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Summary

Eukaryotic genomes are replicated from many origin sites that are licensed by the loading of the
replicative DNA helicase, Mcm2-7. How eukaryotic origin positions are specified remains elusive.
Here we show that, contrary to the bacterial paradigm, eukaryotic replication origins are not
irrevocably defined by selection of the helicase loading site, but can shift in position after helicase
loading. Using purified proteins we show that DNA translocases, including RNA polymerase, can
push budding yeast Mcm2-7 double hexamers along DNA. Displaced Mcm2-7 double hexamers
support DNA replication initiation distal to the loading site in vitro. Similarly, in yeast cells that
are defective for transcription termination, collisions with RNA polymerase induce a redistribution
of Mcm2-7 complexes along the chromosomes, resulting in a corresponding shift in DNA
replication initiation sites. These results reveal a eukaryotic origin specification mechanism that
departs from the classical replicon model, helping eukaryotic cells to negotiate transcription-
replication conflict.
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Introduction

Eukaryotic genomes are replicated from many origin sites that are distributed along each
chromosome. How these sites are selected is not well understood. The replicon model
proposed an origin specification mechanism that is based on the interaction of an initiator
protein with a specific DNA sequence element, termed ‘replicator’, at the chromosomal
origin (Jacob, 1964). This model proved sufficient to account for origin site selection in
bacteria. For example, in Escherichia coli, specific recognition sequences target the initiator
protein, DnaA, to the unique chromosomal origin (Costa et al., 2013). Upon binding to the
origin, DnaA locally melts the DNA and directs the loading of a molecule of the replicative
DNA helicase, DnaB, around each of the unwound DNA strands. Further origin unwinding
by DnaB facilitates subsequent assembly of the replisome. Since DnaB is loaded in active
form around the DNA, selection of the helicase loading site effectively determines origin
position in E. coli.

The isolation of budding yeast, Saccharomyces cerevisiae, replication origins as
autonomously replicating sequence (ARS) elements suggested that eukaryotic origins of
replication are similarly defined by specific DNA sequences (Stinchcomb et al., 1979).
However, studies in Xenopus demonstrated that specific origin DNA sequences are not
principally required for regulated DNA replication in eukaryotes (Harland and Laskey,
1980), a feature that has since been also documented in other eukaryotic systems ranging
from yeast to human cells (Bogenschutz et al., 2014; Dershowitz et al., 2007; Gros et al.,
2014; Kipling and Kearsey, 1990; Krysan and Calos, 1991; On et al., 2014; Takeda et al.,
2005). This plasticity may allow for the very rapid replication of chromosomes from a large
number of non-specific origin sites, which occurs, for example, during the cleavage cycles
of early Xenopus and Drosophila embryos (Blumenthal et al., 1974; Hyrien et al., 1995).
Nonetheless, DNA replication initiates from distinct chromosomal regions in yeast and in
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higher eukaryotes later in development, raising the questing of how these sites are specified
(Gilbert, 2004; Hyrien, 2015).

The lack of specific replicator sequences in eukaryotes suggests that epigenetic and
developmentally controlled mechanisms play a more prominent role in defining eukaryotic
origin positions. Eukaryotic origins are licensed in late M / G1 phase by pre-replicative
complexes (pre-RCs) that load the replicative DNA helicase, Mcm2-7, in inactive form onto
chromatin; activation of the Mcm2-7 helicase occurs exclusively in the subsequent S phase,
when replisomes assemble around the Mcm2-7 core (Siddiqui et al., 2013). Principally,
eukaryotic origin specification mechanisms either actively recruit initiation factors to direct
pre-RC assembly at specific chromosomal regions, or conversely exclude pre-RCs from
potential origin sites. Transcription, for example, which is known to interfere with pre-RC
assembly and thereby inhibit replication origin activity (Donato et al., 2006; Looke et al.,
2010; Mori and Shirahige, 2007; Nieduszynski et al., 2005; Snyder et al., 1988), may shape
chromosomal replication profiles by restricting pre-RC assembly to non-transcribed regions.
Consistent with this notion, onset of zygotic transcription at the midblastula transition
promotes specific origin usage in Xenopus and Drosophila embryos by confining replication
initiation sites to intergenic regions (Hyrien et al., 1995; Sasaki et al., 1999). Similarly,
transcription appears to define the boundaries of the initiation zone located between the
convergent dihydrofolate reductase (DHFR) and 2BE2121 genes in chinese hamster ovary
(CHO) cells: Deletion of the DHFR promoter extends the initiation zone into the inactive
DHFR gene (Saha et al., 2004), whereas defective termination of transcription of the DHFR
gene restricts the initiation zone to the remaining non-transcribed intergenic space further
downstream (Mesner and Hamlin, 2005).

The strict separation of Mcm2-7 loading and Mcm2-7 activation in the cell cycle is essential
to prevent re-replication (Siddiqui et al., 2013). At the same time, this two-step mechanism
imposes a requirement for replication origins to maintain competence from the time of
licensing until the time of activation. Activation times vary significantly, as origins do not
fire synchronously upon entry into S phase, but fire in a predetermined pattern throughout S
phase, while some origins are only activated during replication stress (Blow et al., 2011;
Rhind and Gilbert, 2013). During pre-RC assembly, Mcm2-7 complexes are loaded as
inactive double-hexamers (DHs) around double-stranded DNA, in a reaction that requires
the coordinated activities of the initiation factors ORC, Cdc6, and Cdt1 (Yardimci and
Walter, 2014). Mcm2-7 DHs form topologically bound complexes on DNA that even resist
high-salt washes (Gros et al., 2014; Remus et al., 2009). Nonetheless, in budding yeast cells
arrested in G1 phase with a-factor continuous re-loading of Mcm2-7 proteins by ORC and
Cdc6 is required to maintain Mcm2-7 at the origin (Aparicio et al., 1997; Chen et al., 2007,
Cocker et al., 1996; Semple et al., 2006). Such re-loading, however, cannot occur during S
phase when re-replication control mechanisms prevent Mcm2-7 loading (Siddiqui et al.,
2013), raising the question how origin function is maintained during normal S phase or
during prolonged S phase arrest after checkpoint activation.

It was previously found that reconstituted Mcm2-7 DHs can slide on DNA if exposed to
high-salt conditions (Evrin et al., 2009; Remus et al., 2009). The physiological significance
of this Mcm2-7 DH mobility, and whether Mcm2-7 DHs remain functional after sliding
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along DNA, is not known. We reasoned that the ability to slide may help maintain Mcm2-7
DHs on DNA after collision with other proteins. For example, transcriptional activity has
been detected at a large fraction of budding yeast origins (Looke et al., 2010), indicating that
collisions between RNA polymerase and pre-RCs may occur on a frequent basis. We,
therefore, set out to investigate Mcm2-7 DH stability after collision with other proteins on
DNA. We find that although ARS elements are preferred loading sites for Mcm2-7 both in
vitro and in vivo, DNA replication can initiate distal to ARS elements upon re-localization of
Mcm2-7 DHs away from the ARS. Our results uncover facilitated Mcm2-7 DH sliding as a
mechanism by which non-replicative DNA transactions, such as transcription, can influence
eukaryotic origin positions, and suggest a eukaryote-specific origin maintenance mechanism
that is not dependent on Mcm2-7 re-loading.

Isolation of pre-RCs free in solution

To model collisions between DNA translocases and Mcm2-7 DHs in vitro we developed a
gel-filtration-based approach to analyze and isolate reconstituted budding yeast pre-RCs
(Remus et al., 2009) bound to DNA free in solution (Figure 1A). Mcm2-7 complexes
separate into two distinct populations during gel-filtration of a pre-RC assembly reaction
(Figure 1B): A low molecular weight (LMW) fraction corresponding to Cdt1l-Mcm2-7
complexes that were not converted into pre-RCs in the course of the reaction; and an ORC-
dependent high molecular weight (HMW) fraction that co-fractionates with ORC and
template DNA, but is largely devoid of Cdtl, corresponding to pre-RCs. Electron-
microscopic analysis of the HMW fraction confirms the double hexameric structure of
Mcmz2-7 complexes eluting in this fraction (Figure 1C).

Although ORC, unlike Cdc6 and Cdt1, remains bound to the DNA after Mcm2-7 loading, it
does not maintain contact with the Mcm2-7 DH (Remus et al., 2009; Sun et al., 2014) and is
dispensable for DNA replication after Mcm2-7 loading (Gros et al., 2014; Hua and Newport,
1998; Rowles et al., 1999). We find that ORC is selectively removed from the template
DNA after Mcm2-7 loading by competition with an excess of ARS-containing DNA prior to
gel-filtration (Figure 1D). Using an in vitro replication approach (Gros et al., 2014) we
tested the activity of Mcm2-7 DHs isolated in this manner. Purified Mcm2-7 DHs bound to
plasmid DNA were phosphorylated with Cdc7-Dbf4 kinase (DDK), and DNA replication
initiated by addition of S phase yeast extract supplemented with 32P-dCTP. The data
confirm that isolated Mcm2-7 DHs are functional and support regulated DNA replication in
vitro (Figure 1D).

T7 RNAP can push Mcm2-7 DHs along DNA

To model collisions between Mcm2-7 DHs and transcription complexes we analyzed the
effect of T7 RNA polymerase (T7 RNAP) on Mcm2-7 DH stability. Under the conditions
used for pre-RC assembly, T7 RNAP transcription of pARS1 and pARS305 is dependent on
the presence of the T7 promoter (Figure S1A). Transcript lengths greatly exceed the unit
length of the plasmids, demonstrating that T7 RNAP transcribes the entire length of the

Mol Cell. Author manuscript; available in PMC 2016 December 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gros et al.

Page 5

templates, yet T7 RNAP progression is efficiently controlled by a tandem array of T7
terminator sequences (Figure S1B).

We determined whether Mcm2-7 DHs remain bound to DNA in the presence of T7
transcription using gel-filtration. As templates we used variants of pARS305, which we have
previously shown to assemble pre-RCs preferentially at the ARS305 sequence (Gros et al.,
2014). Following pre-RC assembly we supplemented the reaction with a ribonucleotide-
triphosphate (rNTP) mix and T7 RNAP to initiate transcription (Figure 2A). To prevent
reloading of Mcm2-7 in the course of the experiment, ORC was removed from the template
DNA by addition of ARS1 competitor DNA prior to transcription initiation. Mcm2-7 DHs
were retained on linear pARS305 when T7 RNAP transcription was prevented in the
absence of a T7 promoter, but were lost from the DNA if transcription was initiated from a
T7 promoter placed upstream of ARS305 (Figure 2B and Figure S2B). Mcm2-7 DHs were
lost from the template DNA if the T7 promoter was oriented towards ARS305, but not if the
promoter was oriented away from it. To distinguish between T7 RNAP disintegrating
Mcmz2-7 DHs or pushing Mcm2-7 DHs off the ends of the DNA, we monitored Mcm2-7 DH
persistence on circular DNA. Mcm2-7 DHs were retained on relaxed circular pARS305 both
in the absence and presence of transcribing T7 RNAP, indicating that Mcm2-7 DHs do not
disintegrate upon collision with T7 RNAP. To exclude the possibility that positive
supercoils between the Mcm2-7 DH and advancing T7 RNAP may prevent collision of T7
RNAP with the Mcm2-7 DH we also tested Mcm2-7 DH stability on negatively supercoiled
plasmids in the presence of VVaccinia topoisomerase I, which relaxes both positive and
negative supercoils. Again Mcm2-7 DHs were stably maintained irrespective of T7 RNAP
transcription (Figure S2C). These experiments demonstrate that elongating T7 RNAP can
push Mcm2-7 DHs along DNA and off free DNA ends.

Mcm2-7 DH activity after collision with T7 RNAP

Next we asked if Mcm2-7 DHs continue to support DNA replication in vitro after collision
with T7 RNAP. Transcription was initiated after pre-RC assembly and elimination of ORC;
plasmid-bound Mcm2-7 DHs, purified by gel-filtration, were tested for their ability to
support DNA replication as above. Intriguingly, T7 RNAP transcription did not interfere
with the replication of pARS1, indicating that Mcm2-7 DHs remain functional after collision
with T7 RNAP (Figure 3A).

To determine Mcm2-7 DH position after collision with T7 RNAP we used a Mcm2-7 / DNA
co-immunoprecipitation approach. For this we fragmented the template DNA by restriction
endonuclease digestion after re-isolation from the pre-RC assembly / transcription reaction,
and determined which fragments would co-immunoprecipitate with Mcm2-7 complexes
under respective conditions (Figure 3B). Restriction digestion of pARS1 yielded a 2 kb
ARS1-containing fragment, and a 3.9 kb vector backbone fragment, whose size was
increased to 4.2 kb if T7 terminator sequences were included. In the absence of T7
transcription Mcm2-7 DHs associated primarily with the 2.0 kb ARS1-containing DNA
fragment (Figure 3B, lane 6), consistent with ARS1 being the preferred site for pre-RC
assembly on the plasmid. If T7 transcription was initiated upstream of ARS1 Mcm2-7 DHs
were associated to roughly equal parts with both the ARS1-containing fragment and the
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vector backbone fragment (Figure 3B, lane 7). Termination of transcription downstream of
ARSI resulted in the majority of Mcm2-7 DHs being bound to the vector backbone
fragment (Figure 3B, lane 8). These data demonstrate that Mcm2-7 DHs are initially loaded
at ARSI, but are subsequently redistributed around the plasmid by T7 RNAP.

To determine if Mcm2-7 DHs dispersed by T7 RNAP can initiate DNA replication from
sites distal to the loading site at the ARS we tested their ability to support replication of the
bound restriction fragments (Figure 3C). Indeed restriction fragments were replicated in a
manner that correlated with the Mcm2-7 DH distribution observed in figure 3B. On the
promoterless template the majority of replication initiation events occurred on the ARS1-
containing 2.0 kb fragment (Figure 3C, lanes 1-2). Transcription initiated upstream of
ARS1 after Mcm2-7 loading increased the number of initiation events on the 3.9 kb vector
backbone-containing fragment, resulting in an almost even distribution of initiation events
between the 2.0 kb and the 3.9 kb fragments (Figure 3C, lanes 3-4). Termination of T7
transcription downstream of ARS1 essentially reversed the distribution of initiation events
observed in the absence of transcription, with the majority of initiation events now occurring
on the 4.2 kb vector backbone fragment (Figure 3C, lanes 5-6). Analogous results were also
obtained with pARS305 (Figure S3A). To exclude the possibility that the redistribution of
initiation events after T7 transcription resulted from redistributed Mcm2-7 loading by ORC
that was not efficiently competed off the template DNA prior to transcription initiation, we
isolated Mcm2-7 DHs from a pre-RC assembly reaction by gel-filtration prior to the
initiation of transcription. Again DNA replication initiated preferentially on the ARS1-
containing 2.0 kb DNA fragment in the absence of transcription, but was shifted to the T7
terminator-containing vector backbone by transcribing T7 RNAP (Figure 3D). The
functional relocation of Mcm2-7 DHs on linear templates (Figure S3B-D) that are devoid of
topological constraints, and therefore do not allow any potential DNA supercoils to
accumulate between the advancing T7 RNAP and Mcm2-7 DH, indicates that T7 RNAP
relocates Mcm2-7 DHs along DNA via direct physical contact. We conclude that relocated
Mcmz2-7 DHs remain competent for replication initiation at sites distal to the initial loading
site. This is consistent with our previous study (Gros et al., 2014) showing that DNA
sequences at the ARS promote preferential loading of Mcm2-7 DHs by the pre-RC in vitro,
but that specific origin sequences are not required for activation of the Mcm2-7 DH during
initiation. To test if the ability to slide upon collision with other proteins is a general feature
of Mcm2-7 DHs, we also examined collisions between FtsK, a hexameric double-stranded
DNA translocase, and Mcm2-7 DHs in vitro (Figure S4). Like T7 RNAP, FtsK was able to
functionally displace Mcm2-7 DHs on DNA in vitro, demonstrating that Mcm2-7 DHSs can
be functionally relocalized along the DNA template by distinct classes of DNA translocases.

Mcm2-7 redistribution by RNA polymerase in vivo

Next we aimed to characterize collisions between the transcription machinery and
replication origins in vivo. To this end we exploited the fact that ~ 90 % of budding yeast
replication origins are located downstream of protein coding genes, i.e. either between
convergent genes, or genes that are organized in tandem (MacAlpine and Bell, 2005). We
reasoned that collisions between RNAP and pre-RCs may be enhanced in mutants defective
for transcription termination and, therefore, decided to examine the positions of both ORC
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and Mcm2-7, as well as the sites of DNA replication initiation, genome wide in yeast cells
that harbor a temperature-sensitive mutation in Ratl. Ratl is a 5’-3” ribo-exonuclease that
promotes the release of RNA polymerase from the DNA template after cleavage of the
nascent RNA transcript, in a process termed “torpedo” mechanism (Tollervey, 2004). rat1-1
cells exhibit pronounced termination defects during mRNA transcription by RNA
polymerase 1l (RNAP II) and rRNA transcription by RNA polymerase | (RNAP I) at non-
permissive temperature (EI Hage et al., 2008; Kawauchi et al., 2008; Kim et al., 2004). Rat1l
is essential for cell viability, yet genetic rescue experiments suggest that the essential
function of Ratl is distinct from its role in transcription termination (Luo et al., 2006). In the
following experiments, asynchronous cultures of rat1-1 cells were shifted for two hours to
non-permissive temperature (37°C), a condition that does not elicit a checkpoint response as
judged by Rad53 phospho-shift analysis (Figure S5A), or induce gross changes in cell cycle
stage as determined by FACS analysis of nuclear DNA content (Figure S5B).

To examine the consequence of collisions of RNAP with pre-RCs we used ChlIP-seq to
determine the chromosomal positions of both ORC and Mcm2-7 across the genome of
rat1-1 cells. We identified 245 peaks of ORC binding, of which 202 overlapped with sites
identified in an earlier study that analyzed ORC distribution in cells arrested in G2/M by
nocodazole treatment (Figure S5C) (Eaton et al., 2010). For Mcm2-7 we identified 375
peak binding sites, 310 of which overlapped with sites identified in a-factor-arrested cells in
a prior study (Figure S5C) (Blitzblau et al., 2012). The extensive overlap between the ORC
and Mcm2-7 binding sites observed here and in prior studies validates our approach of
assessing pre-RC positions in cultures of asynchronous yeast cells. 210 of the 245 ORC sites
identified here overlap with Mcm2-7 binding sites, and also largely localize to annotated
ARS sites (Figure S5C + D), thus fulfilling the criterion for origin-associated pre-RCs
(Wyrick et al., 2001).

Inspection of the ORC binding peaks at individual origin sites indicates that ORC binding is
not altered at elevated temperature in rat1-1 cells (Figure 4A and Figure S5D). On the
contrary, at numerous origin sites the Mcm2-7 binding peaks are significantly broadened by
several hundred base pairs and up to a few kilo base pairs at 37°C relative to those at 24°C
(e.g. ARS1414 and ARS447, Figure 4A), while the Mcm2-7 binding pattern at some origins
is unaffected by the temperature shift (e.g. ARS305, Figure 4A). Intriguingly, in those cases
where the temperature shift induces a change in Mcm2-7 chromatin association, peak
broadening occurs only in one direction, correlating with the orientation of the open reading
frames (ORFs) around the origin (Figure 4A), which is consistent with RNAP collisions
inducing the observed changes in Mcm2-7 binding around origins after defective
transcription termination.

To examine the ORC and Mcm2-7 binding patterns at permissive and nonpermissive
temperatures we aligned the 210 members of the ORC/Mcm2-7 set and plotted the ORC and
Mcm2-7 ChlIP-seq scores as heat maps centered on the peak positions of ORC and Mcm2-7
at 24°C, respectively. Mcm2-7 distributions at 37°C were ranked according to relative
displacement from Mcm2-7 peak centers obtained at 24°C (clusters | — V1I1), and the
resulting origin order was subsequently imposed on the heat maps for ORC at 24°C and
37°C, and Mcm2-7 at 24°C (Figure 4B). While the ORC peaks at 37°C align with those
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obtained at 24°C, a large fraction of Mcm2-7 peak positions at 37°C deviates significantly
from the Mcm2-7 peak centers obtained at 24°C, shifting either to the left or the right
(Figure 4B and Figure S6A). To analyze if the direction of transcription around the
respective origins correlates with the direction of the Mcm2-7 peak shift observed at 37°C,
we determined the difference in transcript densities on the Watson and Crick strands (Xu et
al., 2009) within a 4 kb window around each replication origin. The resulting transcript
direction metric (TDM) serves as a measure for transcription direction, with TDM scores > 0
representing prevailing Watson strand (rightward) transcription, and TDM scores < 0
representing prevailing Crick strand (leftward) transcription (Figure S6B). Alignment of the
average TDM scores with the ChIP-seq heat maps of the set of 210 ORC/Mcm2-7 peaks
indicates that the shift in Mcm2-7 peak position at 37°C generally correlates with the
direction of transcription around the origins (Figure 4B). This is confirmed by the strong
enrichment of rightward Mcm2-7 peak shifts at origins with positive TDMs, and the
converse enrichment of leftward shifted Mcm2-7 positions at origins with negative TDMs
(Figure 4C + D). It is worth noting that this trend is maintained across the set of all 375
Mcm2-7 peaks identified here (Figure S6C + D). The observation that ORC positions do
not change upon defective termination of RNAP Il transcription implies that Mcm2-7
redistribution at origins under these conditions is not a consequence of alternative Mcm2-7
loading. Instead this data is consistent with Mcm2-7 complexes loaded at origins being
pushed ahead of elongating RNAP along the chromatin lattice.

Redistribution of initiation sites by RNA polymerase in vivo

To examine origin activity genome wide we sequenced Okazaki fragments (McGuffee et al.,
2013; Smith and Whitehouse, 2012) from yeast cells grown in conditions as above. Okazaki
fragments were isolated from asynchronous cultures of rat1-1 or control cells after DNA
ligase | depletion and 2 hours after growth at either permissive (24°C) or non-permissive
(37°C) temperature. Remarkably, simple visual inspection reveals dramatic changes in the
distribution of Okazaki fragments in rat1-1 cells at 37°C relative to RAT1 control cells,
indicating major changes in both origin efficiency and origin distribution genome wide
(Figure 5A and Figure S7A).

Loss of origin efficiency is, for example, illustrated on the left arm of chromosome XV at
ARS1531, ARS1509, ARS1510, and ARS1511 (Figure 5A), and more examples can be
found across all chromosomes (e.g. Figure S7A). To quantitate these apparent changes we
compared origin efficiencies in rat1-1 and control cells using the origin efficiency metric
(OEM)(McGuffee et al., 2013). At 24°C origin efficiencies were very similar in rat1-1 and
control cells (Figure 5B). In contrast, at 37°C the number of highly efficient (OEM = 1)
origins was greatly reduced and the distribution of origin efficiencies was shifted towards
lower OEM values in ratl-1 cells, but not in control cells, indicating that loss of Ratl
reduces origin efficiency at many sites genome wide.

Origin position appears frequently shifted in rat1-1 cells. Genome wide we found that sites
of initiation in rat1-1 cells at 24°C or control cells at 37°C were identical to those reported
previously (McGuffee et al., 2013), whereas inactivation of Rat1 resulted in a significant
positional shift at a large fraction of origin sites (Figure 5C). Initiation site shifts are
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illustrated at ARS1415 and ARS1303 (Figure 6). Intriguingly, the initiation site shift at
these origin sites correlates with both the shift in Mcm2-7 distribution (Figure S7B) and
with the prevailing direction of transcription around the respective origin (Figure 6). This
led us to examine the correlation between the direction of transcription (TDM) and the
direction of the shift in origin localization genome wide. We identified 58 origins associated
with regions of prevailing Watson strand transcription (TDM +1 to +2), and 58 origins
within regions of prevailing Crick strand transcription (TDM -1 to —2). Strikingly, within
these origin clusters a significant fraction of the origins in rat1-1 cells at 37°C, but not in
control cells or rat1-1 cells at 24°C, underwent a positional shift that correlates with the
direction of transcription and with the degree of transcription bias (Figure S7C). In regions
of prevailing Watson strand transcription, the average shift in origin position is ~ 2 kb to the
right, whereas origins associated with predominant Crick transcription shift on average by
~0.5 kb to the left (Figure 7A), which is consistent with the extent of Mcm2-7 displacement
observed above at 37°C. Moreover, we note that the magnitude of the origin shift is
consistent with the extent of RNAP 11 elongation in rat1-1 cells (Kim et al., 2004). The
reduced amplitude in density difference between Watson and Crick strand Okazaki
fragments in rat1-1 cells indicates loss of origin efficiency, which may result from loss of
Mcmz2-7 DH function or dispersive origin redistribution. In addition, loss of origin activity
after Mcm2-7 displacement would be expected based on our earlier observation that the
initiation competence of Mcm2-7 DHs is limited by the DNA sequence or structure at the
Mcmz2-7 binding site (Gros et al., 2014). The non-random redistribution of initiation sites in
regions of transcription bias, combined with the distinct co-transcriptional relocalization of
Mcmz2-7, but not ORC, in our ChIP-seq analysis, strongly argues against origin
redistribution being a consequence of altered Mcm2-7 loading site selection. We conclude
that Mcm2-7 DHs can be relocated by RNAP Il in vivo and can remain competent for
initiation at distal sites (Figure 7B).

Discussion

Our observation that Mcm2-7 DHs support DNA replication initiation after displacement
from the initial loading site suggests a general two-step mechanism for eukaryotic origin
specification: Selection of the site of Mcm2-7 loading by the pre-RC in the first step, and
refinement of the initiation site by the positioning of the Mcm2-7 DH in the second step.
While the first step specifies origin sites globally and is mediated through the targeting of
ORC to chromosomal sites, the second step affects origin position locally and helps sustain
the replication competency of chromatin by promoting origin flexibility.

DNA and RNA polymerases share the same DNA template in vivo. Consequently,
mechanisms that help avoid or resolve collisions between replication forks and transcription
complexes are important for the maintenance of genome integrity (Aguilera and Garcia-
Muse, 2013; Bermejo et al., 2012). However, the two-step mechanism of DNA replication
initiation in eukaryotes suggests that transcription-replication conflicts can arise even before
replication forks are established. Consistent with this notion, here we identify relocalization
of Mcm2-7 DHs by RNA polymerase as a consequence of transcription-replication conflict.

Mol Cell. Author manuscript; available in PMC 2016 December 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gros et al.

Page 10

It was previously shown that transcription through an origin can disrupt pre-RCs and inhibit
origin function (Looke et al., 2010; Mori and Shirahige, 2007; Snyder et al., 1988; Tanaka et
al., 1994). However, although Mcm2-7 complexes are lost from the original loading site
after transcription through the origin, we find here that they can be functionally redistributed
to downstream sites by elongating RNA polymerase. Plasmid loss over multiple generations
in the aforementioned studies may thus in part be a consequence of interference of
constitutive transcription across the replication origin with the establishment of pre-RCs at
this site. Using a reconstituted in vitro DNA replication system we have found previously
that the ability of Mcm2-7 DHs to be activated is partially limited by the DNA sequence or
structure at the Mcm2-7 DH binding site (Gros et al., 2014). Similarly, here we observe at
individual loci that Mcm2-7 redistribution in rat1-1 mutant cells is not always associated
with a concomitant shift in the site of DNA replication initiation, but with a loss of
replication initiation activity, thus contributing to the global loss in origin efficiency in these
cells. Enhanced origin flexibility due to Mcm2-7 DH mobility may, therefore, be
advantageous to promote efficient S phase progression under normal growth conditions
when levels of transcriptional interference are low.

The incompatibility of transcription and replication origin function explains the intergenic
localization of most budding yeast origins. Nonetheless, pervasive transcription (Jensen et
al., 2013), heterogenous mRNA transcription (Pelechano et al., 2013), and imprecise
termination of RNAP Il elongation (Mischo and Proudfoot, 2013) may cause collisions
between RNA polymerase and pre-RCs even in intergenic regions. The stochastic nature of
these events may normally preclude the detection of their effect on origin activity by
population-based origin mapping techniques.

Our data demonstrate that regulated transcription termination is essential to maintain the
normal replication program in budding yeast. This highlights the importance of transcription
termination not only to prevent interference with transcription from downstream promoters,
but also to prevent interference with replication initiation from downstream replication
origins. Active genes confine origin sites to non-transcribed intergenic regions, resulting in
origins being frequently localized downstream of active genes also in higher eukaryotes
(Hyrien, 2015). We, therefore, expect that ordered transcription termination is equally
important to maintain origin activity in all eukaryotes. Moreover, Mcm2-7 DH mobility
allows plasticity in initiation sites and may thus contribute to the establishment of the
dispersive initiation zones found in higher eukaryotes (Mesner and Hamlin, 2005; Saha et
al., 2004).

Mcmz2-7 DHs are topologically bound around DNA by a specialized loading machinery.
Mcm2-7, therefore, cannot spontaneously rebind DNA in the event of accidental
displacement from the DNA template in the absence of the loading factors. While
inactivation of ORC or Cdc6 induces rapid loss of Mcm2-7 complexes from chromatin
during a-factor arrest in G1 phase and after cell cycle exit in GO (Chen et al., 2007; Cocker
et al., 1996; Diffley et al., 1994; Semple et al., 2006), cell cycle-dependent inhibition of pre-
RC assembly in S phase does not induce loss of late and dormant origins, even after
prolonged S phase arrest following checkpoint activation (Blow et al., 2011; Zegerman and
Diffley, 2009). The mechanism of Mcm2-7 unloading in G1 and GO phases is unknown, but
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we suggest that Mcm2-7 DH mobility contributes to the maintenance of origin function in S
phase. It is noteworthy that cohesin complexes can be similarly pushed along the chromatin
lattice by the transcription machinery (Lengronne et al., 2004), suggesting that the ability to
slide is a general strategy to maintain topologically bound protein complexes around DNA
when re-loading is not allowed. How nucleosomes may be bypassed or displaced during
Mcmz2-7 DH relocation through chromatin will be of interest for future studies.

Mechanisms that target ORC to specific sites on the chromosome have significantly
diverged in evolution and are subject to modulation throughout development. While direct
binding of ORC to the ARS consensus sequence (ACS) contributes to selection of the
Mcm2-7 loading site in S. cerevisiae, ORC can be actively recruited to potential origin sites
via alternative mechanisms in other organisms (Hyrien, 2015). The ability of Mcm2-7 DHs
to support replication initiation from a variety of DNA sequence contexts may thus facilitate
the evolution of mechanisms that modulate origin site selection during development.

The example of T7 RNAP demonstrates that specific protein-protein contacts are not
required for functional displacement of Mcm2-7 DHs. This flexibility may promote the
ability of Mcm2-7 DHs to maintain replication competence upon interference from diverse
forms of genome traffic. In line with this notion we find that the double-stranded DNA
translocase, FtsK, is similarly capable of relocating Mcm2-7 DHs along the DNA. It is
worth noting that FtsK is capable of translocating along DNA at greater than 20 kb per
second, demonstrating the remarkable robustness of the Mcm2-7 DH sliding mechanism
(Lee et al., 2014).

Experimental procedures

DNA templates and proteins

DNAs and proteins are described in the supplementary methods.

Isolation of pre-RCs by gel-filtration

Pre-RC assembly was carried out in 30 L reactions containing 45 mM Hepes-KOH pH
7.6/0.12 M KOAc /0.02 % NP-40 /5 mM Mg(OAc.), / 5 % glycerol /5 mM ATP /1 mM
DTT /0.5 pmol plasmid DNA / 2.5pmol ORC / 2.5 pmol Cdc6 / 3 pmol Cdtl1eMCM2-7.
Reactions were incubated for 30 minutes at 30°C. Subsequently, the reaction was
fractionated by gravity flow on a ~2 mL Sephacryl S-1000 SF resin in buffer K (45 mM
Hepes-KOH pH 7.6 / 0.1 M KOAc / 0.05 % NP-40 / 5 mM Mg(OAc.), / 10% glycerol) / 1
mM ATP / 2 mM B-mercaptoethanol. Fractions (~26 L) were collected manually.

Isolation of Mcm2-7 DHs after transcription by T7 RNAP

Following pre-RC assembly, the reaction was supplemented with 5 pmol of a 296 bp ARS1-
containing DNA fragment and incubated for a further 10 minutes at 30°C. Transcription by
T7 RNAP was initiated by supplementing the reaction with 500 uM of each ATP / UTP /
GTP/CTP, 10 mM DTT, 0.5 pmol of T7 RNA Polymerase (NEB) and incubation at 20°C
for 30 minutes. The reaction was fractionated on a 2 mL S1000 column as above.
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Co-immunoprecipitation of Mcm2-7 with DNA Fragments

70% of the Mcm2-7 DH / DNA peak fraction from an S1000 fractionation was digested with
5-10 U of restriction enzymes for 45 minutes at 30°C. Immunoprecipitation was carried out
by incubation of 225 g of Dynabeads Protein G (Life Technologies) coupled to M2 anti-
FLAG antibody (Sigma) (0.5 pg antibody / 30 pg Dynabeads) for 1h at 30°C with agitation.
Immunoprecipitates were washed with buffer K /2 mM -Mercaptoethanol and DNA eluted
from the beads with 1.6U of Proteinase K (NEB) followed by phenol extraction.

In vitro replication using isolated pre-RCs

Approximately 15% of a pre-RC peak fraction was digested as described and simultaneously
phosphorylated by addition of 0.75 pmol of purified DDK (Gros et al., 2014). 20uL of S
phase extract prepared from YDR95 (Supplementary Table 1), supplemented with 5mM
ATP /0.1 mM each (dATP /dTTP/ dGTP) / 0.2 mM each (CTP / GTP/ UTP) / 5 uCi
[a-32P]-dCTP (3000Ci / mmol) / 40 mM creatine phosphate / 0.01 mg / mL creatine kinase,
was added to the reaction and incubation continued for 40 min at 30°C (40uL final reaction
volume). The reaction was stopped by incubation with 15 mM EDTA / 0.2% SDS / 1.6U of
Proteinase K at 37°C for 30 minutes. DNA was isolated by phenol extraction and ethanol
precipitation, and analyzed by native agarose gel electrophoresis. Dried gels were analyzed
by phosphor-imaging.

Chromatin immuno-precipitation and ChlP-seq data analysis

Cells (50 ml) were grown at 24°C to ODgqg = 1, then continued to grow for two additional
hours at either 24°C or 37°C. Cells were crosslinked with 1% formaldehyde, lysed, and
sonicated to obtain a DNA shear size of 100-800 bp. Immunoprecipitation was carried out
with polyclonal antibodies against ORC or Mcm2-7 (gift of Steve Bell, MIT). Fragments
were sequenced on an lllumina platform and reads were mapped using Bowtie and Bedtools.
MACS (Zhang et al., 2008) was used to identify ORC and MCM peak binding sites. No
shifting model was built and a shift size twice the fragment length was utilized to call peaks.
The midpoints of the Mcm2-7 peaks at 24°C, with a corresponding ORC peak (n=210), were
used as reference to scan the Illumina reads within a 3 kb window upstream and downstream
of every Mcm2-7 binding site. The resulting matrix was clustered using the Cluster 3.0
software and visualized using Java TreeView.

Purification of Okazaki Fragments

YJG15 (ratl-1) or YIW347 (wt) cells were grown at permissive temperature (24°C) to a
density of 2.5 x 10% / ml and Cdc9 inactivation was induced by addition of doxycycline
(75ug / mL final) and incubation at either permissive (24°C) or restrictive (37°C)
temperature for two hours. Okazaki fragments were purified essentially as described (Smith
and Whitehouse, 2012). Mapping data were confirmed with material isolated from two to
three independent biological replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Isolation of functional pre-RCs free in solution
(A) Reaction scheme. (B) Gel-filtration analysis of reconstituted pre-RC assembly reaction

using linearized pARS305 (9.8 kb) as a template. Proteins were analyzed by SDS-PAGE and
silver stain, DNA was analyzed by agarose gel-electrophoresis and ethidium-bromide
staining. Pre-RCs were assembled in the presence (top two panels) or absence (bottom two
panels) of ORC. (C) Representative electron micrograph (left) and 2D class average (right)
of Mcm2-7 complexes eluting in fractions 8-10 in presence of ORC in B. (D) In vitro DNA
replication assay using purified Mcm2-7 DHs isolated on relaxed pARS305 (9.8 kb);
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reaction scheme on left. Input protein was analyzed by SDS-PAGE and silver stain, input
DNA by agarose gel-electrophoresis and ethidium bromide stain. Replication products were
visualized by autoradiography after native agarose gel-electrophoresis. RI's = replication
intermediates.
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Figure 2. T7 RNAP can push Mcm2-7 DHs off the ends of linear DNA
(A) Reaction scheme. (B) Pre-RCs were tested for displacement by T7 RNAP on linear or

circular relaxed forms of pARS305 (9.8 kb) indicated on the right. Protein-DNA complexes
were analyzed by gel-filtration; relative Mcm2-7 content in each fraction was determined
after SDS-PAGE and silver stain (Figure S2). P17, T7 promoter.
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Figure 3. Mcm2-7 DHs remain functional after displacement by T7 RNAP
(A) Native agarose gel analysis of in vitro DNA replication products obtained with pre-RCs

reconstituted on circular closed pARS1 (5.8 kb) treated with T7 RNAP in the absence or
presence of a T7 promoter or Vaccinia Topo | as indicated. Averages and standard
deviations of 32P-dCTP incorporation from three independent experiments are shown in the
bar diagram. Reaction scheme on the left. (B) Mcm2-7 DH location analysis by co-
immunoprecipitation of Mcm2-7 complexes and DNA fragments generated from pre-RCs
assembled on circular closed pARS1 according to reaction scheme on left. Restriction sites
used are indicated by red triangles in the plasmid map. P17, T7 promoter; Ty7, T7
terminator. DNA was analyzed by ethidium-bromide stain. (C) In vitro replication analysis
using Mcm2-7/DNA fragment complexes obtained according to reaction scheme on left.
Replication products were analyzed by native agarose gel-electrophoresis and
autoradiography (right panel) and 32P incorporation into respective fragments was
guantitated by phosphorimaging (middle graph). (D) In vitro replication analysis of
Mcm2-7/DNA complexes obtained according to reaction scheme on left. The pARS1
template included T7 terminator sequences (see map in b); restriction was carried out with
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Soel / Ndel. Replication products were analyzed by native agarose gel-electrophoresis and
autoradiography and 32P incorporation into respective fragments was quantitated by
phosphorimaging.

Mol Cell. Author manuscript; available in PMC 2016 December 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gros et al.

Page 21

A ARS1414 ARS447 ARS305

_-LA- ;—.—l ‘\k‘ 29a
2000 5 | - e ORC
1000 — “ " 3700
_JM.A-—‘

2000
1000 —

1000 —

Read Depth

2000 H
| ‘ 24°C
S Mcm2-7
. ___.L___ 37°C

2000 =
1000 —

YNL190W
CHS1 DUG3 SRP1 HLR1 CAB1 STL1 PAD1 SPB1LRE1 SPS22

-_—— o ° = 2> e - o - o » Watson ORF

s s @ o e 00 @ Crick ORF
QCR7 KRE28 FIT1 YDR537C PBN1 YCL049C EMC1
APA2 HSP31 YDR535C APA1_YCL047C
I T T I T T 1 I T T 1
278 282 286 1496 1502 1508 1514 32 38 44 50 [kb]
Chromosome XIV Chromosome IV Chromosome Il
B Mcm2-7
37°C
| : .
i
1l
v
M
Vi
ﬂ
Vil :
-3000 +3000 -3000 +3000 -3000 +3000 -3000 +3000 Crick Watson
Position relative to ORC (24°C) Position relative to Mcm2-7 (24°C) ~ ‘ranscription
[bp] [bp]
C D p < 0.0001
2 |
[ ]
.. [
[ ]
Position relative
to Mcm2-7 (24°C) I 1
[bp] -2000 100, 2000

Mcm2-7 Mcm2-7 Mcm2-7
shifted shifted not shifted
left at 37°C right at 37°C at 37°C

Figure 4. ChlP-seq analysis of ORC and Mcm2-7 in rat1-1 cells
(A) ORC and Mcm2-7 enrichment around ARS1414, ARS447, and ARS305 at 24°C and

37°C is plotted over chromosomal position. Annotated ORFs on the Watson (yellow) and
Crick (blue) strands are indicated. (B) Heat maps of ORC and Mcm2-7 enrichment at 210
origin sites where Mcm2-7 and ORC peaks coincide. Positive signal within 6 kb window is
indicated in white. ORC maps are centered on ORC peak positions at 24°C; Mcm2-7 maps
are centered on Mcm2-7 peak positions at 24°C. Mcm2-7 peaks obtained at 37°C were
ordered into eight clusters (I-VI11). ORC (24°C and 37°C) and Mcm2-7 (24°C) maps were
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ordered according to Mcm2-7 (37°C). Panel on the right indicates average TDM at
respective origin sites (see Figure S6B). (C) TDMs at the 210 ORC/Mcm2-7 peaks plotted
as a function of Mcm2-7 peak position at 37°C vs. 24°C. red: Mcm2-7 shift to the right;
blue: Mcm2-7 shift to the left; black: Mcm2-7 peak position unchanged. (D) Data from (C)
summarized as box and whisker plots; significance of difference between origins at which
Mcmz2-7 at 37°C is displaced to the right and origins at which Mcm2-7 at 37°C is displaced
to the left is indicated.
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Figure 5. Okazaki fragment distribution in rat1-1 cells
(A) Okazaki fragments mapping to Watson and Crick strands on S. cerevisiae chromosome

XV in RAT1 or ratl-1 cells at 37°C. Select ARS IDs are indicated on top. (B) Distribution
of origin efficiencies in rat1-1 and RAT1 cells. N = number of origins (OEM = 0.1). (C)
Distribution of origin positions in rat1l-1 and RATL1 cells relative to those reported
previously for RAT1 cells at 30°C (McGuffee et al., 2013).
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Figure 6. Initiation site shift at ARS1415 and ARS1303 in rat1-1 cells at 37°C
Okazaki fragments mapping around ARS1415 and ARS1303 in RATL1 (blue / orange) or

ratl-1 (red / blue) cells at 37°C. Dashed vertical lines denote positions of ARS1415 and
ARS1303, respectively; dashed vertical arrows denote main new initiation sites in rat1-1
cells. Transcript maps (Xu et al., 2009) and positions of annotated open reading frames
(ORFs) are indicated below.
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Figure 7. Initiation sites shift in the direction of transcription

(A) Average Okazaki fragment densities at origins located in regions of prevailing Watson
strand transcription (left panels; N = 58), or prevailing Crick strand transcription (right
panels; N = 58) in Ratl (top panels) or rat1-1 (bottom panels) cells at 37°C. Red triangles
indicate origin position. Dotted vertical lines indicate previously reported positions for
respective origins determined at 30°C (McGuffee et al., 2013). A indicates the shift in origin
position. (B) Model for origin relocation during defective transcription termination in rat1-1
cells.

<
I9)
3
S}
N
(@)
uy)
()
2
N
-—
i "/
\Z

1
’l

Mol Cell. Author manuscript; available in PMC 2016 December 03.



