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Every unit of the rRNA gene cluster of Saccharomyces cerevisiae contains a unique site, termed the replication
fork barrier (RFB), where progressing replication forks are stalled in a polar manner. In this work, we
determined the positions of the nascent strands at the RFB at nucleotide resolution. Within an Hpal-HindIII
fragment essential for the RFB, a major and two closely spaced minor arrest sites were found. In the majority
of molecules, the stalled lagging strand was completely processed and the discontinuously synthesized nascent
lagging strand was extended three bases farther than the continuously synthesized leading strand. A model
explaining these findings is presented. Our analysis included for the first time the use of T4 endonuclease VII,
an enzyme recognizing branched DNA molecules. This enzyme cleaved predominantly in the newly synthesized
homologous arms, thereby specifically releasing the leading arm.

DNA replication is a complex process that can be divided
into three steps: initiation, ongoing replication, and termina-
tion. Whereas extensive work has been done on the first of
these steps, only little is known about the last, even though
hundreds of termination events occur every time the genome
of an eukaryotic organism is replicated. Replication termina-
tion in the chromosomes of Saccharomyces cerevisiae seems to
occur throughout a broad region, whenever two converging
replication forks meet, rather than at specific sites (4, 30). An
exception to this rule is represented by the specific replication
termination site at the 3’ end of the rRNA transcription unit,
the replication fork barrier (RFB). The RFB was originally
found in the yeast S. cerevisiae (5, 22) and subsequently ob-
served in many disparate organisms including Schizosaccharo-
myces pombe, frog, mouse, human, and plant (12, 13, 23, 24, 36,
45). Thus, the RFB seems to be a common feature of eukary-
otic rDNA replication (13). The location of the stalled fork at
the RFB in S. cerevisiae was narrowed down to a 129-bp re-
striction fragment defined by a HindIII-Hpal restriction site
(Fig. 1; see also reference 6). Furthermore, the sequences
required for the block seem to reside within this fragment,
even though additional sequences could be necessary to re-
store the full functionality of the RFB (6, 19).

The molecular mechanism of the RFB, however, remains
elusive. It has been demonstrated that transcription elongation
is not a prerequisite for a functional RFB, since the blockage
was observed in a strain lacking RNA polymerase I (6). How-
ever, in this yeast strain even nucleosome-free enhancers have
been detected which can have RFB activity (9). Moreover,
sequences close to the 3’ end of the 35S rRNA gene (rDNA)
retained their blocking ability when inserted into extrachromo-
somal plasmids lacking the transcription unit (6, 19). On the
other hand, these sequences did not impede replication fork
movement on a plasmid in Escherichia coli, excluding possible
structures inherent in the DNA sequence. This finding led to
the suggestion that a specific protein binds to the RFB se-
quence, impeding the movement of the replication fork (6).

An attractive candidate for such a protein has been reported
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by Kobayashi and Horiuchi (20). Mutations in a protein
termed Fobl were shown to be responsible for HOT1 (hot spot
of recombination) and RFB defects (20). In this context it is
noteworthy that fob! mutants, in which replication of the
rDNA is bidirectional, do not show any obvious growth defects
(20). Further investigations have revealed that Fob1 is involved
in the expansion and contraction of the rDNA repeats (18).
The elimination of Fobl1 extends the life span of yeast mother
cells by slowing down the generation of circular extrachromo-
somal rDNA circles (ERCs) (10), which in turn have been
shown to be a cause for aging in yeast (39). The stalled repli-
cation fork at the RFB seems to be a central intermediate in
the processes of replication termination and recombination in
the rDNA repeats. Therefore, we strove to investigate the
molecular structure of the stalled replication fork. We found
that the architecture of the stalled replication fork is strikingly
different from the current model derived from progressing
replication forks. The stalled replication fork exposes hardly
any single-stranded DNA (ssDNA) and surprisingly, the nas-
cent lagging strand is extended 3 bp farther than the nascent
leading strand.

MATERIALS AND METHODS

Strains and culture conditions. S. cerevisiae Al (MATa ade2-101 ura3-52
his3A200 lys2-801 Abarl::LYS2) was used for all but one set of experiments, for
which S. cerevisiae FTY23 (MATo ura3-52 his3-1 gal2gallOtrpl URA3/YRpTRU
RAP) (43) was used to confirm the position of the arrested lagging strand at the
RFB. Yeast cells, grown in complex medium (38) at 30°C to a density of about
6 X 10° cells/ml, were used as a source for rDNA isolation.

rDNA isolation and purification of replicative intermediates (RIs) by prepar-
ative 2D gel electrophoresis. Chromosomal DNA of the early-log-phase yeast
cells was isolated (46) using conditions where RNA-DNA hybrids should remain
intact, and the rDNA was enriched on CsCl gradients as described elsewhere
(25). The enriched rDNA was digested with Bg/II (Axon Lab) and subjected to
neutral/neutral two-dimensional (2D) agarose gel electrophoresis as described by
Brewer and Fangman (5), with some modifications. Per slot, about 10 g of the
purified rDNA was loaded onto a 0.5% agarose gel (type II-EEO; Sigma) and
run at 1 V/em for 16 h in the first dimension. The second dimension was run in
1% low-gelling-temperature agarose (SeaPlaque; FMC) at 4 V/em for 8 h. A gel
slice was cut out at the position of the apex of the Y arc. Another gel slice was
cut out at the position of the monomers. The DNA was recovered by digesting
the agarose with AgarACE enzyme (Promega). In a 1.5-ml tube, a 250-mg gel
slice was heated at 72°C for 5 min and cooled to 42°C, and then 0.5 U of agarase
was added. The sample was further incubated at 42°C for 4 h, and the DNA was
recovered by subsequent ethanol precipitation, with X phage DNA added as
carrier. Approximately 200 to 400 pg of intact replication forks were usually
obtained per 2D gel.
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FIG. 1. Purification of replication forks stalled at the RFB by preparative 2D
gel electrophoresis. (A) Structural organization and restriction map of an rDNA
repeat unit (9.137 kb) of S. cerevisiae. Indicated are the 35S precursor, the 5S
rRNA coding region (filled boxes), the ribosomal spacer region (thin line), the
autonomously replicating sequence (ARS) element (open box), and the RFB
(dotted box). The positions of relevant restriction sites are shown (numbers in
brackets [40]). (B) Expected migration behavior of BgllI-digested replicating
rDNA (only the 4,577-bp fragment encompassing the RFB is depicted). (C)
Southern blot analysis of Bg/lI-digested rDNA separated on a 2D gel and hy-
bridized to probe a (Fig. 2A). (D) Southern blot of a 2D gel used for purification
of RIs stalled at the RFB (arrow 1) and linear monomers (arrow 2). Note that the
gels shown in panels C and D were run in parallel. (E) Southern blot analysis of
eluted RIs (lane 1) and linear monomers (lane 2). The rDNA fragments used as
size markers (M) are shown.

Restriction enzyme, RNase H, and endo VII digests. Restriction digests were
carried out in the conditions recommended by the supplier. All restriction en-
zymes were purchased from Axon Lab except for Snal (isoschizomer Bst10771),
which was from MBI Fermentas. RNase H (MBI Fermentas) digestion of 1 pg
of DNA (RIs plus carrier DNA) was performed for 30 min at 37°C in a total
volume of 50 pl of restriction buffer (20 mM Tris-HCI [pH 7.8], 40 mM KClI, 8
mM MgCl,, 1 mM dithiothreitol) including 4 U of enzyme. Endonuclease VII
(endo VII) digestion of 1 wg of DNA (RIs plus carrier DNA) was performed for
30 min at 37°C in a total volume of 50 pl of endo VII buffer (50 mM Tris [pH

MoL. CELL. BIOL.

8], 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol, 100 pg/ml of bovine serum
albumin per ml) with various units of endo VII (a gift of B. Kemper).

Agarose gel electrophoresis and Southern transfer. Agarose gel electrophore-
sis was carried out in 1% agarose at 2 V/cm without ethidium bromide. The gels
were alkaline transferred onto a Biodyne B membrane (Pall) and hybridized as
described in reference 26. As hybridization probes, two PCR-amplified rDNA
fragment (probe a, nucleotides [nt] 101 to 1088; probe b, nt 101 to 366 [see Fig.
2A]) and the 4,577-bp Bg/II rDNA fragment encompassing the RFB, previously
subcloned into a pUCIS8 vector, were used. The probes were labeled with
[«-*?P]dCTP (3,000 Ci/mmol; Amersham) using a random prime oligolabeling
kit (Pharmacia) according to the manufacturer’s instructions.

Primer extension. All primers were purchased from Mycrosynth. The se-
quences of the primers annealing to the top strand (parental leading and nascent
lagging strands of the RIs stalled at the RFB) are as follows: primer 580,
5'-GGAACTTGCCATCATCATTC-3" (nt 580 to 561); primer 483, 5'-CTCTT
ACATCTTTCTTGGTA-3' (nt 483 to 464). The sequence for primer 256, an-
nealing to the bottom strand (parental lagging strand of RIs), is 5'-GATGGG
TTGAAAGAGAAGG-3' (nt 256 to 274). Primer end labeling and the primer
extension reaction using Tag DNA polymerase (Perkin-Elmer Cetus) or Vent
(exo—) DNA polymerase (New England Biolabs) were carried out as described
previously (43), using 30 amplification cycles consisting of three steps: 94°C for
45 s, 55°C for 4 min, 72°C for 3 min. The DNA was precipitated by 0.1 volumes
of 3 M sodium acetate and 4 volumes of ethanol. The primer extension products
were fractionated on 6% polyacrylamide gel containing 50% urea and 1X Tris-
borate-EDTA (35). Dideoxy sequencing (37) was carried out with CsCl-purified
rDNA as the template using the same oligonucleotide as in the corresponding
primer extension reactions.

Analysis of the nascent leading strand. 2D gel-purified RIs and monomers
were digested to completion with Bst10771 (i-Snal), the enzyme was removed
with Strataclean (Stratagene), and the DNA was fractionated on a 6% sequenc-
ing gel containing 50% urea and 1X Tris-borate-EDTA. After polyacrylamide
gel electrophoresis (PAGE), the DNA was transferred onto a nylon membrane
by semidry electrophoresis (Bio-Rad) according to the instructions of the man-
ufacturer. Finally, the membrane was sequentially hybridized with a strand-
specific probe recognizing the nascent leading strand (and the parental lagging
strand) of the RIs and one recognizing the nascent lagging strand (and the
parental leading strand). The strand-specific probes were prepared by primer
extension of a 248-bp PCR fragment (nt 418 to 666; amplified from rDNA with
the primers denoted below) in the presence of [a->?P]dCTP according to the
protocol of Ruven et al. (34), using either primer 418 (5'-CAGGACATGCCT
TTGATATGA-3'; nt 418 to 438) or primer 666 (5'-TACATGTATATATTGC
ACTGG-3'; nt 666 to 646). Strand specificity of the probes was checked by
hybridization to an rDNA restriction fragment (Hpal/BstAl) with one end blunt
and the other 5 bp overhanging, which had been fractionated on a sequencing
gel.

RESULTS

Isolation of RIs stalled at the RFB. We wished to explore
the nature of the stalled forks at the RFB as precisely as
possible. In a first step, we sought to map the positions of the
nascent strands at nucleotide resolution. Hence, an important
prerequisite for our study was the availability of highly purified
RIs containing replication forks stalled at the RFB. The
method we chose was preparative neutral/neutral 2D gels (25).
In a first dimension, the DNA molecules are subjected to a
neutral agarose gel electrophoresis under conditions that pre-
dominantly separate DNA molecules according to mass. Sub-
sequently, the molecules are run at a 90° angle in another
neutral agarose gel under conditions that separate DNA mol-
ecules mainly according to shape (5). As a result, linear mol-
ecules migrate along a diagonal, whereas RIs are retarded and
migrate in specific, predictable patterns above the diagonal of
the linear molecules. By digesting replicating rDNA with a
restriction enzyme that cuts twice in the rDNA repeat, with
one cutting site located close to the rDNA autonomous repli-
cation sequence element, mainly Y-shaped RIs will be gener-
ated. Such RIs migrate along an arc (the Y arc) as schemati-
cally depicted in Fig. 1B. If a particular RI accumulates
because it occurs at replication pausing sites or replication fork
barriers, a spot at its corresponding position on the otherwise
smooth arc will appear.

rDNA enriched by cesium chloride density gradient centrif-
ugation was digested with the restriction enzyme Bg/Il, which
cleaves twice in the rDNA repeating unit and gives rise to two
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FIG. 2. Hpal restriction analysis of replication forks stalled at the RFB. (A)
Linear products that would result from branch migration at the stalled replica-
tion fork and the expected molecule sizes. Locations of the RFB (arrow) and the
restriction cutting sites are indicated. (B) Schematic representation of possible
products after redigestion of an RFB containing an EcoRI-Sphl fragment with
Hpal. Indicated are the probes (black bars) used to detect the Hpal-Sphl (1,085
bp) and EcoRI-Hpal (317 bp) fragments (a) or EcoRI-Hpal fragment alone (b).
The HindIII and Hpal cleavage sites (dashed lines) are shown. Depending on the
restriction products, the RFB could be localized either (i) between the HindIII
and Hpal sites, (i) between the HindIIl and Hpal sites but with one of the
daughter strands (most likely the lagging strand) containing a stretch of ssDNA,
(iii) to the right of the Hpal site, or (iv) farther to the right of the Hpal site. (C)
Southern blot analysis of the restriction products using a probe matching to the
EcoRI-Sphl fragment (lanes 1 to 4) or to the EcoRI-Hpal fragment (lanes 5 to
8). RI and monomers were either mock treated (lanes 1, 4, 5, and 8) or Hpal
digested (lanes 2, 3, 6, and 7). Bands interpreted as replication forks located to
the right of the Hpal restriction site (arrow) and RIs that possibly were not cut
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fragments of equal length (Fig. 1A). The RFB, located in the
center of one of these fragments, leads to an accumulated
Y-shaped RI with three arms of almost equal lengths migrating
at the apex of the Y arc (intense spot in Fig. 1C). In order to
isolate replication forks stalled at the RFB, a gel slice at the
position of the intense spot at the apex of the Y arc was cut out
of the 2D gel (Fig. 1D). A second gel segment was cut out at
the position where nonreplicating linear Bg/II fragments run
(in this study referred to as the monomers; 1n in Fig. 1B).
Subsequently the DNA was recovered from the agarose slice.
Closer inspection of an aliquot of the 2D gel-purified RIs
revealed that the purified DNA invariably consisted of three
populations with different electrophoretic mobilities (Fig. 1E).
The major product with the slowest mobility represents intact
replication forks stalled at the RFB, as judged by its electro-
phoretic mobility and because it is sensitive to T4 endo VII
(see below). One of the two other products shows the same
migration as does linear monomer DNA, and the third product
migrates at a position expected for one of the three arms of the
RI. We therefore assume that the two lower bands represent
breakdown products of replication forks, most likely resulting
from shear breakage at the fork junction rather than branch
migration (Fig. 2A; see below).

It has been shown that exclusively leftward-moving forks are
arrested at the RFB (5, 22, 25). Therefore, we expected the
isolated RIs to consist mainly of stalled replication forks that
had traveled leftward. However, replication is initiated in only
one of out of five or more rDNA repeating units (5, 22, 42).
The other units are replicated by rightward-moving replica-
tion forks. Consequently, the position of the RFB spot on the
2D gel is overlapped by a part of the Y arc that consists of
rightward-moving replication forks. Such forks are inevitably
copurified with the leftward-moving forks because of their sim-
ilarities in mass and shape. To assess the fraction of rightward-
moving replication forks present in the 2D-gel-purified DNA,
we redigested the purified DNA with Nhel, which cuts 460 bp
upstream of the HindIII-Hpal fragment. As a result, rightward-
moving replication forks that are cut in the newly synthesized
arms migrate close to the linear restriction fragment, whereas
leftward-moving forks, having an almost doubled mass, mi-
grate substantially more slowly. Southern blot analysis of Nhel-
digested, gel-isolated RlIs revealed that less than 5% of the
purified RIs consisted of rightward-moving replication forks
(data not shown). These forks should not interfere with sub-
sequent analyses.

Analysis of the isolated RIs with the restriction enzyme
Hpal. As a first step toward high-resolution mapping of the
RFB, we analyzed the purified RIs with a restriction enzyme
cutting close to the arrest site of the stalled replication fork.
The branch point of the replication fork, stalled at the RFB,
has been mapped to a position in the vicinity of the Hpal
restriction site (6, 19, 25). Theoretically, digestion of RIs with
Hpal could give four different results depending on where the
branch point of the fork was located with respect to the Hpal
restriction site (schematically depicted in Fig. 2B). A combi-
nation of these results is also conceivable, because the repli-
cation forks stalled at the RFB may not be homogenous in the
position of the branch point. First, the replication fork could be
blocked between the HindIIl and Hpal sites, resulting in both

in the lagging strand (asterisks) are indicated. The size markers (M) were derived
from hybridization of probe a to rDNA restriction fragments (EcoRI/Hpal, 0.3
and 2.1 kb; EcoRI/AIwNI, 1.0 kb). Note that in lane 1, even after overexposure
of the autoradiograph, only traces of fragments of about 1 kb were detectable
(for details see text).
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FIG. 3. Mapping of the lagging strand arrest site at the RFB by primer
extension. (A) Illustration of the strategy for mapping the lagging strand arrest
site by primer extension using primer 580 (see text for details). (B) PAGE
separation of primer extension products. Either RIs (RFB; lanes 1 to 3, 7, and 8)
or monomers (M; lanes 4 to 6) were used as templates. Prior to the primer
extension, the Bg/lI-digested template DNA was either treated with Hpal (H;
lanes 1 and 4), mock treated (lanes 2 and 5), or treated with RNase H (R; lanes
3 and 6). Primer extension was done using 7Taq (lanes 1 to 6 and 8) and Vent
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leading and lagging strands being but by Hpal (Fig. 2B, sketch
1). Second, the Hpal site could be located in a stretch of
ssDNA on the lagging strand. In this case, Hpal would cut only
the leading strand (Fig. 2B, sketch 2). Third, the approaching
replication fork could be blocked just a few base pairs before
reaching the Hpal restriction site. The cleaved RIs would
break down into linear DNA molecules if the double-stranded
region sealing the two arms was short enough (Fig. 2B, sketch
3). Fourth, the replication fork could be stalled before it
reaches the Hpal restriction site (Fig. 2B, sketch 4).

2D gel-purified RIs containing arrested replication forks
and, as a control, similarly purified monomers, were first di-
gested with EcoRI and Sphl. Subsequently, aliquots of the RIs
as well as the monomers were digested with Hpal and analyzed
by Southern blotting (Fig. 2C). Inspection of the EcoRI-Sphl-
cut RIs clearly revealed that the isolated material contained
not only RIs (slow-migrating band in lane 1) but also a mono-
mer contamination (prominent faster-migrating band in lanes
1 and 4) that accounts for about 60% of the material (compare
the relative intensities of both bands in lane 5). This monomer
contamination is probably due to overloading of the 2D gel
with monomers. If the monomers arose from branch migration
that occurred during the digestion or isolation of the RIs, the
extruded nascent strands would give rise to an additional band
of about 1.0 kb (Fig. 2A). However, in lane 1 only a very faint
band close to the detection level is found at this position, and
it might even represent breakdown products of RIs.

Digestion of the RIs stalled at the RFB with Hpal gives rise
to four bands. Two of them appear in the digest of the mono-
mers (compare lanes 2 and 3 in Fig. 2C). The two more rapidly
migrating products can be explained assuming that the RIs are
digested as depicted in sketch 3 of Fig. 2B. Therefore, the
location of the branch point of the replication fork must be in
the vicinity of the Hpal restriction site.

About 15% of the digested RIs gave rise to a retarded band
which cannot be detected by a probe hybridizing to the left of
the Hpal site (Fig. 2C, compare lanes 2 and 6). This band can
be explained only with replication forks stalled to the right of
the Hpal site (Fig. 2B, sketch 4). A very faint signal (less than
5% of the total signal for the RIs stalled at the RFB) appeared
at the mobility of the linear molecules. This signal was also
detected by the probe hybridizing to the left of the Hpal site
and could be explained by the presence of a single-stranded
stretch over the Hpal site on the lagging strand of the replica-
tion fork (Fig. 2B, sketch 2). Taken together, the Hpal digest
data indicate that the majority of the 2D-gel-purified RIs con-
sists of a replication fork blocked close to the Hpal restriction
site and that on the lagging strand there are only very few
stretches of ssDNA that overlap the Hpal restriction site. A
minority of the RIs, however, consist of forks that are located
to the right of the Hpal restriction site.

The nascent lagging strand is blocked at position 418 (first
base of the Hpal restriction site) and at two additional minor
sites located toward the HindIII site. To obtain a higher res-
olution, we carried out a primer extension-based assay. The
experimental strategy of this assay is shown in Fig. 3A. A
5’-end-labeled primer is annealed to the replicated branches of
the RIs. Subsequently, in a linear amplification reaction using

(exo-) lane 7) polymerases. Indicated are the major block site (filled circle), the
minor block sites (filled squares) for the polymerase extension reaction, and the
DNA sequence of the template strand (lanes A, G, C, and T). (C) Enlargement
and shorter exposure of a part of the sequencing gel as shown in panel B. Note
that the distances from primer 580 to the Bg/II and Hpal sites are 2,543 and 167
bp, respectively (not indicated).
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Taq polymerase, the primer is extended to the 5" end of the
nascent lagging and the 5" end of the parental leading strand.
The denatured primer extension products are finally fraction-
ated on a sequencing gel. Note that the result consists always of
a composite pattern of the two template strands read by the
Taq polymerase. Therefore, a primer extension of the isolated
nonreplicating monomers is always run in parallel as a control.
Consequently, primer extension products that are observed
only in reactions with RlIs as templates can be assigned to the
nascent lagging strand. Since RlIs of replication forks stalled at
the RFB are long-lived molecules in comparison to RIs of
moving forks, we expected the majority of the Okazaki frag-
ments on the lagging strand to be processed and ligated.
Therefore, the mapped position of the 5" end of the lagging
strand should coincide with the point of arrest of the lagging
strand at the RFB.

BgllI-digested, 2D-gel-isolated RIs and monomers were
used as templates for the extension of primer 580 (see Mate-
rials and Methods). The extension products were subsequently
fractionated on a sequencing gel (Fig. 3B, lanes 2 and 5). As an
internal control, aliquots of the RIs and monomers were di-
gested with Hpal prior to the primer extension (Fig. 3B, lanes
1 and 4). Primer extension of RlIs gives rise to a set of bands
that do not appear in the primer extension of the monomer
(Fig. 3B, compare lanes 2 and 5). The most prominent of these
bands denotes the major lagging strand block site of the stalled
fork at the RFB. As expected from the results of the Hpal
digest presented in Fig. 2, the block site maps very closely to
the Hpal restriction site, namely, to the G at position 418, the
first base of the Hpal recognition sequence (compare lanes 1
and 2 in Fig. 3B or, for a lower exposure, in Fig. 3C). Inter-
estingly, the restriction enzyme Hpal is still able to cut the RIs,
despite the close vicinity of the replication fork. There are a
number of shorter primer extension products below the signal
of the major stop. These signals, which account for about 20 to
30% of the total signal from the nascent lagging strand as
quantified by a Phospholmager, could be due to approaching
replication forks that have not yet reached the main stop. This
notion is supported by the Hpal digest of RlIs (Fig. 2), where
about 10 to 20% of the RIs seem to consist of forks that have
not yet reached the Hpal site. An alternative explanation for
these minor bands would be that they result from Okazaki
fragments not yet fully processed.

There are two additional signals toward the HindIII site
present in primer extension reaction of RlIs at positions 330 to
340 (Fig. 3B, lane 2). These signals probably derive from two
minor stop sites that have already been observed by Brewer et
al. (6). Primer extension with primer 483 annealing 97 bp
farther downstream than primer 561 (see Materials and Meth-

FIG. 4. Mapping of the leading strand arrest site by Southern blot analysis.
(A) Restriction map showing the 757-bp Snal fragment encompassing the RFB.
A replication fork stalled at the RFB and the corresponding monomer are shown
below. Strand-specific probes used to detect the leading (black bar) and lagging
(grey bar) strands are indicated. (B) Southern blot analysis of RlIs separated by
PAGE. After electrophoresis, the gel was cut into similar-size upper and lower
parts and electroblotted onto a nylon membrane. The membrane was sequen-
tially hybridized with a strand-specific probe detecting the nascent lagging strand
(lanes 1 to 3) and with a strand-specific probe detecting the nascent leading
strand (lanes 4 to 6). Indicated are monomers (M), Hpal-digested monomers
(M/H), the RFB (R), bands corresponding to the Hpal/Snal and Snal/Snal
restriction fragments (arrows), the major (circles) and minor (squares) block
sites for the leading and lagging strands, and bands detected only with the probe
specific for the nascent leading strand (asterisks). To the left, the DNA sequence
of a size marker (lanes A, G, C, and T; generated by primer extension of primer
256) is shown. Note that the fragments of the restriction digests and the shown
DNA sequences cannot be directly aligned. (C) Enlargement of the major block
site of the lagging and leading strands.
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ods) confirmed this mapping (data not shown). The same re-
sults were also obtained using yeast strain FTY23 (43) instead
of Al (data not shown). We therefore conclude that the posi-
tion of the block that we mapped is not strain dependent.

The stalled nascent lagging strand at the RFB is devoid of
the RNA primer. Next, we wished to find out whether we
mapped the 5’ position of the last RNA primer on the lagging
strand, or whether the RNA primer had already been pro-
cessed at the stalled replication fork. Tag polymerase is known
to possess a weak reverse transcriptase activity (31). For this
purpose, prior to the primer extension reaction we digested an
aliquot of the RIs with RNase H, which specifically digests
RNA in DNA-RNA hybrid. The resulting primer extension
products were identical to those obtained when untreated RIs
were used as templates (Fig. 3B, compare lanes 2 and 3). This
result indicates that we mapped the 5" DNA end of the nascent
lagging strand. However, since we do not have a positive con-
trol for the RNase H, we performed an additional primer
extension using another thermostable DNA polymerase, the
Vent (exo-) polymerase, and compared the products with the
ones of the Tag polymerase. The Vent (exo-) polymerase is
known to be unable to use RNA as a template and therefore
reads only to the DNA-RNA junction of an RI (3). Both DNA
polymerases gave rise to virtually identical primer extension
products, except that the product of the major stop site seems
to be one base shorter when elongated with Vent (exo-) poly-
merase (Fig. 3D). However, this difference results most likely
from the terminal transferase activity of the Taq polymerase,
which is much weaker in the case of the Vent (exo-) polymer-
ase (31). If the Taq polymerase were extended until the 5" end
of the last RNA primer, the product would be approximately
10 bp longer than the one of the Vent (exo-) polymerase,
because the average length of an RNA primer used for initi-
ation of Okazaki fragment synthesis in eukaryotes has shown
to be about 10 bp (7). Clearly, we have not mapped the 5’ end
of such an RNA primer. If we assume that the RNA primers
were partially degraded during DNA isolation, a reverse tran-
scriptase activity of the Taq polymerase should lead to two
populations of extension products arising from templates with
and without an RNA primer. Although only one population of
products was found, we cannot rule out the possibility that the
RNA primer is present but not detectable in our assay. The
Tagq polymerase could have stopped at the DNA-RNA junction
on the nascent lagging strand. However, in this case the RNA
primer would extend over the Hpal restriction site, making
cleavage of the lagging strand by Hpal impossible. The results
of the Hpal digestion shown in Fig. 2 clearly contradict such
assumptions. Therefore, we conclude that the Okazaki frag-
ments on the lagging strand of the replication fork stalled at
the RFB are fully processed and the last RNA primer is re-
moved after the replication fork has reached the RFB.

The nascent leading strand and the nascent lagging strand
are stalled at positions very close to each other. Since the
elongation point of the nascent leading strand cannot be
mapped by primer extension, we had to devise another method
to map the arrest site of the leading strand. Therefore, we
decided to use an assay loosely related to an indirect end-
labeling assay. First, the purified RIs blocked at the RFB were
digested with Snal, which generates a 757-bp DNA fragment
encompassing the RFB. The fragments were then fractionated
on a denaturing 6% acrylamide—7 M urea gel and subsequently
electrotransferred onto a nylon membrane. Finally, the mem-
brane was hybridized with a strand-specific probe close to the
Snal restriction site (Fig. 4A). A probe specific for the top
strand will detect the parental leading as well as the nascent
lagging strand, a probe specific for the bottom strand, the
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parental lagging strand, and the nascent leading strand. The
signals for the parental strands will be detected at the position
of 757 bp; the nascent strands will be shorter. Therefore, the
precise location(s) of the nascent strands can be deduced from
their size. To identify potentially interfering bands from nicked
DNA, nonreplicating, Snal-cut DNA was run in parallel as a
control.

Figure 4B shows a Southern blot with nucleotide resolution
of Snal-digested replication forks stalled at the RFB that were
fractionated on a sequencing gel. The membrane was first
hybridized with a probe specific for the top strand (lanes 1 to
3). The membrane was subsequently stripped and rehybridized
with a probe specific for the bottom strand (lanes 4 to 6). As a
background control, nonreplicating monomers were treated
exactly like the RIs and run in parallel (Fig. 4B, lanes 2 and 5).
Additionally, Hpal-digested monomers were run on the same
gel as an internal size marker (Fig. 4B, lanes 1 and 4). As
expected, using the strand-specific probe for the nascent lag-
ging strand, we detected the major arrest site of the stalled
replication fork at position 418 and the two minor arrest sites
toward the HindlIII site (Fig. 4B). These results are in good
agreement with the mapping of the blocked replication fork at
the RFB by primer extension.

The probe specific for nascent leading strand shows a major
arrest site in the vicinity of the Hpal restriction site, very close
to the position of the lagging strand block site. Unexpectedly,
the major arrest site of the leading strand is located three bases
downstream of the lagging strand, at position 421; there are
also at least two minor arrest sites, mapping to positions close
to those of the minor lagging strand blocks. However, two
more bands appear at positions at which no corresponding
bands for the lagging strand are present (Fig. 4B). The upper
band corresponds to a position outside of the Hpal-HindIII
fragment and is therefore unlikely to be the product of a stalled
replication fork at the RFB. However, the faster-migrating
band could be interpreted as the product resulting from an
additional arrest site of the leading strand. The corresponding
nascent lagging strand could be blocked at position 418 bp,
thereby exposing a 85-bp stretch of ssDNA, or it could be
blocked at one of the minor arrest sites. In the first case, a
fraction of the replication forks stalled at the RFB would
expose a stretch of ssDNA, which contradicts the results of the
Hpal analysis of the RIs presented in Fig. 2.

We conclude from these data that the majority of the leading
and lagging strands of the stalled replication fork at the RFB
are extended to very similar positions, with the nascent lagging
strand being three bases ahead of the nascent leading strand
(Fig. 5).

T4 endonuclease VII discriminates between the leading and
lagging strands. There are a number of DNA-modifying en-
zymes specific for branched DNA molecules (for reviews, see
references 16 and 44). Such enzymes could be useful tools to
characterize and analyze RIs in combination with the primer
extension assay described in this study. T4 endo VII, one of
these enzymes, is exceptional in its ability to use a large num-
ber of branched DNA structures and/or structural perturba-
tions in DNA as substrates (reviewed in reference 16). These
include, among others, three-way junctions (Y structures) such
as occur at the replication fork during DNA replication. Endo
VII has been shown to resolve a variety of synthetically con-
structed Y structures into linear molecules by introducing nicks
3’ to the junction (15, 33). To our knowledge, however, endo
VII cleavage of naturally occurring RIs has not been investi-
gated so far. A major difference between the naturally occur-
ring RIs and the synthetic Y structures are the two homologous
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284

AAGCTTcccgagegigaaaggatttgcceggacagtttg
HindlIl

323

cttcatggagcagttitttccgcaccatcagageggcaaacat
Om Om

366
gagtgcttgtataagtttagagaattgagaaaagctcatttccta

411
taGTTAACaggacatgcctttgatatgaaaaaaaatacta
Hpal e--o
451
cgaactacgatt

FIG. 5. Nucleotide sequence of the template strand containing the
HindlII-Hpal fragment and downstream flanking region. Indicated are the
mapped positions of the major (circles) and minor (squares) blocks found in
nascent lagging strand (filled symbols) and the nascent leading strand (open
symbols) of the stalled replication fork. The minor blocks may not be exactly at
the indicated nucleotide but rather over the region indicated by the bracket.

arms of RlIs, because the synthetic Y structures investigated so
far consisted of three nonhomologous arms.

To resolve RlIs into linear DNA molecules, at least one nick
has to be introduced in the vicinity of the branch point, in
either the parental leading or the parental lagging strand.
These nicks can be detected by primer extension. A primer
annealing to the unreplicated part of a given RI detects the
introduced nicks in the parental lagging strand; one annealing
to the replicated arms detects the nicks in the parental leading
strand (Fig. 3A; see also Fig. 6B and C). Note that the primer
extension products of the parental leading strand will be ac-
companied by the products of the nascent lagging strand.

Bglll-digested, 2D-gel-purified rDNA consisting of about
50% Rls and 50% linear monomers (not shown) was redi-
gested with EcoRI and Sphl (Fig. 6A, lane 1) in order to
produce asymmetrical RIs with a short unreplicated arm and
two long replicated arms (Fig. 6A, diagram). Subsequently, the
RIs and monomers were treated with increasing amounts of
endo VII (Fig. 6A). A 200-U aliquot of endo VII was sufficient
to resolve the Y-shaped RlIs completely (Fig. 6A, lane 4). The
retarded band of the RIs has disappeared completely, giving
rise to two faster-migrating products: one comigrating with the
linear monomers and a shorter product, migrating at the size of
a replicated arm of the RI. This suggests that one of the
replicated arms was released. In short, this experiment indi-
cates that only one of the replicated arms at a time, either the
leading or the lagging arm, is cleaved by endo VII (Fig. 6A,
diagram). However, this experiment does not give us any clue
about which strand is released by endo VII. Does endo VII cut
randomly in the leading and the lagging strand, resulting in
release of 50% leading and 50% lagging strand? Is there a
preference for one of the strands, or does endo VII release
only one strand, thereby cleaving either leading or lagging
strand? To answer these questions, we employed the primer
extension assay using aliquots of the RIs digested with 200 U of
endo VII as templates. First, primer 256 (see Materials and
Methods), which anneals to parental lagging strand in the
unreplicated part of the RIs, was elongated to detect cleavage
in the lagging strand. The primer extension products were
fractionated on a denaturing polyacrylamide gel, and the prod-
ucts of reactions with endo VII treated RIs were compared to
the products of reactions with untreated RIs. No bands indic-
ative of endo VII cleavage in the parental lagging strand were
observed (Fig. 6B, compare lanes 1 and 2). This result strongly
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implies that endo VII degrades the RIs by cutting exclusively in
the parental leading strand.

In a next step, we carried out a primer extension using
primer 580 (see Materials and Methods), which anneals to the
parental leading and nascent lagging strand and therefore de-
tects cuts in both the parental leading and nascent lagging
strands. Figure 6C shows the primer extension products frac-
tionated on a denaturing polyacrylamide gel. In contrast to the
previous primer extension, endo VII treatment gives here rise
to a stretch of bands with similar intensities over 11 nt close to
the Hpal site (lane 2). In untreated RIs (lane 1), six prominent
bands are observed close to the Hpal site. The most slowly
migrating product, corresponding to the major stop of the
lagging strand at the RFB, gives rise to the strongest signal
(better visible on the enlargement of a shorter exposure of the
gel). The mobility of this product indicates that it is one nu-
cleotide longer than the corresponding largest product among
the series from the endo VII treated RlIs, indicating that the
nascent lagging strand was attacked by endo VII. This seems
plausible, because the incisions in the nascent lagging strand
seem to occur over maximally 11 nt and are 3’ to the junction.
Endo VII has been shown to cut over 2 to 6 nt 3’ to the
junction (33). However, the observed signals close to the Hpal
site in endo VII-treated RIs must also be due to cleavage in the
parental leading strand, because this strand is released by endo
VII treatment. Since the nascent leading strand maps to a
position of three nucleotides behind of the branch point, as
shown in this study, incisions 3’ to branch point on the parental
leading strand give rise to products very similar to the ones
from the nascent lagging strand. This is what we actually ob-
serve. Taken together, our data strongly suggest that endo VII
cuts exclusively in the homologous, replicated arms of RIs (as
depicted in Fig. 6D, diagram). As a consequence, the leading
arm of an RI can be selectively removed with the help of endo
VIL

DISCUSSION

By means of preparative 2D gel electrophoresis, we were
able to isolate a population of DNA molecules consisting al-
most exclusively of replication forks stalled at the RFB, and we
have analyzed their structure at nucleotide resolution. Primer
extension analysis of the nascent lagging strand revealed a
major arrest site at position 418 and at least two minor arrest
sites toward the 3’ end of the rDNA transcription unit, at
positions 330 to 340. The Okazaki fragments on the lagging
arm are fully processed, with no RNA primer being attached to
the last Okazaki fragment. An indirect end-labeling assay re-
vealed that the major arrest site of the leading strand is located
at position 421, three bases behind the nascent lagging strand.
Thus, the replication fork stalled at the RFB hardly exposes
any ssDNA on its newly synthesized arms. Finally, by digestion
of the isolated replication forks with endo VII, we were able to
specifically release the leading arm from the RIs. Thus, endo
VII could be a useful tool for the characterization of Rls.

Locations of the arrest sites of the stalled RIs at the RFB.
The location of the RFB has previously been mapped at low
resolution by two independent assays: by 2D gel electrophore-
sis (6, 19) to a 129-bp fragment between the HindIII and Hpal
restriction sites (positions 286 to 415 [Fig. 1]) and by electron
microscopy (EM) (25) to position 376 = 70 bp. Furthermore,
the minimal sequences required for the block of the replication
fork seem to reside within this fragment (6, 19). We mapped
the major arrest point to a position three bases in front of the
Hpal cutting site, overlapping the first nucleotide of its recog-
nition sequence. Even though the block that we mapped is not
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located within the Hpal-HindIII fragment, our result is consis-
tent with the previous mappings. Since the restriction enzyme
Hpal is still able to cut the DNA, the two arms of the stalled
replication will be released and the spot of the accumulated
RIs will disappear on the 2D gel upon Hpal digestion.

Because of its close vicinity to the stalled replication fork at
the RFB, the Hpal digestion provides us with valuable infor-
mation about the structure of the isolated replication forks.
Digestion of the isolated RIs with Hpal resulted in a slower-
migrating product, comprising 10 to 20% of the isolated RlIs.
These products can be explained by the presence of replication
forks located in front of the Hpal restriction site. This notion
was confirmed in the primer extension analysis by the appear-
ance of a series of bands below the major signal of the 5’ end
of the nascent lagging strand. These bands are most likely due
to the approaching replication forks that are just about to
reach the RFB. Alternatively, they could be due to various
minor arrest sites in front of the major arrest at position 418.
However, we favor the first interpretation, because the pres-
ence of such approaching forks in the gel-isolated material is to
be expected considering the low resolution of the 2D gel elec-
trophoresis. The relatively high contribution of 10 to 20% to
the long-lived stalled replication forks at the RFB could be
indicative of a slowing down of the replication forks in front of
the RFB, and the pattern of the primer extension product
could reflect individual Okazaki fragments.

Upon close inspection of the spot arising from the accumu-
lated replication forks stalled at the RFB, Brewer et al. ob-
served a somewhat elongated signal that appeared to consist of
two discrete spots of different intensities (6). The origin prox-
imal spot was more intense and most likely coincides with the
major block that we have detected at position 418. Likewise,
we have observed at least two closely spaced minor block sites,
about 90 bp closer to the HindlIII site than the major arrest site.
The position and intensity of these minor spots strongly sug-
gest that these two stops correspond to the other weaker spot
observed by Brewer et al. (6). Whereas at least two stops are
detected by primer extension, only one will be detected by 2D
gel electrophoresis, because the two arrest sites are too closely
spaced to be resolved. It still remains to be elucidated whether
the major and minor stop sites are alternative arrest sites or
whether a given replication fork is sequentially stalled at the
major and one or both minor stop sites (6). In the first case,
fewer replication forks would be stalled at the minor block
sites, whereas in the second case the replication fork would be
blocked for a shorter period at the minor sites.

The processing of the lagging strand. Primer extension of
the RIs stalled at the RFB gave rise not to a population of
primer extension products distributed over a broad region but
rather to a single predominant product. This finding indicates
that the majority of the replication forks stalled at the RFB are
fully processed. Since the stalled replication forks at the RFB
are long-lived RIs that remain halted at the RFB up to several
minutes (assuming that the speed of the fork movement is
constant and approximately 50 bp/s), there is sufficient time to
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complete the processing of the last Okazaki fragment. In the
simian virus 40 system, the maturation of the Okazaki frag-
ment is known to take about 1 min (11). Furthermore, since
the fusion of two adjacent replicons in the rDNA takes place at
the RFB, it seems that the stalled nascent lagging strand does
not need further modification before the ligation with the
nascent leading strand from the opposite moving fork.

Similar position of the nascent strands at the RFB. A re-
markable feature of the stalled replication fork at the RFB in
S. cerevisiae is its lack of ssDNA on the newly synthesized
lagging arm. Besides the data presented in Fig. 4, there are
three additional lines of evidence suggesting that the stalled
replication fork at the RFB does not expose a significant
stretch of ssDNA on the lagging strand. First, when RIs were
enriched by benzoylated naphthoylated DEAE-cellulose, a
considerable amount of the accumulated RIs from the RFB
eluted together with the nonreplicating, linear DNA molecules
in the salt wash (22). This indicates that the blocked replication
forks at the RFB expose less ssDNA than progressing replica-
tion forks. Second, in a study of the chromatin structure of
replication forks stalled at the RFB by EM, the DNA imme-
diately behind the forks appeared mostly double stranded (25).
Finally, the Hpal digest presented in this study suggests that
the leading strand is not extended beyond the Hpal restriction
site, because in this case Hpal could not cleave in the single-
stranded lagging arm. Together, the position of the RFB (see
Results) and the structure of the arrested forks (absence of
large single-stranded regions) match with the data obtained
from the analysis of in vivo psoralen-cross-linked RIs by EM
(25). Since psoralen-cross-linked DNA should not undergo
transitions in the DNA structure (e.g., branch migration or
strand displacement), we must assume that the basic architec-
ture of the RIs remained unaltered during the isolation pro-
cedure described here.

Another salient feature of the stalled replication fork at the
RFB is the position of the 5 DNA end of the processed
nascent lagging strand, which is located three bases ahead of
the 3’ end of the nascent leading strand. This finding raises
intriguing questions about the molecular mechanism of the
replication fork block at the RFB. We propose a model (Fig. 7)
exploiting the asymmetry of the replication fork to explain this
finding. Contrary to the continuously synthesized nascent lead-
ing strand, the nascent lagging strand is known to be synthe-
sized discontinuously in the direction opposite the replication
fork movement by Okazaki fragments, in eukaryotes of 40 to
300 bp in size (11). These fragments can be synthesized only by
elongation of an initiator DNA (iDNA), consisting of a RNA-
DNA primer generated by the DNA polymerase a (pola)/
primase (29; for a review, see reference 41). The iDNA has an
average length of about 40 bp, of which about 10 bp consists of
RNA. Thus, relative to the 5" end of last primer of the lagging
strand, the nascent leading strand was blocked at least 10 bp
earlier.

Recent advantages in the enzymology of the eukaryotic rep-
lication fork have revealed its basic architecture (for reviews,

FIG. 6. Endo VII digestion and subsequent primer extension analysis of stalled RI. (A) Southern blot analysis of EcoRI- and Sphl-digested RIs plus monomers
(50%/50% ratio; lanes 1 to 4) and monomers alone (lanes 5 to 8) treated with increasing amount of endo VII (0, 10, 50, and 200 U). Probe a (Fig. 2A) was used for
detection. An interpretation of the digestion products is drawn below. The appearance of two digestion products indicates that the leading and/or lagging strand of the
RI was released by endo VII. (B) Primer extension analysis of the parental lagging strand using primer 256. Top, PAGE separation of primer extension products. RIs
(R) or monomers (M) were either treated with endo VII (lanes 2 and 4) or mock treated (lanes 1 and 3). The Hpal-HindIII fragment is depicted to the left. Bottom,
schematic representation of an RI showing the annealing position of the primer as well as the presumed cutting sites of the endo VIIL. Note that the distance from primer
256 to the Sphl site is 1,242 bp (not indicated). (C) Primer extension analysis of the parental leading strand using primer 580. Details are as for panel B. Note that the
distance from primer 580 to the EcoRI site is 676 bp (not indicated). Right, enlargement of a part of the sequencing gel; bottom, annealing positions of the primer
and the presumed cutting sites of endo VII. (D) Schematic representation of the postulated Holliday-like DNA structure for the stalled replication forks at the RFB.
Arrows indicate the potential endo VII cleavage sites. Homologous arms are depicted in grey.
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FIG. 7. Model illustrating the processing of the nascent lagging strand of an
arrested replication fork at the yeast RFB. (1) Schematic drawing of a progress-
ing replication fork. Only a selection of the proteins involved in DNA replication
is depicted. The replicative helicase, moving in 3'-to-5’ direction along the
parental leading strand, promotes DNA unwinding at the replication fork. The
bulk DNA synthesis is carried out by pold/PCNA on the leading and, possibly, on
the lagging strand. In general, the growing point of the leading strand is ahead
of the synthesized nascent lagging strand. The single-stranded stretches on the
parental lagging strand are covered with RP-A, an ssDNA-binding protein (not
depicted). (2) The replication fork is stalled, possibly by a DNA-binding protein
(Fobl1p?). The nascent leading stand comes to a stop. At the same time an
RNA-DNA primer is synthesized on the single-stranded stretch of the parental
lagging strand by the pola/primase complex. Because the helicase moves along
the parental leading strand, the primer is synthesized and processed ahead of the
growing point of the nascent leading strand. (3) The gap to the penultimate
Okazaki fragment is filled. This might be accomplished by the pola/primase
complex or, as depicted here, by the polymerase synthesizing the bulk of the
lagging strand. (4) Removal of the primers and ligation of the nick on the nascent
lagging strand result in an RI where both nascent strands are extended to similar
positions.

see reference 2 and 41). As previously shown, a key enzyme of
the replication process is the replicative helicase, which oper-
ates ahead of the DNA synthesis and promotes the unwinding
of the DNA duplex. The yeast replicative helicase has not yet
unequivocally identified. However, there is evidence suggest-
ing that a complex of three minichromosome maintenance
(MCM) proteins (Mcm4, -6, and -7) functions as a replicative
DNA helicase at the yeast replication fork (1, 14). As depicted
in Fig. 7, the MCM helicase tracks 3’ to 5’ on the DNA, thus
using the parental leading strand as the template strand (14).
Upon encountering the RFB from the nonpermissive direc-
tion, the replication fork will be arrested, possibly by a DNA-
binding protein inhibiting the replicative helicase, similar to
what has been proposed for the bacterial replication arrest at
the Ter sites (17). The lagging arm will expose a stretch of
ssDNA up to the unwinding point, stabilized by an ssDNA-
binding-protein (RP-A), whereas the replicative helicase occu-
pies a part of the unwound parental leading strand. As a result,
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the nascent leading strand will not be extended up to the
unwinding point. The pola/primase complex will prime DNA
synthesis by synthesizing an iDNA on the lagging template
strand, close to the unwinding point and ahead of the 3’ end of
the nascent leading strand. Subsequently, the gap to the pen-
ultimate Okazaki fragment will be filled, either by the pola/
primase complex itself or by the polymerase synthesizing the
bulk of the lagging strand, possibly pold. Finally, the RNA
primer and probably the iDNA will be removed with the help
of a helicase and nucleases (2, 41). If the last Okazaki fragment
is processed by such a mechanism, the lagging strand will be
extended to a position ahead of the leading strand. Whether
the placement of the 5’ end of the DNA ahead of the 3’
growing end of the nascent leading strand, a salient feature of
this model, is a general mechanism of the DNA replication
process or a peculiarity of the replication fork block at the
RFB remains to be determined. This model would also explain
the relatively homogenous placement of the Okazaki frag-
ments giving rise to major signal at position 418.

An alternative model could involve an initial interference
with the synthesis of the leading strand only. This could lead to
an uncoupling of the lagging strand synthesis similar to that
proposed for replication fork bypass of a lesion located on the
leading strand (8). The lagging strand would be elongated
further until it also would be stalled by some replication fork
blocking activity, which could be located at a similar position to
that blocking the nascent leading strand. The salient feature of
this model is two separable blocking activities for the nascent
leading and the nascent lagging strand.

The stalled replication fork, Fobl, and recombination. The
overlapping of sequences essential for replication fork block-
age at the RFB and HOT1-dependent mitotic recombination
suggests a relationship between the two events. This notion was
corroborated by the identification of the FOBI gene, which is
essential for both HOT1 and RFB functions (20). Further-
more, Fobl has been shown to be essential for the expansion
and contraction of the rDNA repeats and plays a role in the
generation of extrachromosomal rDNA circles (10, 18). For
both processes, a model involving the stalled replication fork as
a substrate for a recombination process has been proposed. In
this model, nuclease cleavage of an exposed single-stranded
region results in a double-strand break and subsequent repair
by gene conversion. We have found strikingly little ssDNA
exposed by the stalled replication fork. Whether this has any
functional significance for the relationship between the repli-
cation fork blockage and recombinational events remains to be
determined.

A model which provides a mechanistic link between repli-
cation arrest and homologous recombination has recently been
proposed by Defossez et al. (10). A central intermediate in this
model is a DNA structure resembling a Holliday junction (Fig.
6D) generated by the pairing of the two nascent strands. In
previous work in our group, replication forks stalled at the
RFB, which had been psoralen cross-linked in vivo, were ana-
lyzed by EM (27). From 152 reinspected electromicrographs of
forks stalled at the RFB, only one molecule could be inter-
preted as a Holliday-like structure. This suggests that the an-
nealed nascent strands, if they do exist in such a structure, are
either shorter than the resolution of the EM analysis (about 50
bp [32]) or of such low abundance that they are not detected by
EM.

Since the EM analysis did not reveal Holliday-like structures
at the replication fork, we must assume that such putative
Holliday junctions localized at the elongation point will be
branched molecules consisting of a three long arms (ca. 2.2 to
2.4 kb) and one very short arm (less than 100 bp). Such mol-
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ecules should migrate close to the position of corresponding
RIs from which they would originate. If such a structure was
present in the RIs we isolated, we should have detected it by
endo VII digestion and subsequent primer extension, because
endo VII resolves Holliday junctions (28). Nicks would be
introduced 2 to 6 bp 3’ to the junction (33), presumably mainly
on the homologous arms (21), that is, on the parental leading
and nascent lagging strands (Fig. 6D, top). However, since we
found primer extension signals only within a stretch of maxi-
mally 11 bp from the branch point of the replication fork (Fig.
6C), the annealed nascent strands must be either only a few
base pairs long or not abundant enough to be detected in our
assay. We formally cannot exclude that we had lost these struc-
tures during the 2D gel isolation of RIs. However, during the
gel isolation procedure the RIs were heated to 72°C, which
probably tend to promote the annealing of the nascent strands.
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