., Thomas,M., Kelly,J., Selker,E. and Davis,R.W. (1980)
Proc. Natl. Acad. Sci. USA, 77, 4559—4563.

Valenzuela,M.S. (1990) Mol. Gen. Genet., 220, 361 —365.

van der Sande,C.A.F.M., Kulkens,T., Kramer,A.B., de Wijs,L.J., van
Heerikhuizen,H., Klootwijk,J. and Planta,R.J. (1989) Nucleic Acids Res. ,
17, 9127-9146.



Van’t Hof,J. and Lamm,S.S. (1991) EMBO J., 10, 1949 —1953.

Vassilev,L.T., Burhans,W.C. and DePamphilis,M.L. (1990) Mol. Cell.
Biol., 10, 4685—4689.

Vogt,V.M. and Braun,R. (1977) Eur. J. Biochem., 80, 557—566.

Walmsley,R.M., Johnston,L.H., Williamson,D.H. and Oliver,S.G. (1984)
Mol. Gen. Gener., 195, 260—266.

Williams,J.S., Eckdahl,T.T. and Anderson,J.N. (1988) Mol. Cell. Biol.,
8, 2763 -2769.

Wu,H.-M. and Crothers,D.M. (1984) Nature, 308, 509—513.

Zahn K. and Blattner,F.R. (1987) Science, 236, 416—422.

Zeigler,D.R. and Dean,D.H. (1990) Genetics, 125, 703 —708.

Received on December 4, 1992; revised on January 18, 1993

Note added in proof

The nucleotide sequence data reported here have been deposited in the
EMBL/GenBank/DDBJ sequence data libraries under the accession number
X70806.

Replication of eukaryotic rRNA genes

1485



