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The replication fork barrier site (RFB) is an ~100-bp DNA sequence located near the 3’ end of the rRNA
genes in the yeast Saccharomyces cerevisiae. The gene FOBI is required for this RFB activity. FOBI is also
necessary for recombination in the ribosomal DNA (rDNA), including increase and decrease of rDNA repeat
copy number, production of extrachromosomal rDNA circles, and possibly homogenization of the repeats.
Despite the central role that Foblp plays in both replication fork blocking and rDNA recombination, the
molecular mechanism by which Foblp mediates these activities has not been determined. Here, I show by using
chromatin immunoprecipitation, gel shift, footprinting, and atomic force microscopy assays that Fob1p directly
binds to the RFB. Foblp binds to two separated sequences in the RFB. A predicted zinc finger motif in Foblp
was shown to be essential for the RFB binding, replication fork blocking, and rDNA recombination activities. The
RFB seems to wrap around Foblp, and this wrapping structure may be important for function in the rDNA repeats.

Sites that cause replication fork pausing have been identified
in many genomes and are known as replication fork-blocking
sites. The replication fork-blocking site was first identified in
bacteria, both in plasmids and in the genome. Plasmid R6K
and the genome of Escherichia coli each have a replication
termination sequence, Ter (for a review, see reference 18). Ter
is a conserved 22-bp sequence that inhibits the replication fork
in a polar fashion (18). The Bacillus subtilis genome has a
counterpart of Ter, called RTS, although there is no similarity
between the sequences (5, 34). In E. coli, the tus protein binds
specifically to the 7er sequence, and the Tus-7er complex in-
hibits the action of DNA helicases to arrest replication (14, 15,
28, 32). Ter is also known as a recombination hot spot that
stimulates both DNA double-strand breaks (37) and recombi-
nation (16, 17; for a review, see reference 41). Therefore, one
possible role of Ter is thought to be maintenance of genome
stability.

In eukaryotic cells, replication fork-blocking sites have been
identified in the TRNA gene repeats (rDNA) from yeast to
human cells (for a review, see reference 41). They are called
replication fork barriers (RFB) and inhibit replication forks in
the direction opposite to rDNA transcription. The RFB has
been studied most intensively in the yeast Saccharomyces cer-
evisiae. S. cerevisiae carries about 150 copies of the rDNA
repeats. The RFB is located near the 3’ end of the 35S rDNA
in one of the nontranscribed spacer (NTS) regions (NTS1)
(Fig. 1A). In the other NTS region (NTS2), there is an auton-
omously replicating sequence (4RS) which functions as a rep-
lication origin. In the S phase of the cell cycle, replication starts
at the ARS bidirectionally and the rightward-moving replica-
tion forks are arrested at the RFB (Fig. 1). However, the other
forks can go through the RFB site because of RFB polarity,
like for Ter in E. coli (4, 29). Therefore, one of the biological
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roles of the RFB is thought to be as a barrier to prevent
collision between replication and transcription machineries.
Recently, we observed such a collision in an RFB-deficient
mutant (44) (see Discussion). Ward et al. identified two closely
spaced sequences, the RFB1 and RFB2 sites, in the RFB (47).
These sites are responsible for the major and minor replication
fork-blocking activities, respectively, that are seen in two-di-
mensional (2D) gel electrophoresis. We also identified a third
site (here it is named RFB3) between the HindIII and EcoRI
sites by using a strain whose RFB1 and RFB2 sites (Hpal-
HindIII) are deleted (31) (for details, see Fig. 3 and 5). In this
paper, I call these sites collectively the RFB site.

Previous work showed that the gene FOBI is required for
the RFB activity (30). FOBI was originally identified as a gene
essential for HOTI activity. HOTI is a DNA element that
stimulates genetic exchanges at nearby regions when inserted
at a non-rDNA site (26). Two cis elements were subsequently
identified as essential for HOT1 activity: the I element, which
corresponds to the RNA polymerase I (Poll) promoter region,
and the E element, which overlaps the enhancer for Poll tran-
scription (Fig. 1A) (8) and the RFB. It was speculated that the
RFB in HOTI would be working as a recombination hot spot
similar to Ter in E. coli; therefore, we first tried to isolate
HOT1I-deficient mutants and searched for RFB deficiency
among them. One of the HOTI-defective mutants showed a
blockless phenotype at the RFB (30). We named the mutated
gene FOBI (for fork blocking). (Interestingly, Ward et al.
demonstrated that the fork-blocking event itself is not essential
for the HOT1 activity [47]. Instead, Wai et al. found that FOBI
was required for the transcription of HOT1 by Poll [46], and
the transcription seems to be necessary for the activation of
HOTI [19].)

In terms of rDNA recombination, the RFB site is thought to
be a recombination hot spot that induces DNA double-strand
breaks (31). FOBI was shown to be essential for recombination
in the rDNA (22, 23, 27, 36). FOBI-dependent recombination
in the rDNA is known to be required for regulation of copy
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FIG. 1. (A) Structure of rDNA repeats in S. cerevisiae. A single un

it of rIDNA consists of two transcribed genes (5S and 35S RNA genes) (the

direction of transcription is indicated by arrows) and two nontranscribed regions (NTS1 and NTS2). The 35S rRNA gene is transcribed by Poll,

while the 5S rRNA gene is transcribed by Pollll. The NTS and its

surrounding regions are expanded. Two DNA elements related to DNA

replication, the origin of replication (ARS) and the RFB, are located in NTS2 and NTS1, respectively. The RFB located near the end of the 35S

rRNA gene allows progression of the replication fork in the direction

of 35S rRNA transcription but not in the opposite direction (3, 35). Probe

1 (striped bar) is a probe used for Southern hybridization in 2D analysis. The lower bars show locations of fragments amplified by PCR for ChIP
assay. The four fragments are located about every 1 kb. The lengths of the PCR products are shown below by bars. E and I (boxed) are elements
of HOT1I. (B) ChIP assay. The inverse image of PCR products resolved on ethidium bromide-stained 2.6% agarose gels is shown. Fob1-FLAGp
was expressed in the fobl strain (NOY408-1bf), and PCR was performed on chromatin fragments after the immunoprecipitation. Samples were
prepared from the whole-cell extract (WCE) before the precipitation (lane 1), from NOY408-1b with Foblp not tagged (lane 2), and from
NOY408-1bf with Fob1-FLAGp not expressed (lane 3), with Fob1-FLAGp expressed but without prior cross-linking before precipitation (lane 4),
and with Fob1-FLAGp expressed (lane 5). The position of the RFB fragment is indicated by an arrow. Lane M, 100-bp ladder marker (Invitrogen).

number, probably through unequal sister-chromatid recombi-
nation after a double-strand break at the RFB (27). Double-
strand breaks also produce extrachromosomal rDNA circles,
whose accumulation seems to be a cause of aging (42, 40). In
fact, in a fobI mutant, the life span is extended more than 50%
compared to that of wild-type cells (6). As another aging gene,
SIR2, whose gene product is a NAD-dependent histone
deacetylase (20), is genetically downstream of FOBI in the
aging process, instability of the rDNA is probably an important
component of this process (23).

We are interested in the molecular mechanisms of the RFB-
and FOBI-dependent recombination and replication fork-
blocking activity, and therefore in this study I aimed to resolve
the enzymatic function of Foblp. Perhaps the most likely func-
tion is RFB binding activity analogous to the action of Tus on
the Ter sequence in E. coli. However, there are currently no
reports showing that Fob1p binds to the RFB sequence. In this
study, I demonstrate that Fob1p binds to the RFB and inhibits
the replication fork in vivo and that this binding is character-
ized by an unusual wrapping activity.

MATERIALS AND METHODS

Media, strains, and plasmids. SD and SGal are synthetic media (24) contain-
ing 2% glucose and 2% galactose, respectively. Both SD and SGal were supple-
mented appropriately with amino acids and bases to satisfy nutritional require-

ments and also to retain unstable plasmids (24). YPGal medium is the same as
yeast extract-peptone-dextrose (24) except that 2% glucose is replaced by 2%
galactose.

The yeast strains and plasmids used are listed in Table 1. Disruption of FOBI
was described previously (30). Plasmid pTAK901 was constructed by inserting
the PCR-amplified open reading frame (ORF) of FOBI into the multicloning
site of pESC-LEU (Stratagene). Point mutations were added to pTAK901 by
site-directed mutagenesis (performed by Bio Dynamics Laboratory Inc., Tokyo,
Japan) to construct pTAK991 to -995. pTAK900 was constructed by inserting the
OREF of FOBI into the BamHI-Sall site in pEG(KT), and glutathione S-trans-
ferase (GST) was added to the N terminus of Foblp. Plasmids pTAK902.1 to -9
were constructed by inserting PCR products amplified from several regions
around the RFB into the BamHI-Sphl site of the YEp24 shuttle vector (New
England Biolabs). pTAKcl to -f4 were constructed by inserting annealed oligo-
nucleotides into the BamHI-Sphl site of YEp24. TAK899 was constructed by
inserting a URA3 gene into the rDNA repeats.

Marker loss assay. TAK899 (~10° cells) with various FOBI plasmids
(pTAK991 to -995) was grown to stationary phase in SGal lacking uracil at 30°C.
The frequencies of Ura™ recombinants were then determined by spotting ali-
quots of 10-fold serial dilutions of the cultures onto SD with and without
5-fluoro-orotic acid.

Purification of GST-Foblp. Purification of GST-Foblp was performed as
described previously (33). In short, a 2-liter YK9 culture with pTAK900 was
grown to mid-logarithmic phase at 30°C in SD lacking uracil. The cells were
transferred to YPGal and incubated for 4 h at 30°C. The cells were then har-
vested, destroyed with glass beads, and applied to a GST affinity column (Am-
ersham Pharmacia Biotech.). The eluted fraction was further purified by gel
filtration, and the GST-Foblp fraction was collected.

DNA binding assay. Gel shift assays were performed as follows. The RFB
fragment (fragment 7 in Fig. 3B) and subfragments (70-bp DNA fragments,
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TABLE 1. Yeast strains and plasmids used
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Strain or plasmid

Genotype and comments

Reference or source

Strains
NOY408-1af MATa ade2-1 ura3-1 his3-11 trpI-1 leu2-3,112 rpal35:LEU2 canl-100 fobl::HIS3 27
pNOY102 pNOY117
NOY408-1b MATa ade2-1 ura3-1 his3-11 trpI-1 leu2-3,112 canl-100 39
NOY408-1bf Same as NOY408-1b except fobl::HIS3 27
TAKS899 Same as NOY408-1bf except rDNA::URA3
YK9 MATa ura3-52 trp1-289 leu2-3-112 prb pep4::TRP1 33
Plasmids
pNOY102 Multicopy plasmid vector; URA3 GAL7-35S rDNA 2pm 39
pNOY117 CEN6 ARSH4 TRPI RPAI135 Nomura lab
pEG(KT) Multicopy plasmid vector; URA3 Leu2-d GALI-GST 2pm 38
pTAK900 pEG(KT) carrying FOB1
pESC-LEU Multicopy plasmid vector; LEU2 GALI-FLAG 2pm Stratagene
pTAK901 pESC-LEU carrying FOBI
pTAK991 Same as pTAK901 except the ORF of FOBI has a point mutation (H159A)
pTAK992 Same as pTAK901 except the ORF of FOBI has a point mutation (H164A)
pTAK993 Same as pTAK901 except the ORF of FOBI has a point mutation (C193A)
pTAK994 Same as pTAK901 except the ORF of FOBI has a point mutation (C196A)
pTAK995 Same as pTAK901 except the ORF of FOBI has a point mutation (D291A)
YEp24 Multicopy plasmid vector; URA3 2um pBR322 Amp* Tc" New England Biolabs

pTAK902.1 to -9
pTAKcl to -4
Yeplac195
Yep-FOB1

Multicopy plasmid vector; URA3 2pm
Yeplacl95 carrying FOB1

YEp24 carrying various fragments (1 to 9 in Fig. 3B) around the RFB
YEp24 carrying subfragments (24 bp, cl to 4 in Fig. 5C) of the RFB

12
27

made by PCR with pTAKcl1 to -f4 as the templates) which contain several parts
(each 24 bp in length) of the RFB (see Fig. 5C) were used as the DNA target.
These DNA fragments were end labeled with 3P and mixed with GST-Foblp in
20 pl of phosphate buffer (20 mM sodium phosphate [pH 7.4], 1 mM EDTA, 100
mM NaCl, 5 mM MgCl,, 1 mM dithiothreitol, 100 wg of bovine serum albumin
per ml, 0.01% Triton X-100). The mixture was incubated at 30°C for 30 min. The
DNA-Foblp complex was visualized on 5% polyacrylamide gels at 4°C. Foot-
printing assays were performed with the SureTrack footprinting kit (Pharmacia)
according to the manufacturer’s instructions.

AFM imaging and analysis. Atomic force microscopy (AFM) imaging was
performed by the Research Institute of Biomolecule Metrology Co., Ltd.,
Tsukuba, Japan. Three micrograms of GST-Foblp and 500 ng of the RFB
fragment were mixed in 0.5 ml of phosphate buffer (20 mM sodium phosphate
[pH 7.4], 1 mM EDTA, 2 M NaCl). The mixture was incubated at 25°C for 60
min and dialyzed in 20 ml of phosphate buffer (20 mM sodium phosphate [pH
7.4], 1 mM EDTA, 100 mM NaCl, 5 mM MgCl,) for 12 h. The mixture was then
applied to a freshly cleaved mica surface, followed by successive washings with
water and subsequent drying under nitrogen gas. Imaging was carried out with a
Digital Instrument Nanoscope III with a type E scanner in the tapping mode.

Other methods. The chromatin immunoprecipitation (ChIP) assay was based
on methods described previously (45), except that Dynabead protein A was used
(25). The RFB activity was analyzed by 2D gel electrophoresis as previously
described (2). Determination of rDNA copy number was done as previously
described (27).

RESULTS

Foblp associates with the RFB in vivo. One of the enzymatic
functions of Foblp was speculated to be RFB binding, analo-
gous to the case for the E. coli Tus protein (15, 28). However,
I was unable to detect such an activity by using in vitro assays
such as gel shift and DNA footprinting assays with a yeast
crude extract, even in a strain in which Foblp was overpro-
duced (T. Kobayashi et al., unpublished data). One of the
reasons may be that Foblp is localized in the nucleolus, espe-
cially near the rDNA region (6, 11), and therefore the amount
of Foblp in the soluble fraction may be too small to be de-
tected. To determine if there is an association of Foblp with

the RFB site in vivo, I performed a ChIP assay with an anti-
body against a FLAG epitope which was fused to Foblp. The
Fob1-FLAGp was expressed by the galactose-inducible pro-
moter in a fobl mutant. For the assay, the DNA was cross-
linked to the chromatin, precipitated with anti-FLAG antibod-
ies, and detected by PCR with four primer sets. The positions
of these PCR products are shown in Fig. 1A. The results of the
PCRs are shown in Fig. 1B. The 188-bp fragment correspond-
ing to the RFB region was amplified more than the other
fragments (Fig. 1B, lane 5). In contrast, when total DNA
(whole-cell extract) was used as the template, all four frag-
ments were equally amplified (lane 1). In addition, in a strain
whose Fobl is not tagged (lane 2) or whose Fob1-FLAGp is
not expressed (lane 3), there was little PCR amplification.
These results indicate that Foblp specifically associates with
the RFB site in vivo. Surprisingly, weak association was ob-
served in a control in which the cross-linking step was skipped
(Fig. 1B, lane 4), suggesting that Foblp is tightly associated
with the RFB site.

A zinc finger motif is required for Foblp association with
the RFB, inhibition of the replication fork, and recombination
in the rDNA. Computer analysis (PHI-BLAST; National Cen-
ter for Biotechnology Information) (7) predicted that Foblp
contains a zinc finger motif, which is known to bind to DNA.
To examine whether this motif is essential for Foblp associa-
tion with the RFB, point mutations were made in the FOBI
OREF to disrupt the motif (C,H,) (Fig. 2A) and were expressed
in a fobl mutant. Expression of the mutated Foblp was con-
firmed by Western blotting (data not shown). A ChIP assay
similar to that described in the previous section was per-
formed, and the results are shown in Fig. 2B. Foblp associa-
tion with the RFB was completely lost in the strains whose zinc
finger motif is disrupted (Fig. 2B, lanes 3 to 6). In contrast, a
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FIG. 2. Effects of various FOBI mutations. (A) Structure of Foblp. The gray bar shows the 566-amino-acid (a.a.) Foblp. Regions correspond-
ing to the predicted zinc finger motif and integrase catalytic core-like structure are shown below the bar. Positions of mutated amino acids are
indicated above the bar, and the mutations are labeled according to convention. The N and C termini are indicated. (B) ChIP assay with the
mutated Foblp constructs. Various mutated Fobl-FLAGp were expressed in the fobl strain (NOY408-1bf), and the associated DNA was
precipitated with an anti-FLAG monoclonal antibody (Stratagene) after cross-linking. Lane 1, Fob1-FLAGp was expressed; lane 2, Fob1-FLAGp
was not expressed; lane 3 to 7, each mutated Fob1-FLAGp was expressed, as indicated. The position of the RFB fragment is indicated by an arrow.
(C) Replication fork-blocking activity at the RFB site in the mutated FOBIstrains was analyzed by 2D analysis. DNA was prepared from the strains
used for panel B, digested with Bg/II and Sphl, and subjected to 2D analysis followed by Southern hybridization with probe 1 (Fig. 1A). Spots
indicated by arrowheads show accumulation of Y-shaped DNA molecules at the RFB site. A diagram of the migration pattern is shown in the lower
right panel, with the structures of the replication intermediate molecules shown above the pattern. (D) Summary of the effects of the mutations
in FOBI. R.A., RFB, and R.R., RFB-associating activity, replication fork-blocking activity, and recombination rate, respectively. + and —,
wild-type level and fobl level, respectively. The recombination rates were measured by determining the frequency of loss of a URA3 marker
inserted in the rDNA repeats. The values are the averages from three independent experiments. Standard deviations (SD) are shown in

parentheses.

control mutation in the integrase catalytic core-like structure
(Fig. 2A), which was also predicted by computer analysis (PHI-
BLAST; National Center for Biotechnology Information) (7),
did not affect the association (Fig. 2B, lane 7).

Next, I examined the effect of these mutations on RFB
activity by using 2D gel electrophoresis (2). The results are
shown in Fig. 2C. When wild-type Foblp was expressed, a spot
which corresponds to Y-shaped replication intermediates
stopped at the RFB was observed (panel 1). In contrast, when
Foblp was not expressed, this spot was not seen (panel 2), as
the protein is essential for the RFB activity (30). When the zinc
finger mutations of Foblp were expressed, this spot could not
be detected either (panels 3 to 6), although the control muta-
tion did not affect RFB activity (panel 7). This suggests that the
zinc finger is essential for the fork-blocking activity of Foblp.

I also tested the effects of the mutations on rDNA recom-
bination. A URA3 marker was integrated into the rDNA re-
peats, and the rate of loss was detected on a fluoro-orotic acid

plate. The results are shown in Fig. 2D. Mutations in the zinc
finger motif reduced the recombination rate to the level found
in fobl mutants. In contrast, the control mutation did not affect
the rate (D291A). Taken together, these results suggest that
the zinc finger motif of Foblp is required for the association
with the RFB and that this association is essential for both the
replication fork-blocking and recombination activities at the
RFB.

Foblp associates with a broad region in the RFB in vivo to
inhibit DNA replication. To study in detail the Foblp-associ-
ated region in the RFB, nine fragments of the RFB and the
surrounding region were cloned into the Sphl-BamHI site of
the YEp24 shuttle vector (Fig. 3A and B). As a plasmid-cloned
RFB was shown to inhibit the replication fork (4, 29), associ-
ation of Fob1p should be observed on active RFB fragments in
the plasmid. The plasmids were transformed into the yeast
strain NOY408-1bf, which has Fob1-FLAGp (pTAK901), and
a ChIP assay was performed as outlined above. Two PCR
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FIG. 3. Identification of Foblp association sites in the RFB. (A) Structure of pTAK902.1 to -9, which contain various subfragments of the RFB.

RFB subfragments were inserted (between Sphl and BamHI sites) near the 2pm replication origin, where they are predicted to inhibit the
clockwise-moving replication fork. Positions of PCR primer sets used for the ChIP assay are shown by arrowheads (non-RFB and RFB).
(B) Positions of the subfragments which were inserted into the Sphl-BamHI site of pTAK902. The RFB1, RFB2, and RFB3 sites and the direction
of 35S rDNA transcription are indicated. Numbers with asterisks indicate fragments that were associated with Foblp (C) and inhibited the
replication fork in the plasmid (D). (C) ChIP analysis by Fob1-FLAGp. Samples were prepared from NOY408-1bf strains carrying pTAK901
(Fob1-FLAGp expression vector) and pTAK902.1 to -9. In the top panel, DNA immunoprecipitated (IP) by the anti-FLAG antibody was used as
the template, and in the middle panel, total DNA (whole-cell extract) was used as the template. Primer sets used for the ChIP assay are shown
in panel A. Non-RFB and RFB primer sets amplified the vector sequence (lower bands) and inserted RFB subfragments (upper bands),
respectively. Lane numbers above the panel correspond to the inserted fragments (panel B). vector, no RFB insertion in pTAK902. In bottom
panel, the ratios of RFB to non-RFB are plotted. White and black bars indicate the values for input and IP, respectively. The values are relative
to that of input vector. (D) Replication fork-blocking activities of various RFB subfragments on plasmid pTAK902. 2D analysis was performed as
for Fig. 2C. DNA was prepared from the strains used for panel C, digested with Pvull and Stul, and subjected to 2D analysis followed by Southern
hybridization with probe 2 (A). Numbers correspond to those of the subfragments in panel B. Spots indicated by arrowheads show accumulation

of Y-shaped DNA molecules at the RFB site. vector, no RFB insertion in pTAK902.

primer sets for the detection of the precipitated fragments
were designed (Fig. 3A). One amplifies a vector region as an
internal control for the ChIP assay, and the other amplifies the
subcloned RFB fragments. The results of the ChIP assay are
shown in Fig. 3C (upper panel). There are two bands in the
ethidium bromide-stained gel in each lane. The lower band is
the vector control fragment, and the upper bands correspond
to the subcloned RFB fragments. The intensities of the bands
were measured, ratios of the upper to the lower bands were
calculated, and the values were plotted on a graph (Fig. 3C,
lower panel). The intensities of fragments 1, 3, 7, 8, and 9 were
higher than those of other fragments. In contrast, when total
DNA (whole-cell extract) was used as a template for the PCR,
the ratios were similar (Fig. 3C, middle and lower panels). The

results of the ChIP assay are summarized in Fig. 3B, where
fragments which were associated with Foblp are indicated. As
shown in Fig. 3B, Foblp associates with a broad region of
DNA corresponding to the RFB site.

Next, I investigated the DNA replication fork-blocking ac-
tivity of the subcloned RFB fragments by 2D analysis. The
results are shown in Fig. 3D. Fragments 1, 3, 7, 8, and 9 showed
replication fork-blocking activity, and these fragments corre-
spond precisely to the Foblp-associated fragments identified in
Fig. 3C. Interestingly, two spots are observed within fragment
9, although only one spot was observed for fragment 7. This
could be because part of RFB1 was deleted in fragment 9 and
thus RFB1 activity was reduced, allowing the RFB2 and RFB3
activities to be detected. This suggests that RFBL1 is the stron-
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FIG. 4. Binding activity of purified GST-Foblp. (A) 2D analysis to detect replication fork-blocking activity of GST-Fob1p in vivo. DNA samples
were prepared from NOY408-1bf carrying pEG(KT) (vector) or pTAK900 (GST-Foblp). An arrowhead shows the accumulation of Y-shaped
molecules, indicative of replication fork-blocking activity. (B) rDNA amplification activity of GST-Foblp in vivo. NOY408-1af was transformed
with pEG(KT) (vector), Yep-FOBI (FOBI) or pTAK900 (GST-FOBI). At 44 and 116 generations after the introduction, DNA was isolated and
rDNA copy number was determined. Generation 0 corresponds to DNA that was isolated before transformation. (C) Analysis of purified
GST-Foblp by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. GST-Foblp was purified by using a GST-affinity column and gel
filtration from a crude extract of YK9 with pTAK900. The fusion protein was applied to a 10 to 20% polyacrylamide gel and stained with Bio-Safe
Coomassie blue (Bio-Rad). (D) Detection of in vitro binding activity of GST-Foblp to the RFB fragment by gel shift assay. End-labeled RFB
fragments (0.16 ng) (Fig. 3B, fragment 7) were mixed with 0 ng (lane 1) 0.25 ng (lane 2), 2.5 ng (lane 3), and 25 ng (lane 4) of GST-Foblp, and
the mixture was applied to a native 5% polyacrylamide gel. Lanes 5 to 10 show competition assays to detect the binding specificity of the RFB
fragment. Here, 0.16 ng of end-labeled RFB fragments, 2.5 ng of GST-Foblp, and one of the three kinds of cold competitor fragments (fragment
5, 4, or 7 [Fig. 3B]) were used in the assay. Fragments 5 and 4 are RFB flanking sequences, and fragment 7 is the RFB itself. Competitors were

used at 1.6 ng (lanes 5, 7, and 9) or 3.2 ng (lanes 6, 8, and 10).

gest inhibitor of the replication fork and that most replication
forks arrest at RFB1. RFB2 and RFB3 are adjacent, and there-
fore their spots are expected to be fused. These results
strengthen the conclusion that Fob1p association with the RFB
site is required for the replication-blocking activity.

Foblp specifically binds to the RFB in vitro. To examine
whether Foblp associates with the RFB itself or whether it
requires other factors, I purified Foblp for in vitro analysis.
Foblp with a GST tag was overexpressed in yeast, and GST-
Foblp was isolated with GST affinity column. A few contam-
inating bands were visible with Coomassie blue staining, and
therefore the solution was treated by gel filtration to remove
these bands. Figure 4C shows the purified GST-Foblp sepa-
rated by acrylamide gel electrophoresis and stained with Coo-
massie blue. As the fusion gene, GST-FOBI, could comple-
ment RFB and rDNA copy number expansion deficiencies in a

fobl mutant in vivo (Fig. 4A and B), I used the fusion protein
for further in vitro analysis.

GST-Foblp was used in a gel shift assay to see whether
specific binding between Foblp and the RFB site occurs. I
used fragment 7 as the target RFB fragment because it showed
the strongest association with Foblp in vivo by ChIP analysis
(Fig. 3C). GST-Foblp was mixed with the 3?P-end-labeled
RFB fragment, and the resulting complex was detected by
native acrylamide gel electrophoresis. The results are shown in
Fig. 4D. Shifted bands corresponding to the RFB-Foblp com-
plex were identified (Fig. 4D, lanes 2 to 4). Next, to examine
the specificity of the binding activity, non-RFB fragments (re-
gions flanking the RFB; fragments 4 and 5 in Fig. 3B) were
added as competitors. As shown in Fig. 4D (lanes 5 to 8), a
20-fold excess of competitor DNA did not reduce the amount
of complex detected, even though unlabeled RFB resulted in
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FIG. 5. (A) DNase I footprinting assay with purified GST-Fob1p. A **P-end-labeled RFB fragment (0.1 ng of fragment 7 in Fig. 3B) was mixed
with purified GST-Foblp and digested with DNase I. Samples were analyzed on an 8% (wt/vol) polyacrylamide sequencing gel. Amounts of
GST-Foblp were as follows: lane 1, 0 ng; lane 2, 2.5 ng; lane 3, 25 ng; lane 4, 250 ng. Lane G+A, Maxam-Gilbert sequencing reaction.
(B) Detection of in vitro binding activity of GST-Foblp to small subfragments of the RFB by gel shift assay. The gel shift assay was performed
as for Fig. 4D. The positions of the **P-end-labeled DNA fragments c1 to f4 are shown in panel C. Amounts of GST-Fob1p were as follows: lanes
1,4, 7,10, 13, and 16, 0 ng; lanes 2, 5, 8, 11, 14, and 17, 2.5 ng; lanes 3, 6, 9, 12, 15, and 18, 25 ng. (C) Summary of GST-Foblp binding sites in
the RFB. The DNA sequence around the RFB (~180 bp) is shown. RFB1, RFB2, and RFB3 are indicated by solid lines above the sequence. cl
to 4, used for the gel shift assay in panel B, are shown below the sequence. Foblp binding sequences, identified by the footprinting assay (A), are
shown by boxes. The box (F1) indicates strong binding, and dotted boxes (F2 to F4) indicate weak binding. A DNase I-hypersensitive site next to
F1 is indicated. The direction of the replication fork which is inhibited by the RFB is indicated by an arrow. IR1 and IR2 are inverted repeats.

complete competition (lanes 9 and 10). Therefore, Foblp di-
rectly and specifically binds to the RFB.

Foblp binds to two separate sequences in the RFB and
interacts with several other sites. To identify precisely where
in the RFB Foblp binds, a DNase I footprinting assay was
performed. GST-Foblp was mixed with the RFB fragment
(fragment 7 in Fig. 3B), and this complex was partially digested
by DNase I, followed by denaturing gel electrophoresis. In the
left panel of Fig. SA, the 5 end of the RFB fragment close to
the HindIII site was labeled with *?P, and in the right panel, the
other end was labeled. Therefore, protection of both strands by
Foblp against DNase I was determined. As shown in the left
panel of Fig. 5A, apparent protection was detected in the F1
region, which corresponds to RFB1 (Fig. 5C). Beside F1 is a
DNase I-hypersensitive site, which are often observed near
protein binding sites. In regions F2 to F4, the protection is not
so clear, but some degree of protection is observed. F3 and F4
are located in RFB2 and RFB3, respectively (Fig. 5C).

To investigate the binding activity of each region more pre-
cisely, I performed gel shift assays with small fragments (24 bp)
from the RFB site, surrounded by nonyeast DNA. Fragments
f1 to f4 and the controls (c1 and c2, which are regions flanking
the RFB [Fig. 5C]) were cloned into the Sphl-BamHI site of
YEp24 (Fig. 3A), and PCR amplicons including the 24-bp
sequences were amplified. The fragments were end labeled
with *?P and used as substrates for the gel shift assay. The
results are shown in Fig. 5B. GST-Foblp binds to f1 and f4.
However, binding affinities of the f2 and f3 fragments are at the
same level as the control (c1 and c2). Fragment f1 showed
about three times stronger binding affinity to Foblp than f4
did. I conclude that GST-Foblp independently binds to these
two regions, which correspond to RFB1 and RFB3.

The small 24-bp fragments still have replication fork-block-
ing activity. 2D analysis was used to examine the replication
fork-blocking activity of the small, 24-bp fragments as in Fig.
3D. The results are shown in Fig. 6. Although the intensities
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FIG. 6. Replication fork-blocking activity of small RFB subfragments (24 bp). 2D analysis was performed as for Fig. 3D. DNA was prepared

from NOY408-1bf with pTAK901 and pTAKcl to -f4 (which carry the RFB fragments cl to f4 [Fig. 5C]), digested with Pvull and Stul, and
subjected to 2D analysis followed by Southern hybridization with probe 2 (Fig. 3A). Spots indicated by arrowheads show accumulation of Y-shaped

DNA molecules at the RFB site.

are not as strong as those in Fig. 3D, spots corresponding to
the accumulation of Y-shaped replication intermediates ar-
rested at the inserted fragments were detected in fl and f4.
Fragment f1 showed about three times stronger blocking ac-
tivity than f4, corresponding to the results of the shift assay.
These results further demonstrate that replication fork-block-
ing activity is associated with Foblp binding activity and that
binding to one region alone is sufficient for replication fork-
blocking activity.

The RFB sequence wraps around Foblp. As Foblp binds to
both ends of the RFB sequence (f1 and f4 in Fig. 5B) and also
interacts between these sites (f2 and f3 in Fig. 5A), I speculated
that the RFB sequence may wrap around the protein. To test
this, the Foblp-RFB complex was observed by AFM. The
substrate DNA was the RFB fragment (fragment 7, 140 bp)
surrounded by nonyeast DNA fragments (Fig. 7A). The RFB
site is located about one-third of the way along this fragment
(the total length is 376 nm [1,000 bp]). Typical AFM images
and the accompanying illustrations are shown in Fig. 7B. In the
images, the DNA seems to be wrapping around Fob1p. Among
the observed complexes, about 90% of the Foblp molecules
were located at the RFB site, and the average length of the
DNA fragments was 31 nm (~90 bp) shorter than that of the
original (Fig. 7C). This length corresponds to the distance
between RFB1 and RFB3. This further suggests that in these
complexes, the DNA wraps around Foblp (Fig. 7D, model b).
Therefore, the RFB sequence may wrap around Foblp in vivo,
and this structure might be important for function (see Dis-
cussion).

DISCUSSION

In this study I demonstrated by using ChIP and gel shift
assays that Fob1p binds to the RFB site. Furthermore, I dem-
onstrated that Fob1p binds to two sites in the RFB and that the
activity is dependent on a putative zinc finger motif. Finally,
the RFB site seems to have an unusual wrapping action around

Foblp, reminiscent of a nucleosome structure. These findings
explain the blockless phenotype in a fob1 mutant and therefore
implicate Foblp as the central player in replication fork block-
ing by binding directly to the DNA and then mediating the
blocking of the replication fork. The wrapping structure also
explains why the RFB requires a long DNA sequence (~100
bp). I speculate that this wrapping structure is important for
stable binding to a silenced locus by behaving like a nucleo-
some.

Defossez et al., using immunofluorescence microscopy, first
reported the nucleolar localization of Foblp (6). More re-
cently, Gadal et al., using microscopy, also observed that
Foblp was located at the nucleolar-nucleoplasmic interface
with the rDNA (11). DNA binding activity of Foblp was also
suggested by the discovery of a zinc finger motif, which often
contributes to DNA binding activity (7). Here I show that this
motif is responsible for the association (Fig. 2B). Dlakic pre-
dicted the 3D structure of Fob1p and pointed out the similarity
of a domain to the integrase catalytic core-like structure of
retrotransposons (Fig. 2A) (7). I mutated the conserved aspar-
atic acid of this core structure to alanine (D291A) (Fig. 2A) to
see the effect on the function of Foblp. As shown in Fig. 2D,
the mutation was not important, at least for DNA binding,
replication fork-blocking, and recombination activities in the
rDNA. Therefore, the predicted integrase catalytic core-like
structure may have another, unknown function.

We previously reported that there is a 69-bp minimum es-
sential sequence required for inhibition of the replication fork
with the plasmid-cloned RFB (29). However, here I demon-
strate that a 24-bp sequence (fl in Fig. 6, corresponding to
RFB1) from the original 69-bp sequence is enough to arrest
the fork. In addition, I found another replication fork-blocking
activity outside the 69-bp sequence (f4 in Fig. 6, corresponding
to RFB3). One reason for the increased sensitivity in detecting
blocking activity in this system is that Foblp is overexpressed
by the galactose-inducible promoter. As there are ~150 copies
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FIG. 7. Observation of the Fobl-RFB complex by AFM. (A) Structures of RFB fragments used in AFM analysis. The box shows the RFB
fragment (fragment 7 from Fig. 3B), and bars indicate non-rDNA sequence. (B) AFM images of the Foblp-RFB complex in a quick surface plot
format. The illustrations drawn as pink lines (DNA) and white circles (Foblp) are interpretations of the AFM images. (C) Frequency plot
(histogram) of the length of the RFB fragment measured from AFM images. White and hatched boxes indicate the numbers of free DNA
molecules and Fob1p-RFB complexes, respectively. The mean fragment lengths are indicated below the graph by dotted lines. (D) Models of the
Foblp-RFB complex. a, the RFB fragment without Foblp. The RFB1 region is shown in red, and RFB2 and RFB3 are shown in yellow. b, the
wrapping model. The RFB sequence wraps around Foblp. Foblp may be acting as a dimer in this structure. See text for details. ¢, a model for
how the replication fork is inhibited by the RFB wrapping around Foblp. The fork is inhibited mainly at RFBI1.

of the rDNA, each with an RFB site, with wild-type levels of
Foblp there might be not enough Foblp to inhibit the repli-
cation forks on all of the RFB plasmids. Ward et al. identified
two regions (RFB1 and RFB2) responsible for replication
fork-blocking activity as two separated spots in a 2D analysis
(47). RFB3 was identified by deletion analysis in a strain with
only two copies of the rDNA (31). After deletion of Hpal-
HindIII fragment which contains RFB1 and RFB2, weak rep-
lication fork-blocking activity (RFB3) still remains near the
HindIII site. Ward et al. pointed out that in addition to the
RFB2 sequence, an inverted repeat region (IR1 and IR2 in
Fig. 5C) overlapping RFB3 is also required for the second spot
in 2D analysis (47). Brewer et al. also noted the importance of
the HindIII-EcoRI fragment (Fig. 1A), which includes RFB3,
for the RFB activity (4). Here I show that a 24-bp sequence,
corresponding to RFB3, is capable of binding to Foblp and
inhibiting the replication fork. However, I detected neither
RFB activity nor Foblp association of the RFB2 fragment,
although RFB2 did interact with Foblp in the footprinting
assay (Fig. 5A). From these data, I speculate that the second
spot observed in the 2D analysis (4, 47) (Fig. 3D) is the sum of

RFB2 and RFB3 activities and that for the activity of RFB2,
Foblp association with RFB3 is necessary. This association
makes it possible that RFB2 interacts with Foblp to inhibit
replication. The reason that the second spot disappeared with
modification of the RFB2 sequence (47) may be that RFB3 by
itself is not strong enough to be detected in their system.

We hypothesize that Foblp acts as a barrier to avoid colli-
sion between the replication and transcription machineries.
Recently, we detected such a collision in a fobl derivative
strain whose rDNA copy number is reduced to ~20 (44). In
this strain, most of the rDNA copies are expected to be tran-
scribed (9), and the collision occurs frequently enough to be
detected as a region of slow replication fork progression by 2D
analysis. Such collision may impose a burden by inducing dam-
age in the rDNA. Actually, the stability of the rDNA was
reduced, and recombination frequently took place despite
FOBI deficiency in this strain. Recombination repair, which
includes new DNA synthesis, may result in errors more fre-
quently than normal DNA replication (43). Therefore, the
RFB function may have evolved to prevent harmful mutations
that result from collision (44).
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In this study I demonstrated that Foblp binds to the RFB.
However, the molecular mechanism by which this complex
inhibits the replication fork is still unknown. I speculate that
one possible target of Foblp may be DNA helicases, similar to
the action of Tus in E. coli (1, 13, 32), although there is no
homology between Foblp and Tus. Ivessa et al. identified two
DNA helicases (Rrm3p and Piflp) which appear to function in
rDNA replication (21). In an RRM3 mutant, replication stops
at several sites in the rDNA. Moreover, the RFB activity dou-
bles in the mutant. However, in a PIFI mutant, the RFB
activity decreases about threefold. Although the mechanism by
which the helicases influence RFB activity is unknown, it is
possible that their action is a target for Foblp.

The binding action of Fob1p is unusual. AFM images appear
to show the RFB sequence wrapped around the protein (Fig.
7D, model b). The distance between RFB1 and RFB3 (~90
bp) suggests that Foblp may act as a dimer in this wrapping
structure, although it is difficult to know the circumference of
Foblp from its molecular weight. The binding activity of Foblp
was eliminated by disruption of the zinc finger motif, and
therefore the motif seems to bind both RFB1 and RFB3 in-
dependently. This is consistent with Foblp activity as a dim-
mer. The results in Fig. 3D and 6 suggest that RFB1 provides
the strongest inhibition of the replication fork (Fig. 7D, model
c). This is supported by its stronger binding activity to Foblp in
vitro (Fig. 5B). Therefore, the DNA binding site of Foblp has
different affinities for RFB1 and RFB2. Determination of the
crystal structure of the protein will help reveal the precise
structure of the Fob1p-RFB complex. It is noted that the GST
tag fused to Foblp is known to dimerize proteins. Therefore,
there is a possibility that the tag induces dimerization, thus
causing the RFB sequence to wrap around the GST-Foblp
dimer. However, the existence of adjacent RFB1 and RFB3
sites suggests that dimerization of Foblp occurs in nature.

This wrapping structure itself is not essential for the RFB
activity in the plasmid system, because small RFB fragments
(24 bp of RFB1 or RFB3) inhibited the replication fork (Fig.
6). However, in the rDNA, the wrapping structure may be
important for function. The RFB region is known to be si-
lenced by Sir2p, where the chromatin structure becomes con-
densed (10). In this environment, the wrapping structure may
be helpful for Foblp to access the silenced chromatin structure
and stay there. As shown in Fig. 1B, Foblp association in the
rDNA is detectable by ChIP assay without cross-linking. This
indicates that the association is stably maintained during the
high-salt washing process. Therefore, I speculate that by in-
creasing the length of associating region, the wrapping nucleo-
some-like structure may allow Foblp to bind the DNA and be
stably maintained in the rDNA chromatin. Nucleosome map-
ping (48) around the RFB by using micrococcal nuclease indi-
cated that nucleosomes are located around the RFB region,
and, interestingly, the RFB site was also protected from the
nuclease (unpublished data). This pattern of protection is con-
sistent with a nucleosome-like wrapping structure of the
Foblp-RFB complex.
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