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RNAP-II Molecules Participate in the Anchoring of the
ORC to rDNA Replication Origins
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Abstract

The replication of genomic DNA is limited to a single round per cell cycle. The first component, which recognises and
remains bound to origins from recognition until activation and replication elongation, is the origin recognition complex.
How origin recognition complex (ORC) proteins remain associated with chromatin throughout the cell cycle is not yet
completely understood. Several genome-wide studies have undoubtedly demonstrated that RNA polymerase Il (RNAP-II)
binding sites overlap with replication origins and with the binding sites of the replication components. RNAP-II is no longer
merely associated with transcription elongation. Several reports have demonstrated that RNAP-II molecules affect
chromatin structure, transcription, mRNA processing, recombination and DNA repair, among others. Most of these activities
have been reported to directly depend on the interaction of proteins with the C-terminal domain (CTD) of RNAP-II. Two-
dimensional gels results and ChIP analysis presented herein suggest that stalled RNAP-II molecules bound to the rDNA
chromatin participate in the anchoring of ORC proteins to origins during the G1 and S-phases. The results show that in the
absence of RNAP-Il, Orclp, Orc2p and Cdcé6p do not bind to origins. Moreover, co-immunoprecipitation experiments
suggest that Ser2P-CTD and hypophosphorylated RNAP-II interact with Orc1p. In the context of rDNA, cryptic transcription
by RNAP-II did not negatively interfere with DNA replication. However, the results indicate that RNAP-I is not necessary to
maintain the binding of ORCs to the origins during metaphase. These findings highlight for the first time the potential
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importance of stalled RNAP-II in the regulation of DNA replication.
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Introduction

Replication originates at multiple and specific locations in the
genome that define starting sites, which are called replication
origins (ORIs) [1]. In the case of mammalian cells, replication
origins have predominantly been found to be located in promoter
regions [2,3,4,5,6]. In contrast, in S. cerevisiae, ORIs have been
found in restricted regions that are referred as autonomously
replicating sequences (ARSs) [7,8]. The initiation of chromosomal
DNA replication is a complex process that assures that every
replication origin fires once and only once during the S-phase. The
initiation, activation and firing are tightly linked but have their
own characteristics. The primary principles of the replication
initiation are conserved from yeasts to humans [9,10]. Origin
selection and activation occurs in three steps. (a) The origins are
recognised by the pre-replication complex (pre-RC), which is
a process called licensing and is responsible for recruiting
additional replication factors to this site. The pre-RC typically
forms at the end of mitosis by the binding of origin recognition
complex (ORC) [11] to chromosomal DNA, which enables the
interaction of the next replication proteins, which are Cdc6, Cdtl
and six MCM subunits (Mcm2-7). However, the manner in which
the loading of all of these components is precisely regulated
remains poorly understood. Pre-RC formation renders the
chromatin competent for replication and is restricted to the Gl
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phase of the cell cycle, forming the so-called “window of
opportunity”. (b) The second step in the triggering of origin
activation is the recruitment of additional initiator proteins to the
pre-RC to form the pre-initiation complex (pre-IC). (c) Finally,
DNA synthesis initiates after an activation step.

A report demonstrated that in HeLa cells, the ORC is localised
to specific sites that frequently overlap with RNA polymerase 1I-
associated sequences [3]. These authors and others suggest that
the elements bound to the RNA polymerase Il-associated
sequences may participate in the activation of the origins
[2,3,12]. RNA polymerase II (RNAP-II) molecules have been
found bound to chromatin although their genes were not
expressed in a phenomenon that has been called “poised or
stalled RNAP-IT” [13]. The C-terminal domain (C'TD) of the
largest subunit of RNAP-II (Rpblp) contains multiple repeats of
the heptapeptide Tyr-Ser-Pro-Thr-Ser-Pro-Ser [14,15]. Modifica-
tions such as the phosphorylation of the serine residues of the
CTD have been reported to be responsible for the recruitment of
transcription factors and other proteins to the chromatin
[16,17,18]. In yeast, the ARSI consensus sequence contains
a binding site for the transcription factor Abflp [19], and it has
been shown that the recruitment of transcription factors to ARSI
is sufficient to enhance replication from a minichromosome origin
[20,21]. Intriguingly, it has been reported that the CTD of the
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RNAP-II complex binds to and likely regulates the activity of
ARSI [22]. Moreover, in general, the temporal firing order often
correlates with transcriptional activity; early-replicating regions of
chromosomes are associated with active genes, and late-replicating
regions are associated with silent genes [23,24].

In wvirus, yeast, Drosophila, Xenopus and mammalian cells,
transcriptional elements at replication initiation sites have been
shown to stimulate replication [19,20,21,25,26,27]. It has been
suggested that this stimulation may be a consequence of direct
interaction with components of the pre-RC [28]. However, the
majority of published reports have concentrated on the study of
the accessibility of the replication components to DNA depending
on the chromatin structure or on the effect of transcription
[29,30,31]. Why and how ORIs locate at the RNAP-II binding
sites 1s not yet entirely understood. RNAP-II molecules, through
the recruitment of several proteins, are able to modify the
transcriptional firing, mRINA processing and chromatin structure
of DNA sequences to which they are bound [16,18,32,33,34]. The
results presented here are the first evidence to suggest that RNAP-
II molecules may directly participate in the anchoring of the pre-
replication complex to the rDNA locus. The results suggest that
the binding of the replication proteins Orclp, Orc2p and Cdcbp
to the ORIs at the yeast rDNA locus occurs via RNAP-II
independent of transcription elongation but requires chromatin-
bound stalled RNAP-II molecules. Furthermore, the binding of
Orclp and Orc2p to ARS607 and ARS1412, which are an early
and late ORIs, respectively, was also dependent on the presence of
RNAP-II complexes.

Results

The Absence of RNAP-Il Complexes Alters Replication at
the rDNA Locus

The ribosomal DNA of S. cerevisiae consists of several hundred
repeats that contain sequences encoding the 358 and 5S rRNA
genes, which are separated by two intergenic non-coding regions
(IGS1 and IGS2) (Figure la). Every repeat contains a replication
origin, which is located in the IGS2. A polar replication fork
barrier (RFB) is located the adjacent intergenic region that ensures
the unidirectional replication of the locus, likely to prevent
collision between the 35S transcription and the moving replication
forks (Figure 1a) [35,36]. RNAP-II transcribes and binds to IGS1
and IGS2 (ARS) [37,38]. However, the polymerase is primarily
found in a stalled ternary complex [38]. In the present study,
RNAP-II was also found bound to the ARS located in the
intergenic region of the S. Pombe rDNA locus and close to the
origin in mammals (Figure Sla).

To study the effect of the absence of RNAP-II complexes in the
replication of the rDNA locus, a conditional allele of the biggest
RNAP-II subunit, RPBI, which becomes degraded when the
mutant cells are exposed to high temperature, was used (Figure la,
Ib and lc. See Figure S2a). To test the replication activity,
neutral-neutral two-dimensional electrophoresis (2D gels) was used
to investigate the presence of replication intermediates (Rls)
(Figure 1a). When the cells where grown at 25°C and DNA was
digested with Bgl-II, 2D gels showed the typical simple Y pattern
showing the forks stalled at the RFB sequence (spot signal) with
a mass of 1.45 times the mass of the linear unreplicated form
(Figure la and 1b). These forks start replication at the origin
located at the IGS2. When the anticlockwise fork reaches the RFB
in IGS1, it is paused or stalled at that site in the presence of the
Foblp (Figure 1a and 1b). Some of these forks are able to cross the
barrier, as shown by the presence of Rls signals after the site. The
presence of more replication intermediates after the RFB than
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before indicates that when the replication initiates, the forks move
quickly, but after they reach the RIB, the forks are slowly released,
as indicated by the accumulation of Rls. Another explanation is
the presence of transcription in the 355 rRNA gene, which may
collide with the anticlockwise forks and slowing the velocity of the
forks.

Surprisingly, the loss of RNAP-II complexes by shifting the cells
to 37°C provoked the loss of RIs (Figure 1b and c). The loss of RIs
is a drastic event, which occurred only after 30 minutes at 37°C.
After overexposure, some Rls were still observed, suggesting that
some replication forks were still elongating after 3 hours at 37°C.
As a control, a wild type strain, BY4741, was grown at 25°C and
37°C for 2 hours. Higher levels of RIs were detected at the higher
temperature (Figure 1d). To control the number of active ORIs,
two strains (NOY1064) with different rDNA copy numbers were
used [39] (Figure le). In both strains, fob! was deleted, and
therefore, the RFB was not active. Figure lc shows the RlIs
detected in strain Z118 (npb1—1 ts) with fob1 absent. The strain with
25 copies showed fewer Rls than the strain with 190 copies
(Figure le), and the higher exposure (25 copies) showed much
higher levels of Rls than the higher exposure of Z118 when
RNAP-IT was degraded (Figure 1c and le).

In the absence of RNAP-II, the 1.49X signal (RFB) showed
similar levels to the remaining Rls, implying that the presence of
simple Y arcs in these gels likely indicates passive replication of the
studied DNA fragment (Figure 1b). In fact, the loss of the bubble
arc but not the arc of simple Y arcs after digesting the DNA with
Stul confirms that the Rls detected in the studied fragment likely
corresponded to passive replication by forks that had previously
initiated replication in origins located elsewhere (Figure S2).
However, comparing Figure le (25 copies) to 1c (Z118 (npb1—1),
~200 copies) (higher exposure) indicates the presence of few Rls in
mpb1—1 at 37°C. Together with the total loss of the bubble arc
(Figure S2c), the results suggest that RNAP-II may affect the pre-
RC or the pre-IC more than the DNA synthesis.

Cryptic Transcription by RNAP-II is Not Required for DNA
Teplication at the Ribosomal Locus

To study the effect of cryptic transcripts in rDNA replication,
two inhibitors of RNAP-II transcription were employed (Figure 2).
a-amanitin (AM) inhibits the translocation step of the transcript
polymerisation reaction, promoting the degradation of the
elongating polymerase [40,41,42,43]. This process enables study
of the effect of blocking RNAP-II transcription without preventing
the binding of RNAP-II ternary complexes that are stalled on
DNA because RNAP-II sensitivity to AM depends on elongation.
The other inhibitor studied, 5,6-dichloro-1-beta-d-ribobenzimida-
zole (DRB), inhibits CDK9-dependent S2 phosphorylation and
therefore transcription elongation. Both inhibitors prevent the
elongation of processive RNAP-II complexes by a different
mechanism. Permeabilised cells were treated with 10 pg/ml of
AM for 1 h and with 200 mM of DRB for 4 hours [44]. The levels
of cryptic transcripts were quantified by Real Time PCR and are
shown in Figure 2a. The RNAP-II-cryptic transcripts and the
ACTI primary transcripts decreased significantly, but the total
mRNA levels of ACTT and CDC6 did not significantly change after
1 hour of treatment. RNAP-I transcription was not affected using
this concentration of AM (see the 35S primary transcripts
analysed). Instead, the concentration used for DRB treatment
affected the transcription RNAP-I [45,46]. In fact, after 4 hours of
treatment, all of the RNA species had decreased. Under these
conditions, it is expected that cells have less proteins available.
However, even after 4 hours of transcription inhibition by RNAP-
II, RIs were still detected in 2D gels (Figure 2b).
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Figure 1. The replication of rDNA is affected in the absence of the largest subunit of RNAP-II. (a) Diagram of the rDNA with the locations
of the replication barrier (RFB), replication origin (ARS) and cohesin binding sequences (CAR). Below, the theoretical schemes for the two-dimensional
agarose gel electrophoresis of chromatin digested with Bglll are depicted. The accumulation of Rls at the RFB is expected at 1.49X. 1X represents the
position of the linear, unreplicated fragment. The hybridisation probe used for the Southern protocol and hybridisation was amplified by PCR and
column purified (Qiagen). The amplified fragment is represented above. The direction of the anticlockwise and clockwise replication fork is shown
below. (b) Results obtained after the isolation of DNA from asynchronous cultures growing exponentially at different temperatures. Higher exposure
images are shown below. Significantly fewer amounts of Rls were detected in the absence of RPBT (rpb1-1 ts strain). 1X signals were similar among
the 4 experiments (25°C, 37°C for 30 minutes, 37°C for 1 hour and 37°C for 3 hours). The same number of cells was analysed. (c) Results obtained after
fob1 deletion in the rpb1-1 ts strain. (d) To control the effect of the temperature on DNA replication, a wild type strain (BY4741) was used. (e) Results
obtained after the isolation of DNA from a fob1A strain containing approximately 190 or 25 rDNA copies. A higher exposure image is shown on the

right for the 25 copies strain.
doi:10.1371/journal.pone.0053405.g001

Stalled RNAP-II Molecules Participate in the Binding of

the ORC to ARSs

ChIP experiments were used to determine the binding of ORC
elements to ARSs (Figure 3a). Whereas RNAP-II binds to the
IGS1 and IGS2 regions (red line), Orclp, Orc2p and Cdcbp were
only localised in the ARSI sequence. Orclp is the largest subunit
of the ORC that is required for DNA binding and is involved in
the formation of pre-RCs. Orc2p, in contrast, forms part of the
core complex and interacts with Cdc6p, which is involved in the
assembly and the maintenance of pre-RCs. ChIP analysis showed
that the inhibition of RNAP-II transcription using AM and DRB
treatments does not alter the binding of Orclp, Orc2p and Cdc6p
to the origins (Figure 3b). After both treatments, transcription
elongation is inhibited, but stalled RNAP-II molecules remain
bound to the chromatin [38]. To test if the C'TD of RNAP-II was
implicated in the interaction of the ORC with ARS, ChIP was
employed to study the binding of Orclp, Orc2p and Cdc6p in the
absence of RPBI (rbp1—1 strain at 37°C). After only 30 minutes at
37°C, Orclp, Orc2p and Cdc6p binding to the ARS significantly
decreased. The results are shown in Figure 3c.
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RNAP-II Protects Orc1p, Orc2p and Cdc6p Binding to the
Chromatin during the G1 and S-phases

It has been shown that initiations sites are selected anew in each
cell cycle by an unknown mechanism at the origin decision point.
The results in Figure 3 were obtained with exponentially growing
asynchronous cultures. To better understand the effect of RNAP-
II on pre-RCs formation, the cells were synchronised in G1 using
alpha-factor (Figure 4). An exponentially growing asynchronous
culture was synchronised in G1. When 99% of the cells were in G1
phase, which was confirmed with microscopy by the appearance of
the typical single form, the culture was split in two. One flask was
maintained for 45 minutes at 25°C, and the other flask was
maintained at 37°C for 45 minutes (Figure 4a, G1 arrest). Note
that G1 arrested cells used for the release experiments were not
shifted to 37°C during the arrest or treated with AM before
release, to allow the transcription of specific proteins implicated in
cell cycle progression. The cells were treated with AM or shifted to
37°C when pronase, to start the release, was added to the culture.
In contrast, for the G1 arrest experiments, cells arrested in G1
were treated with AM or shifted to 37°C for 45 minutes in the
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Figure 2. The inhibition of RNAP-Il does not alter the replication of rDNA. (a) rpb7-1 ts strain grown at 25°C. Exponentially growing cultures
were treated with 10 ug/ml of AM for 1 hour or with 200 mM of DRB for 4 hours before cell harvesting as previously reported [44]. The quantification
of RNA was performed using real-time qRT-PCR. The RNA levels are shown relative to each primer (untreated). To compare the conditions, the data
were normalised relative to the mature form of the U2 small nuclear RNA [38]. A representative diagram of the rDNA gene locus on chromosome Xl is
shown below. Specialised features of the IGS include the RNAP-II promoter (green circles), cohesin binding sequence (CAR) (grey box), a replication
origin (ARS) in IGS2 and a replication fork barrier (RFB) in IGS1. The locations of the primers used in this study are shown. All values are expressed as
the mean = S.EM. n=2, n=3 or n=4. **p<<0.005, *p<<0.05 for Student’s t-test, untreated versus treated. (b) 2D gels of the Rls corresponding to

untreated and AM and DRB treated samples.
doi:10.1371/journal.pone.0053405.9002

presence of alpha-factor. The schematic representations of the
experiments are shown in figure 4.

Using 2D gels, RIs were not detected in G1 phase. Using ChIPs
to study the formation of the pre-RC, Orclp, Orc2p and Cdcbp
binding was detected during G1 (Figure 4b). However, at 37°C in
the absence of RNAP-II, the binding of Orclp, Orc2p and Cdc6p
decreased significantly (Figure 4b). Arrested G1 cells at 25°C were
washed with pronase to degrade the alpha-factor and release the
cells to S-phase at 25°C or at 37°C for 45 minutes. Tiny buds were
detected under the light microscope at 25°C. In contrast, at 37°C,
the cells were never released. The binding of Orclp, Orc2p and
Cdc6p decreased significantly compared with the binding in the
culture at 25°C (Figure 4b). These results were confirmed by 2D-
gels. After the release at 37°C, cells probably failed to enter in S-
phase and in fact RIs were no longer detected, even at higher
exposure (Figure 4a). These results suggest that the Rls found at
higher exposure in an asynchronous culture (Figure 1b and c)
likely belong to the replication forks of the origins that were
activated before the degradation of RNAP-II occurred. The wild
type strain BY4741 was used as a control for the temperature shift.
The same experiments did not show any significant change in the
binding of pre-RC proteins to ORIs when the wild type cells were
grown at 37°C (Figure 4 ¢ and d). The binding of Orclp, Orc2p
and Cdc6p did not change after 1 hour of treatment with AM, and
the cells released perfectly well from G1 to S-phase (Figure 4e and

4f).
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Orcl1p Interacts with RNAP-II Complexes Containing

Hypophosphorylated and Ser2P-RNAP-II Molecules

The results herein presented did not demonstrate if the RNAP-
II is directly responsible for the maintenance of ORC binding to
origins. Co-IP experiments have not shown any interaction
between the typically described form of stalled RNAP-II
phosphorylated in the Ser5 (4H8) with Orclp, Orc2p or Cdc6p
(Figure 5a). The RNAP-II molecules recognised by the 4H8
antibody recognise or interact with other ternary complexes of
RNAP-II. Ser2P-RNAP-II is recognised by the H5 antibody, and
the hypophosphorylated RNAP-II molecules are preferentially
recognised by 8GW16 antibody [47,48,49]. As previously de-
scribed and shown in Figure 5a (below), Orc2p and Cdcbp
interact. However, Orclp and Orc2p form part of the ORC
bound to the origins, and these experiments did not show
interaction between Orclp and Orc2p. Therefore, it is possible
that stalled RNAP-II phosphorylated at the Serd could be
implicated in the recruitment of the ORC through other proteins
or through a labile interaction. Moreover, an interaction between
the RNAP-II phosphorylated on the Ser2 (H5) and Orclp but not
with Orc2p (Figure 5b) was detected. The results shown in
Figure 5c also suggest an interaction between hypophosphorylated
RNAP-II and Orclp. Serd residues and the CTD retain their
recognition by 8GW16.
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Chromatin immunoprecipitation (ChIP) analysis of RNAP-II (4H8), Orc1p, Orc2p and Cdc6p binding within the intergenic spacers (primers 15 to 22),
35S (primer 13 and 23) and 5S gene regions (primer 18) in wild type cells. Orc1p, Orc2p and Cdc6p bound to cohesin (CAR, primer 19 and 20) and
ARSs (p20, p21). (b) ChIP analysis of Orc1p, Orc2p and Cdc6p bound to the ARS in a rpb1-1 ts strain growing at 25°C. The results were obtained for
untreated and cells that were treated with AM for 1 hour or DRB for 4 hours. All values are expressed as the mean = S.E.M. n=2 or n=3. **p<0.005,
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control (background) for the binding of the replication proteins.
doi:10.1371/journal.pone.0053405.g003

Stalled Ser5P and Ser2P-RNAP-Il Complexes at the rDNA
Locus Favor Replication

Together, the ChIPs and the co-immunoprecipitation experi-
ments suggest that stalled RNAP-II complexes containing at least
RNAP-II phosphorylated in Ser2 may be involved in the
recruitment or binding of Orclp to the replication origin. ChIP
analyses after treating the cells with AM and DRB confirmed that
stalled complexes may also include Ser2P-RNAP-II molecules.
Ser2P-C'TD remained bound to both IGS1 and IGS2 regions after
transcription inhibition (Figure 6a). The binding pattern of Ser2P
differed slightly from the binding pattern of stalled Ser5P (4HS8)
that has been previously reported (Figure 6b, wild type 4H8) [38].
Ser2P-RNAP-II molecules (H5 antibody) bound preferentially to
1GS2, where the ARS is found (Figure 6a).

For the sir2A strain, which has been reported to trigger more
ORIs [50], the binding pattern of Ser2P-RNAP-II changed
drastically compared to a wild type strain (Figure 6b). Ser2P-
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RNAP-II binding increased specifically near the ARS element
(Figure 6b). The binding pattern of 4H8 did not change, but its
binding also increased in the IGS2 region (ARS). For both cases,
the increase was statistically significant for the cohesin binding site
(P19 primer) and for the ARS (primer 20 and 21) in the case of
Ser2P. In contrast, as expected, the si72A strain showed higher
levels of RNAP-II-cryptic transcripts [51] (Figure 6¢), indicating
that cryptic transcription by RNAP-II does not disturb the activity
of the ORIs in rihosomal DNA (2D gel, Figure 6f).

The positive effect of the stalled RNAP-II ternary complex on
DNA replication was confirmed using the GAL-REB] strain. We
have previously reported that stalled RNAP-II complexes mediate
the chromatin interaction between IGS1 and IGS2 [38]. The
results from the present study reveal that Reblp promotes the
activity of stalled RNAP-II molecules in rDNA by promoting its
effect on the DNA interaction between IGS1 and IGS2 (Figure 6e).
When cells were grown in glucose, REB1 expression gradually

January 2013 | Volume 8 | Issue 1 | e53405
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Figure 4. RNAP-II participates in the anchoring of Orc1p, Orc2p and Cdc6p to the ARS. (a) 2D gel of the Rls corresponding to an
asynchronous culture (rpb1-1 strain) that was arrested with a-factor in G1 at 25°C and subsequently was divided into four aliquots. a-factor at 25°C
and a-factor at 37°C for 45 additional minutes: Two flasks were released with pronase, and the cells were grown at 25°C or shifted to 37°C for 45
minutes. (b) ChIP analysis of Orc1p, Orc2p and Cdc6p within the IGS regions in rpb1-1 cells arrested in G1 at 25°C and shifted to 37°C. On the right is
the ChIP analysis obtained after releasing cells 45 minutes after pronase at 25°C or 37°C. (c) and (d) ChIP analysis and images corresponding to a 2D
gel obtained from an asynchronous culture (wild type) that was arrested in G1 with a-factor and subsequently divided into four aliquots as described
above. (e) and (f) ChIP analysis and 2D gels show the Rls of the asynchronous culture (wild type) used to arrest cells in G1 (a-factor). The cells were
incubated for 45 additional minutes in the presence or absence of 10 pg/ml of AM. The cells that were released from o-factor were incubated in the
presence or absence of AM. The fold enrichment relative to a sequence located in ChVI is shown. Mean = S.E.M. n=2 or n=3. **p<0.005, *p<<0.05 for

Student’s t-test, 25°C versus 37°C, untreated versus treated.
doi:10.1371/journal.pone.0053405.g004

decreases after 5 to 7 generations [38]. ChIP analysis of H5 and
4H8 antibodies showed that, in the absence of Reblp, RNAP-II
molecules were strongly recruited to the IGS1-IGS2 regions of the
rDNA (Figure 6d). 3C experiments showed that IGSI-IGS2
interaction increased significantly (Figure 6¢). However, RNAP-II-
cryptic transcripts, which were detected by real-time PCR,
decreased significantly (Figure 6d). Under these conditions, where
the cryptic transcription decreased but RNAP-II molecules
remained bound to the rDNA locus, 2D gels indicate that cells
continued to replicate in the absence of both Reblp and cryptic
transcripts (Figure 6f).

RNAP-II Molecules Maintain the Binding of ORCs to ARS
Core Consensus Sequences Located on Different
Chromosomes

To test if RNAP-II participates in the recruitment of ORCs to
other origins located in different chromosomes, three different
ORIs were selected. ARS604 lies within a transcribed gene that
is Inactive for replication initiation. ARS607 1is located in
a promoter region and is triggered in early S-Phase, and
ARS1412 which is located at the termination site of a coding

PLOS ONE | www.plosone.org

region and fires in late S-Phase (Figure 7a). The three examples
include the replication activity of the majority of the ORIs in
yeast [52]. ChIPs results using the 7pb1—1 ts strain showed that in
the absence of RNAP-II (37°C), the early and late ORIs
(ARS607 and ARSI1412, respectively) showed less binding of
Orclp and Orc2p, but Orclp and Orc2p binding did not
change for the extremely inefficient origin located in the ORF of

the bimi10 gene (ARS604) (Figure 7a).

ORCs Stay Bound to ARS Elements during Mitotic Arrest
Independent of the Presence of RNAP-II

To test if stalled RNAP-II molecules are also necessary for the
anchoring of ORCs to the origins during mitosis, cells were
arrested in metaphase using nocadozole. When 99% of cells were
arrested, the culture was split, and half of the mitotic arrested
culture was shifted at 37°C for 1 hour to deplete the largest subunit
of RNAP-II (Figure 7b). The other half (control) was kept at 25°C.
After 1 hour at 37°C, in the absence of RNAP-II, ORC remained
bound to the ORIs in the rDNA and to the ORIs located in
different chromosomes. No statically significant difference in the
binding of Orclp and Orc2p at 25°C and 37°C was found.

January 2013 | Volume 8 | Issue 1 | 53405



Stalled RNAP-II Anchor ORC to the Chromatin

RNAP-II Ser5P (4H8)
IP; ORC1 ORC2 CDC6 8GW12 4H8 H5

-

CDC6
ORC2 CDC6 NO

ORC2
IP;  ORC1 ORC2 CDC6 NO

b ORC1
IP; ORC1 ORC2 CDC6 4H8 H5

IP; ORC1

8GW12
c 8GW12

8GwWi12
IP; ORCH 4H8 H5 NO WCE

-“'b
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with Orc1p, 4H8 and H5. The results for whole cell extraction (WCE) and immunoprecipitation performed without antibody (NO) are shown.

doi:10.1371/journal.pone.0053405.9005

However, Orclp binding tended to increase in the absence of

RPBI.

Discussion

The aim of this project was to study whether RNAP-II
influences the activity of the ORIs in the rDNA locus of S.
cerevistae. We have previously reported that stalled RNAP-II
complexes at the rDNA locus contain the typical form of stalled
RNAP-II phosphorylated in the residue Serb of its CTD [38].
However, as it has been previously observed at other DNA
sequences [53], stalled RNAP-II complexes bound at the rDNA
locus likely contain other C'TD modifications, such as Ser2P-C'TD
(Figure 6a). Moreover, ChIP analysis has revealed that RNAP-II
complexes bound to the rDNA locus contain Ser7P-CTD and
hypophosphorylated RNAP-II molecules (Figure S3). Different
studies have demonstrated that the CTD of RNAP-II interacts
with several replication components, such as MCMs and DNA
polymerase € [54,55]. However, the presence of DNA repair,
replication or recombination factors in purified CTD-RNAP-II
has been found to depend strongly on the purification strategy
employed [54,56,57]. The results presented herein suggest that
hypophosphorylated RNAP-II and Ser2P-CTD RNAP-II com-
plexes, but not Ser5P-CTD, interact with Orclp (Figure 5). The
downregulation of cryptic transcription by RNAP-II did not affect
ORC binding to the chromatin or DNA replication studied by 2D
gels. However, the origins that lost the RNAP-II bound at the
intergenic regions also lost the ORC and likely became inactive.
ChIP-chip experiments have demonstrated that RNAP-II stalling
is a genome-wide phenomenon that is more common than

previously thought [13,58,59]. Whereas this report suggests that
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RNAP-II complexes participate in the binding of ORCs to the
origins, other reports have suggested that transcription factors such
as c-myc or c-jun may act as potential regulators of origin selection
[3,60,61,62]. To date, neither the results presented here nor the
results obtained by others can elucidate whether RINAP-II
molecules bound to the chromatin or other transcription factors
via interaction with RNAP-II complexes are responsible for the
origin activity. Specific combinations of transcription factors
together with the largest subunit of RNAP-II (RPBI) are likely
implicated in origin activation, usage and transcription regulation,
depending of the cell cycle (See Figure S4). In fact, transcription
factors at origins have been shown to stimulate or inhibit
replication initiation [26]. Additionally, ORCs have been shown
to function as negative regulators of transcription in yeasts and
mammals [63,64,65,66,67]. Moreover, binding sites for Raplp
and Abflp, which stimulate replication initiation at some ARSs
[19], contribute to ARS-mediated transcriptional silencing
[68,69]. Interestingly, the ChIP analysis shown in Figure S1b
suggests that the binding of Raplp to the rDNA locus depends on
RPBI. On the other hand, the different modifications in the C-
terminal heptad repeat Domain (C'TD), have been implicated in
the recruitment of factors that modulate chromatin state and
transcription [14]. Consequently, the lack of stalled RNAP-II
complexes attached to IGSs regions may also affect the structure of
chromatin and therefore the recruitment of proteins to the ARS
sequence. Other indirect mechanisms affecting origin activity
cannot be ruled out. However, results reported here together with
results previously published suggest that stalled RNAP-II com-
plexes bound to origins are crucial to maintain the ORC complex

bound to the origin (Figure S4). Alternatively the C'TD of RNAP-
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Figure 6. The levels of RNAP-II bound to the chromatin affects DNA replication at the rDNA locus. (a) ChIP analysis shows the binding of
Ser2P-CTD to the rDNA before and after treatment with AM and DRB. Values are expressed as the mean=S.E.M. n=2. (b) ChIP analysis of Ser2P-CTD
(H5) and Ser5P-CTD (4H8) using a wild type strain and sir24 within rDNA IGS regions. Mean = S.E.M. n=3. *p<0.05 for Student’s t-test, wild type
versus sir24. (c) rtPCR-based analysis of transcripts within IGS regions in wild-type and sir24. Mean = S.E.M. n = 3. **p<<0.005, *p<<0.05 for Student'’s t-
test, wild type versus sir24. (d) ChIP analysis of RNAP-II (4H8 and H5) binding in a GAL-REB1 strain. The cells were grown in a 2% galactose/0.3%
glucose medium (+REB1) and shifted to 2% glucose to repress REBT expression (REB1-). An RT-PCR-based analysis of the IGS transcripts is shown on
the right. Mean £ S.E.M. n=2 o n=3. **p<0.005, *p<<0.05 for Student’s t-test, REB+ versus REB- (7 generations). (e) 3C analysis in a GAL-REB1 strain.
Controls for random ligation (R2+F4; [38]) are shown. Mean = S.E.M. n=3. *p<<0.05 for Student’s t-test, REB1+ versus REB1-. (f) 2D gels of Rls
corresponding to sir24 and GAL-REB1 strain grown in a 2% galactose/0.3% glucose medium (REB1+) or in 2% glucose for 5 or 7 generations (REB-).

doi:10.1371/journal.pone.0053405.g006

II may also recruit other factors which are important for origin
function.

It has been reported that some RINAP-II ternary complexes stay
engaged throughout mitosis [70,71,72]. ChIP analysis and 2D gel
results obtained by synchronising cells in G1 and releasing them to
S-phase have revealed that stalled RNAP-II complexes potentially
maintain the interaction of ORCis to the selected potential ORIs
during G1 phase of the cell cycle (pre-RC formation) and during
the activation of pre-RC in S-phase. However, the results
presented herein suggest that RNAP-II does not likely participate
in origin assembly in metaphase (nocodazole). The distinct cell
cycle-dependent role of RNAP-II is likely related to specific
phosphorylation events that take place in different phases of the
cell cycle to prevent the re-initiation of replication [73]. Cell cycle-
dependent phosphatases and kinases likely arbitrate the interaction
of RNAP-II molecules with Orclp. In fact, the C-terminal domain
of RNAP-II is substrate for the cell cycle kinase Cdklp, as well as
for Kin28p and Burlp [14]. We have also recently reported that
the protein phosphatase Cdcl4 dephosphorylates serine residues
in the CTD [74]. However, it is tempting to speculate that RNAP-
II may be involved during G1 and S-phase in the time-selection of
previously selected ORIs, likely to assure the timing of origin
firing.

Interestingly, the chromatin interaction between IGSI1-IGS2
[38] contacts two DNA replication elements; the RFB and the
ARS. Conversely the Orclp, Orc2p and Cdcbp ChIP results show
that the replication proteins are only located in IGS2 (Figure 3a).

PLOS ONE | www.plosone.org

However, ChIP assays were performed using low concentrations of
formaldehyde to crosslink only direct DNA-protein interactions.
Moreover, the protocol includes a long high-energy sonication
time. Under these conditions, the indirect binding of Orclp,
Orc2p or Cdc6p to the IGS1 through RNAP-II molecules could
be lost. Therefore, it cannot be dismissed that the rDNA copies,
containing the IGS1-2 interaction, activate replication (See Figure
S4). In the literature, there are several examples that illustrate the
positive effect of chromatin interactions in DNA replication. For
example, the replication origin located in the intergenic region the
B-globin gene cluster requires the locus control region (LCR)
sequence that is located more than 20 kb away from the origin
[75,76]. In the case of rDNA, the absence of RPBI prevented
IGS1-IGS2 interaction [38] and DNA replication (Figure 1 and
Figure S4). In the absence of Reblp, the RNAP-II bound strongly
to the IGS1-IGS2, increasing the chromatin interactions between
the two non-coding regions (Figure 6 d and e). 2D gels suggest an
increase in DNA replication after growing the cells for seven
generations in glucose (REBI) (Figure 6f). The results obtained
after AM and DRB treatments likely differ from the REBI results
because after AM treatment, the DNA loop increases [38],
however, the cells did not recruit more stalled RNAP-II molecules
to the chromatin [38], as occurred in the absence of Reblp
(Figure 6a). Although stalled molecules remained bound to the
chromatin, and RlIs were observed in 2D gels after 1 and 4 hours
of transcription inhibition (Figure 2). It is important to note that
we have described two DNA-loops in the rDNA. The loss of RPBI
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leads to an increase in the chromatin interaction between the
promoter and enhancer of the 35S, a concomitant decrease in the
IGS1-2 interaction [38] and the loss of rDNA replication
(Figure 1). In contrast, the absence of Reblp leads to an increase
in the interaction between IGS1-IGS2 (Figure 6e) and a decrease
in the interaction between the promoter and enhancer of the 35S
gene [38]. Stalled and elongating RNAP-II complexes could
differentially affect the chromatin interaction between enhancer
and promoter as both DNA interactions increase after AM
treatment [38]. In addition, it has been demonstrated that the
upstream transcriptional activity of RNAP-I modulates rDNA
replication [77]. In fact, the enhancer element located in IGSI
somehow affects replication initiation in IGS2 [77,78]. Thus, cis-
and trans- interactions between IGS1 and IGS2 regions and/or
between the enhancer and promoter of the 35S gene [38], may
coordinate replication timing with transcription by RNAP-I.
Cohesin loading at the CAR sequence has been reported to be
dependent on RNAP-II cryptic transcripts [79]. A report
published in 2010 suggested that in HeLa cells, the down-
regulation of cohesin limits the number of active origins by
increasing the length of chromatin loops that correspond with
replicon units [80]. The rDNA locus contains a binding sequence
for cohesins (CAR) next to the replication origin. We have
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previously found that the deletion of cohesin did not decrease the
DNA interaction between IGS1 and IGS2 [38]. However, rDNA
1s a multiple copy locus, and by using 3C methods, we can
quantify the levels of IGS1-IGS2 interaction, but we cannot study
the spatial organisation of the interactions [38]. Several reports
claim that chromosome architecture plays a predominant role in
the regulation of DNA replication origin localisation and
activation, which may explain why the activation of ORIs residing
at far distances imply the silence of nearby ORlIs, as in the HML
locus [25]. In the rDNA locus of S. cerevisiae, despite the sequence
identity, only approximately 20% of the ARSs are active in any
given S-phase [35,36,81]. Further studies will clarify the role of
RNAP-II and cohesin in the spatial organisation of rDNA
replication factories and recombinational processes. Although
the repetitiveness of the locus makes its study difficult, it would be
interesting to study the relationships among stalled RNAP-II
molecules, the loading of cohesin and ARS activity in a specific
rDNA copy.

The results presented herein suggest that RNAP-II is not
necessary for the recruitment of ORC to the rDNA locus during
metaphase (nocodazole arrest) but preserves the binding of the
pre-RC to the chromatin in the Gl and S-phases. These results,
together with previously published results, elicit the question of

January 2013 | Volume 8 | Issue 1 | 53405



whether stalled RINAP-II complexes organise the locus into
functional clusters that determine the origin timing. These findings
add a new dimension to our understanding of the function of
RNAP-II-associated sequences in differential origin regulation.
However, other specific transcriptions factors are likely implicated
in origin regulation.

Materials and Methods

Strains and Materials

C-terminal epitope tagging was performed using PCR allele
replacement methods [11]. The yeast strains used in this study are
shown in Table 1. Cells were harvested during exponential growth
at different temperatures or with different sugar sources, depend-
ing of the strains used, and stored at —80°C. For each experiment,
the cells were resuspended in 100-50 ul of lysis buffer and broken
with glass beads in a Fast Prep machine (QBiogene) for two cycles
of 20 s each with intervening incubations on ice for 5 minutes.
New England Biolabs provided the Nspl, EcoRI that were used for
3C. a-amantine (AM) and DRB were purchased from Sigma.
Phospho-Ser 7 RNAP-II antibody was kindly provided by Dirk
Eick. Orcl, Orc2, Cdc6, 4H8, H5 and 8GW16 antibodies were
obtained from Abcam. The specificity of the RNAP-II antibodies
has been studied previously [47,48,49]. The antibody polyclonal
antiserum against a biochemically purified Reb1-LacZ was kindly
provided by J.R. Warner. The J342 (Poar REB1) and Z118 strains
(rpb1-1I) were kindly provided by J.R. Warner and R. Young,
respectively. All values are expressed as the mean = S.E.M. The
differences between experimental groups were evaluated by using
an unpaired #test. All statistical calculations were performed using
the GraphPad PRISM Version 5 statistical software package.

Cell Cycle Experiments

Cells arrested in G1 were treated with alpha-factor. To release
cells from the alpha-factor block, the cells were washed 2 times and
transferred to fresh media containing pronase E. For releases at
non-permissive temperatures, cells were exposed to 37°C in a water
bath. Metaphase arrests were performed by incubating cells with
nocodazole. The growth, arrest and release conditions and the
concentration of drugs used for each experiment shown are
explained in the text and in the figure legends.

Neutral/Neutral Two-Dimensional Gel Electrophoresis
DNA purification and the analysis of replication intermediates
by two-dimensional (2D) gel electrophoresis were performed as
previously described [82]. Before the analysis, the DNA was
digested with BglII, Stul or Sphl. The RI pattern and probe used

Table 1. Yeast Strains used in this study.
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are explained in the figure legend. The first dimension was run at
1 V/cm on a 0.4% agarose gel in 1 X TBE buffer for 22 h at room
temperature. The second dimension was run at 5 V/cm in a 1%
agarose gel in 1XTBE/0.3 pg/ml ethidium bromide for 8 h at
4°C. After electrophoresis, the gels were subjected to Southern
hybridisation.

Chromatin Immunoprecipitation

Standard ChIP was performed as previously described [38,83].
Yeast cultures (50 ml) were grown to an ODggg of 0.5-0.8. The
cells were crosslinked with 1% formaldehyde for 15 minutes at
room temperature. Subsequently, glycine was added to 125 mM,
and the mixture was centrifuged, washed with PBS and stored at
—80°C. The cells were resuspended in 100 pl of IP-lysis buffer
containing protease inhibitors and 1 mM PMSF and subjected to
bead-beating. After recovery of the spheroplasts, the procedures
were performed as described [83]. SYBr green real-time PCR was
used for quantification. The primer sequences are available upon
request [84]. The values are given as a percentage of material
immunoprecipitated (ChIP/input).

RNA Methods

For total RNA isolation, the cell extracts were clean from
proteins and DNA using TRIZOL® Reagent (Invitrogene) before
using the RNeasy Kit (Quiagen) which includes DNase treatment
(RNAse-Free DNAse Set) following the manufacturer’s instruc-
tions to ensure the total degradation of DNA in the sample.
ThermoSeript’™ RT-PCR System for First-Strand ¢cDNA Syn-
thesis (Invitrogene) was used. To study the total RNA levels,
random primers were used for all experiments. Quantifications
were performed using SYBr green real-time PCR.

Chromatin Capturing Conformation (3C)

Chromatin was obtained as previously described for ChIP
experiments without sonication. Standard 3C was performed as
previously described [38].

Whole Cell Protein Preparation for Immunoprecipitation

Exponentially growing cells (ODggg = 0.5, 50 ml) were washed
with ice-cold PBS and resuspended in 100 pl of IP-lysis buffer
containing protease inhibitors and 1 mM PMSF. The lysates were
prepared by bead-beating, washed and recovered in up to 1 ml of
IP buffer and sonicated in an ultrasonic bath with a Bioruptor for
10 minutes. High power outputs with short pulses were used (10 s
of sonication with 20 s rest between rounds) at 4°C. The
supernatant was incubated with the antibody for 15 minutes at

Strain Genotype/Phenotype

Reference

W303(J47A) (P REB1)
REBI, HIS3

Z118 (rpb1-1)

fob1A (190c)
fobT1A (25¢)

MATa; ade2-1, his3-11,15, leu2-3,112, trp1-1, ura3-1, can1-100. reb14:LEU2, pBM272-41 with PGAL

MATa; his3-200 leu2-3,112 ura3-52 ade2 rpb1-1

Z118 (fob1A) MATa; his3-200 leu2-3,112 ura3-52 ade2 rpb1-1 fob1A:: kanMX4
WT (BY4741) MATa; his3-1; leu2-0; met15-0; ura3-0
sir2A MATa; his3-1; leu2-0; met15-0; ura3-0 sir2A:kanMX4

MATa; ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11 can1-100 fob1A4::HIS3; rDNA copy number ~190
MATa; ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11 can1-100 fob1A4:HIS3; rDNA copy number ~25

(1) J.R. Warner (J342)

[85] R. Young (Z118)

This study

Euroscarf (Y00000)

This study

[86] M. Nomura (NOY1064)
[86] M. Nomura (NOY1071)

(1) See [87] [85] [88] and [86] [39].
doi:10.1371/journal.pone.0053405.t001
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4°C during sonication in an ice-water bath at the lowest power
outputs. After antibody incubation, protein A or protein G beads
from Roche were added and incubated for 2 hours at 4°C. The
beads were washed 4 times with IP buffer. The bead pellets were
suspended in 80 pl of loading buffer (NuPAGE® LSD Sample
Buffer [4X] from Invitrogen containing 1.42 M 2-mercaptoetha-
nol) and boiled for 5 minutes. The supernatants were saved at
—80°C for analysis by western blot. Aliquots of 10 ul were loaded
in each case. For SDS-PAGE gel electrophoresis, the total cell
extract was loaded onto a 4-12% or 3-8% gradient poly-
acrylamide gel according to NuPAGE (Invitrogen) specifications.
The gels were transferred to Hybond-P membranes (Amersham-
Bioscience) in Tris-glycine buffer without SDS. The membranes
were blocked with 5% milk in PBS and 0.1% Tween-20 (Sigma).
After probing with antibodies, the membranes were developed
using ECL-Plus (Amersham).

Supporting Information

Figure S1 RNAP-II and Raplp binding to rDNA. (a) The
fission yeast S. pombe contains multiple copies of rRNA genes in
two clusters at both ends of chromosome III. The ARSs and RFBs
are shown. ChIP analysis using the 4H8 antibody against RNAP-
I (green line). The values are expressed as the mean, n=2.
Human ribosomal RNA genes are arranged as tandem repeats
clusters at the middle of the short arms of chromosomes 13, 14, 15,
21 and 22. Human CDC27 pseudogene and the consensus-binding
site for p53 are shown. (b) ChIP analysis of Raplp to the rDNA in
mutant 7pbI—1 cells at 25°C followed by incubation at 37°C, thus
mactivating RNAP-II. Raplp was tagged with 9-MYC epitope,
and anti-MYC antibody was used. The location of the primers is
shown. Values are expressed as the mean. n=2.

(TIFF)

Figure S2 ChIP analysis of the »pbI-I ts strain growing
at 25°C or shifted at 37°C for 30 minutes. Diagram of the
rDNA with the locations of the replication barrier (RFBs), the
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Figure S3 Schematic diagram of one rDNA unit. ChIP
analysis of Ser7P-CTD and hypophosphorylated RNAP-II
(8GW16) using a wild type strain within rDNA IGS regions.
Mean * SEM. n=3.
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Figure S4 Hypothetical model representing replication
of the rDNA locus. (a) Model representing the possible
mteraction between Orclp and stalled RNAP-II complexes bound
at the rDNA ARS element. The green circles represent the post-
translationally modified C'TD tail of the largest subunit of RNAP-
II (Rpblp). Stalled RNAP-II mediates the chromatin interaction
between IGS1-IGS2 [38] by contacting two replication elements:
RFB and ARS. The enhancer element located in IGS1 or other
factors (X) such as Abflp bound to the enhancer sequence [89]
may be involved in modulating rDNA replication. Cis- or trans-
chromatin interactions mediated by stalled RNAP-II are possibly
involved in regulating origin activity.

(TIFF)

Acknowledgments

The work was performed in the lab of Professor Luis Aragon. Alexandra
MacAleenan, Kirsty Pegram and Adam Jarmuz for helpful assistance. Ana
Pombo, Luis Aragon and Jonathan Baxter for helpful discussions. Maria D.
Mayan (Isidro Parga Pondal Researcher, Xunta de Galicia).

Author Contributions

Conceived and designed the experiments: MDM. Performed the experi-
ments: MDM. Analyzed the data: MDM. Contributed reagents/materials/
analysis tools: MDM. Wrote the paper: MDM.

13. Margaritis T, Holstege FC (2008) Poised RNA polymerase II gives pause for
thought. Cell 133: 581-584.

14. Phatnani HP, Greenleaf AL (2006) Phosphorylation and functions of the RNA
polymerase II CTD. Genes Dev 20: 2922-2936.

15. Chapman RD, Heidemann M, Hintermair C, Eick D (2008) Molecular
evolution of the RNA polymerase II CTD. Trends Genet 24: 289-296.

16. Hirose Y, Ohkuma Y (2007) Phosphorylation of the C-terminal domain of RNA
polymerase II plays central roles in the integrated events of eucaryotic gene
expression. J Biochem 141: 601-608.

17. Carlson M (1997) Genetics of transcriptional regulation in yeast: connections to
the RNA polymerase II CTD. Annu Rev Cell Dev Biol 13: 1-23.

18. Brookes E, Pombo A (2009) Modifications of RNA polymerase II are pivotal in
regulating gene expression states. EMBO Rep 10: 1213-1219.

19. Marahrens Y, Stillman B (1992) A yeast chromosomal origin of DNA replication
defined by multiple functional elements. Science 255: 817-823.

20. Bodmer-Glavas M, Edler K, Barberis A (2001) RNA polymerase II and III
transcription factors can stimulate DNA replication by modifying origin
chromatin structures. Nucleic Acids Res 29: 4570-4580.

21. Stagljar I, Hubscher U, Barberis A (1999) Activation of DNA replication in yeast
by recruitment of the RNA polymerase II transcription complex. Biol Chem
380: 525-530.

22. Gauthier L, Dziak R, Kramer DJ, Leishman D, Song X, et al. (2002) The role of
the carboxyterminal domain of RNA polymerase II in regulating origins of DNA
replication in Saccharomyces cerevisiae. Genetics 162: 1117-1129.

23. Goldman MA, Holmquist GP, Gray MC, Caston LA, Nag A (1984) Replication
timing of genes and middle repetitive sequences. Science 224: 686-692.

24. Hatton KS, Dhar V, Brown EH, Igbal MA, Stuart S, et al. (1988) Replication
program of active and inactive multigene families in mammalian cells. Mol Cell
Biol 8: 2149-2158.

25. Vujcic M, Miller CA, Kowalski D (1999) Activation of silent replication origins
at autonomously replicating sequence elements near the HML locus in budding
yeast. Mol Cell Biol 19: 6098-6109.

January 2013 | Volume 8 | Issue 1 | 53405



26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

53.

54.

Kohzaki H, Murakami Y (2005) Transcription factors and DNA replication
origin selection. Bioessays 27: 1107-1116.

Danis E, Brodolin K, Menut S, Maiorano D, Girard-Reydet C, et al. (2004)
Specification of a DNA replication origin by a transcription complex. Nat Cell
Biol 6: 721-730.

Knott SR, Peace JM, Ostrow AZ, Gan Y, Rex AE, et al. Forkhead transcription
factors establish origin timing and long-range clustering in S. cerevisiae. Cell
148: 99-111.

Aggarwal BD, Calvi BR (2004) Chromatin regulates origin activity in
Drosophila follicle cells. Nature 430: 372-376.

Calvi BR, Byrnes BA, Kolpakas AJ (2007) Conservation of epigenetic regulation,
ORC binding and developmental timing of DNA replication origins in the genus
Drosophila. Genetics 177: 1291-1301.

Lin HB, Dijkwel PA, Hamlin JL (2005) Promiscuous initiation on mammalian
chromosomal DNA templates and its possible suppression by transcription. Exp
Cell Res 308: 53-64.

Kizer KO, Phatnani HP, Shibata Y, Hall H, Greenleaf AL, et al. (2005) A novel
domain in Set2 mediates RNA polymerase II interaction and couples histone H3
K36 methylation with transcript elongation. Mol Cell Biol 25: 3305-3316.

Ng HH, Robert F, Young RA, Struhl K (2003) Targeted recruitment of Setl
histone methylase by elongating Pol II provides a localized mark and memory of
recent transcriptional activity. Mol Cell 11: 709-719.

Shukla A, Natarajan A, Bhaumik S, El-Shemy HA, Lightfoot D (2009) The
interactions of the largest subunit of RNA polymerase II with other cellular
proteins: a bioinformatic approach. Curr Issues Mol Biol 11 Suppl 1: i65-71.

. Linskens MH, Huberman JA (1988) Organization of replication of ribosomal

DNA in Saccharomyces cerevisiae. Mol Cell Biol 8: 4927-4935.

Brewer BJ, Fangman WL (1988) A replication fork barrier at the 3’ end of yeast
ribosomal RNA genes. Cell 55: 637-643.

Houseley J, Kotovic K, El Hage A, Tollervey D (2007) Trf4 targets ncRNAs
from telomeric and rDNA spacer regions and functions in rDNA copy number
control. Embo J 26: 4996-5006.

Mayan M, Aragon L (2010) Cis-interactions between non-coding ribosomal
spacers dependent on RNAP-II separate RNAP-I and RNAP-III transcription
domains. Cell Cycle 9: 4328-4337.

Cioci F, Vu L, Eliason K, Oakes M, Siddiqi IN, et al. (2003) Silencing in yeast
rDNA chromatin: reciprocal relationship in gene expression between RNA
polymerase I and II. Mol Cell 12: 135-145.

Nguyen VT, Giannoni F, Dubois MF, Seo 8], Vigneron M, et al. (1996) In vivo
degradation of RNA polymerase II largest subunit triggered by alpha-amanitin.
Nucleic Acids Res 24: 2924-2929.

Gong XQ, Nedialkov YA, Burton ZF (2004) Alpha-amanitin blocks trans-
location by human RNA polymerase II. J Biol Chem 279: 27422-27427.
Chafin DR, Guo H, Price DH (1995) Action of alpha-amanitin during
pyrophosphorolysis and elongation by RNA polymerase II. J Biol Chem 270:
19114-19119.

Bushnell DA, Cramer P, Kornberg RD (2002) Structural basis of transcription:
alpha-amanitin-RNA polymerase II cocrystal at 2.8 A resolution. Proc Natl
Acad Sci U S A 99: 1218-1222.

Mayan MD (2010) Drug-induced permeabilization of S. cerevisiae. Curr Protoc
Mol Biol Chapter 13: Unit 13 12B.

. Bouchoux C, Hautbergue G, Grenetier S, Carles C, Riva M, et al. (2004) CTD

kinase I is involved in RNA polymerase I transcription. Nucleic Acids Res 32:
5851-5860.

Grenetier S, Bouchoux C, Goguel V (2006) CTD kinase I is required for the
integrity of the rDNA tandem array. Nucleic Acids Res 34: 4996-5006.
Bregman DB, Du L, van der Zee S, Warren SL (1995) Transcription-dependent
redistribution of the large subunit of RNA polymerase II to discrete nuclear
domains. J Cell Biol 129: 287-298.

Patturajan M, Schulte R], Sefton BM, Berezney R, Vincent M, et al. (1998)
Growth-related changes in phosphorylation of yeast RNA polymerase II. J Biol
Chem 273: 4689-4694.

Xie SQ, Martin S, Guillot PV, Bentley DL, Pombo A (2006) Splicing speckles
are not reservoirs of RNA polymerase II, but contain an inactive form,
phosphorylated on serine2 residues of the C-terminal domain. Mol Biol Cell 17:
1723-1733.

. Pasero P, Bensimon A, Schwob E (2002) Single-molecule analysis reveals

clustering and epigenetic regulation of replication origins at the yeast rDNA
locus. Genes Dev 16: 2479-2484.

Li C, Mueller JE, Bryk M (2006) Sir2 represses endogenous polymerase II
transcription units in the ribosomal DNA nontranscribed spacer. Mol Biol Cell
17: 3848-3859.

Raghuraman MK, Winzeler EA, Collingwood D, Hunt S, Wodicka L, et al.
(2001) Replication dynamics of the yeast genome. Science 294: 115-121.
Boehm AK, Saunders A, Werner J, Lis JT (2003) Transcription factor and
polymerase recruitment, modification, and movement on dhsp70 in vivo in the
minutes following heat shock. Mol Cell Biol 23: 7628-7637.

Rytkonen AK, Hillukkala T, Vaara M, Sokka M, Jokela M, et al. (2006) DNA
polymerase epsilon associates with the elongating form of RNA polymerase II
and nascent transcripts. FEBS J 273: 5535-5549.

. Yankulov K, Todorov I, Romanowski P, Licatalosi D, Cilli K, et al. (1999)

MCM proteins are associated with RNA polymerase II holoenzyme. Mol Cell
Biol 19: 6154-6163.

PLOS ONE | www.plosone.org

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Stalled RNAP-II Anchor ORC to the Chromatin

Neish AS, Anderson SF, Schlegel BP, Wei W, Parvin JD (1998) Factors
associated with the mammalian RNA polymerase II holoenzyme. Nucleic Acids
Res 26: 847-853.

Maldonado E, Shiekhattar R, Sheldon M, Cho H, Drapkin R, et al. (1996) A
human RNA polymerase II complex associated with SRB and DNA-repair
proteins. Nature 381: 86-89.

Radonjic M, Andrau JC, Lijnzaad P, Kemmeren P, Kockelkorn TT, et al.
(2005) Genome-wide analyses reveal RNA polymerase II located upstream of
genes poised for rapid response upon S. cerevisiae stationary phase exit. Mol
Cell 18: 171-183.

Kim TH, Barrera LO, Zheng M, Qu C, Singer MA, et al. (2005) A high-
resolution map of active promoters in the human genome. Nature 436: 876-880.
Minami H, Takahashi J, Suto A, Saitoh Y, Tsutsumi K (2006) Binding of AlF-C,
an Orcl-binding transcriptional regulator, enhances replicator activity of the rat
aldolase B origin. Mol Cell Biol 26: 8770-8780.

Bosco G, Du W, Orr-Weaver TL (2001) DNA replication control through
interaction of E2F-RB and the origin recognition complex. Nat Cell Biol 3: 289~
295.

Beall EL, Manak JR, Zhou S, Bell M, Lipsick JS, et al. (2002) Role for
a Drosophila Myb-containing protein complex in site-specific DNA replication.
Nature 420: 833-837.

Bell SP, Kobayashi R, Stillman B (1993) Yeast origin recognition complex
functions in transcription silencing and DNA replication. Science 262: 1844—
1849.

Foss M, McNally FJ, Laurenson P, Rine J (1993) Origin recognition complex
(ORC) in transcriptional silencing and DNA replication in S. cerevisiae. Science
262: 1838-1844.

. Micklem G, Rowley A, Harwood J, Nasmyth K, Diffley JF (1993) Yeast origin

recognition complex is involved in DNA replication and transcriptional
silencing. Nature 366: 87-89.

Triolo T, Sternglanz R (1996) Role of interactions between the origin
recognition complex and SIR1 in transcriptional silencing. Nature 381: 251
253.

Pak DT, Pflumm M, Chesnokov I, Huang DW, Kellum R, et al. (1997)
Association of the origin recognition complex with heterochromatin and HP1 in
higher eukaryotes. Cell 91: 311-323.

Shore D, Nasmyth K (1987) Purification and cloning of a DNA binding protein
from yeast that binds to both silencer and activator elements. Cell 51: 721-732.
Buchman AR, Kimmerly WJ, Rine J, Kornberg RD (1988) Two DNA-binding
factors recognize specific sequences at silencers, upstream activating sequences,
autonomously replicating sequences, and telomeres in Saccharomyces cerevisiae.
Mol Cell Biol 8: 210-225.

Parsons GG, Spencer CA (1997) Mitotic repression of RNA polymerase II
transcription is accompanied by release of transcription elongation complexes.
Mol Cell Biol 17: 5791-5802.

. Dirks RW, Snaar S (1999) Dynamics of RNA polymerase II localization during

the cell cycle. Histochem Cell Biol 111: 405-410.

Matsui SI, Weinfeld H, Sandberg AA (1979) Quantitative conservation of
chromatin-bound RNA polymerases I and II in mitosis. Implications for
chromosome structure. J Cell Biol 80: 451-464.

DePamphilis ML (2005) Cell cycle dependent regulation of the origin
recognition complex. Cell Cycle 4: 70-79.

Clemente-Blanco A, Sen N, Mayan-Santos M, Sacristan MP, Graham B, et al.
(2011) Cdc14 phosphatase promotes segregation of telomeres through repression
of RNA polymerase II transcription. Nat Cell Biol 13: 1450-1456.

. Aladjem MI, Groudine M, Brody LL, Dieken ES, Fournier RE, et al. (1995)

Participation of the human beta-globin locus control region in initiation of DNA
replication. Science 270: 815-819.

Forrester WC, Epner E, Driscoll MC, Enver T, Brice M, et al. (1990) A deletion
of the human beta-globin locus activation region causes a major alteration in
chromatin structure and replication across the entire beta-globin locus. Genes
Dev 4: 1637-1649.

Muller M, Lucchini R, Sogo JM (2000) Replication of yeast rDNA initiates
downstream of transcriptionally active genes. Mol Cell 5: 767-777.

Burkhalter MD, Sogo JM (2004) rDNA enhancer affects replication initiation
and mitotic recombination: Fobl mediates nucleolytic processing independently
of replication. Mol Cell 15: 409-421.

Kobayashi T, Ganley AR (2005) Recombination regulation by transcription-
induced cohesin dissociation in rDNA repeats. Science 309: 1581-1584.
Guillou E, Ibarra A, Coulon V, Casado-Vela J, Rico D, et al. Cohesin organizes
chromatin loops at DNA replication factories. Genes Dev 24: 2812-2822.
Saffer LD, Miller OL Jr (1986) Electron microscopic study of Saccharomyces
cerevisiae TDNA chromatin replication. Mol Cell Biol 6: 1148-1157.

Brewer BJ, Fangman WL (1987) The localization of replication origins on ARS
plasmids in S. cerevisiae. Cell 51: 463-471.

Nelson JD, Denisenko O, Bomsztyk K (2006) Protocol for the fast chromatin
immunoprecipitation (ChIP) method. Nat Protoc 1: 179-185.

Huang J, Moazed D (2003) Association of the RENT complex with
nontranscribed and coding regions of rDNA and a regional requirement for
the replication fork block protein Fobl in rDNA silencing. Genes Dev 17: 2162~
2176.

Goodenough DA, Dick JS 2nd, Lyons JE (1980) Lens metabolic cooperation:
a study of mouse lens transport and permeability visualized with freeze-
substitution autoradiography and electron microscopy. J Cell Biol 86: 576-589.

January 2013 | Volume 8 | Issue 1 | 53405



86. Falk MM, Baker SM, Gumpert AM, Segretain D, Buckheit RW 3rd (2009) Gap
junction turnover is achieved by the internalization of small endocytic double-
membrane vesicles. Mol Biol Cell 20: 3342-3352.

87. Van Slyke C, Grayhack EJ (2003) The essential transcription factor Reblp
interacts with the CLB2 UAS outside of the G2/M control region. Nucleic Acids
Res 31: 4597-4607.

PLOS ONE | www.plosone.org

13

88.

89.

Stalled RNAP-II Anchor ORC to the Chromatin

Martin C, Young RA (1989) KEX2 mutations suppress RNA polymerase II
mutants and alter the temperature range of yeast cell growth. Mol Cell Biol 9:
2341-2349.

Ganley AR, Hayashi K, Horiuchi T, Kobayashi T (2005) Identifying gene-
independent noncoding functional elements in the yeast ribosomal DNA by
phylogenetic footprinting. Proc Natl Acad Sci U S A 102: 11787-11792.

January 2013 | Volume 8 | Issue 1 | 53405



