Replication timing is regulated by the number
of MCMs loaded at origins
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Replication timing is a crucial aspect of genome regulation that is strongly correlated with chromatin structure, gene expres-
sion, DNA repair, and genome evolution. Replication timing is determined by the timing of replication origin firing, which
involves activation of MCM helicase complexes loaded at replication origins. Nonetheless, how the timing of such origin
firing is regulated remains mysterious. Here, we show that the number of MCMs loaded at origins regulates replication tim-
ing. We show for the first time in vivo that multiple MCMs are loaded at origins. Because early origins have more MCMs
loaded, they are, on average, more likely to fire early in S phase. Our results provide a mechanistic explanation for the ob-
served heterogeneity in origin firing and help to explain how defined replication timing profiles emerge from stochastic
origin firing. These results establish a framework in which further mechanistic studies on replication timing, such as the
strong effect of heterochromatin, can be pursued.

[Supplemental material is available for this article.]

The timing of DNA replication is a fundamental aspect of genome
metabolism that correlates with, and has been proposed to regu-
late, chromatin structure, gene expression, DNA repair, and cellu-
lar differentiation (Goren and Cedar 2003; Gilbert et al. 2010).
Replication timing is determined by the timing of replication ori-
gin firing (Rhind and Gilbert 2013). During the G1 phase of the
cell cycle, the Origin Recognition Complex (ORC) binds origins
and loads the ring-shaped MCM replicative helicase around DNA
(Bell and Kaguni 2013). Activation of the MCM complex initiates
replication and thus determines replication timing. Nonetheless,
how the timing of such origin firing is regulated is unclear.

Although the average replication times of origins, as mea-
sured in population assays, is reproducible, the firing times of ori-
gins in individual cells are heterogeneous (Rhind and Gilbert
2013). In fact, single-molecule studies in both budding and fission
yeast have shown that origin firing is stochastic (Patel et al. 2006;
Czajkowsky et al. 2008). Nonetheless, if individual origins fire sto-
chastically with a characteristic efficiency, they will exhibit repro-
ducible average firing times, with more efficient origins firing
earlier, on average (Bechhoefer and Rhind 2012). Therefore, under-
standing the timing of origin firing requires understanding what
regulates the efficiency of origin firing.

One strong influence on replication timing is heterochroma-
tin (Rhind and Gilbert 2013). In budding yeast, proximity to telo-
meric heterochromatin is both necessary and sufficient to delay
origin firing (Ferguson and Fangman 1992). This effect is regulated
by Rifl-dependent recruitment of protein phosphatase I, which
may antagonize origin activation by the cyclin- and DBF4-depen-
dent kinases (Lian et al. 2011; Davé et al. 2014; Hiraga et al. 2014;
Mattarocci et al. 2014). Chromatin structure—in particular, his-
tone deacetylation by Sir2 and Rpd3—also affects the timing of

nontelomeric origins (Knott et al. 2009, 2012; Peace et al. 2014;
Yoshida et al. 2014). However, the effect of chromatin structure
on euchromatic origins is much weaker, and its mechanism is
unclear.

Based on a mathematical analysis of replication kinetics of
the budding yeast
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that replication timing is regulated by
the number of MCMs loaded at each
origin.

Results

Totestthe first prediction of the multiple-
MCM model—that early origins have
more MCMs loaded than late origins—
we examined the genome-wide distribu-
tion of MCM by ChlP-seq in G1l-arrested
cells. As shown on Chromosome 10, the
MCM ChlP-seq signal is concentrated
at known origins, with more signal at
the early origins ARS1012, ARS1014,
ARS1018, and ARS1019, than at the late
origins ARS1008, ARS1009, ARS1010,
and ARS1016
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et al. 2015), as does comparing our MCM ChlP-seq data to other
published estimates of origin timing and/or efficiency (r=0.47 to
r=0.50, P<107°) (Supplemental Fig. S1; Hawkins et al. 2013;
McGuffee et al. 2013). From these results, we conclude that the rel-
ative number of MCM complexes loaded at origins during G1 reg-
ulate their firing timing during S phase. However, these results
only elucidate the relative number of MCMs at origins; they do
not distinguish between models in which early origins have mul-
tiple MCMs (Yang et al. 2010) and those in which early origins
have a single MCM complex loaded and late origins have substoi-
chiometric MCM loading (de Moura et al. 2010; Retkute et al.
2011; Hawkins et al. 2013).

To directly assay the number of MCM complexes loaded at or-
igins and thereby test the second prediction—that early origins
have multiple MCM complexes loaded—we used a single-origin
purification strategy. We engineered different origins into the
TALOS8 plasmid affinity purification system (Unnikrishnan et al.
2010) and introduced a single binding site for the zinc-finger
DNA binding protein Zif268, which binds to its 10-bp recognition
site with sub-nanomolar affinity (Elrod-Erickson and Pabo 1999),
as an internal control. We tagged MCM2 and ORC2 with the HA
epitope and expressed an HA-tagged Zif268 (Supplemental Fig.
S2A,B). We then purified TALO8 plasmids containing different or-
igins from G1l-arrested cells and determined by Western blotting
how many MCM complexes were loaded in vivo, relative to the
Zif268 control (Fig. 2A,B). On average, about three MCM complex-
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naturally explain the observation that slowing the rate of fork pro-
gression proportionally slows the rate of origin firing (Alvino et al.
2007; Rhind 2008; Koren et al. 2010). If a rate limiting factor re-
quired for MCM activation travels with the replication fork, such
as Cdc45 (Wu and Nurse 2009; Mantiero et al. 2011; Tanaka
et al. 2011; Gindin et al. 2014), new origins would be unable to
fire until previously initiated forks terminate, coupling origin fir-
ing timing to fork progression (Rhind 2008).

Another advantage of the multiple-MCM model is that it ex-
plains how events that impact origin licensing during G1 can af-
fect the timing of origin firing during S phase. The timing and
affinity of ORC binding during G1 affects the timing of origin ac-
tivation (Wu and Nurse 2009; Hoggard et al. 2013). However, since
ORC is only active during G1, it has been unclear how G1 ORC ac-
tivity could affect origin activation during S phase after ORC is in-
activated by CDK activity. The loading of multiple MCMs onto
early origins provides a memory of G1 ORC activity and stably es-
tablishes the replication timing program.

Although our results suggest that the number of MCMs load-
ed at origins affect origin efficiency, other factors contribute as
well, in particular chromatin structure (Rhind and Gilbert 2013).
The correlation we see between MCM ChlP-seq signal and replica-
tion timing is <0.5 (Fig. 1; Supplemental Fig. S1), consistent with
MCM number having a significant but not exclusive role in regu-
lating origin timing. Furthermore, we see a similar level of correla-
tion between other published MCM ChlIP-seq and replication
timing data sets (Supplemental Fig. S1; De Piccoli et al. 2012;

Hawkins et al. 2013; McGuffee et al. 2013; Belsky et al. 2015), sug-
gesting the result is robust to experimental details. The lack of cor-
relation seen with older MCM ChlP-chip data sets (Wyrick et al.
2001; Xu et al. 2006) is presumably due to the lower dynamic range
of those data sets.

If we exclude origins that have been reported to be affected by
the Rpd3 histone deacetylase, the KU telomere binding protein,
the Fkh1 transcription factor, or the Ctf19 kinetochore protein,
we find that the correlation improves to between 0.5 and 0.6.
This effect suggests that these factors, all of which affect chromatin
structure, modify origin firing independent of MCM number, but
also suggest that other as yet unidentified factors also play an im-
portant role in regulating origin timing. Chromatin structure
could affect origin efficiency at any point in the origin licensing
and firing cycle: ORC binding, MCM loading, or MCM activation.
However, the fact that we observe large numbers of MCMs loaded
at late-replicating telomeres (Fig. 1A) suggests that heterochroma-
tin can delay the firing of loaded MCMs, perhaps by counteract-
ing the activity of rate-limiting activators (Hiraga et al. 2014;
Mattarocci et al. 2014).

The multiple-MCM model raises the question of where multi-
ple MCMs may be located after loading. Presumably, MCM is ini-
tially loaded in the nucleosome-free region next to ORC (Bell
and Kaguni 2013). For multiple MCMs to be loaded, MCMs would
need to diffuse away from this loading site into surrounding chro-
matin. Such diffusion has been observed on chromatinized tem-
plates in frog egg extracts (Edwards et al. 2002). Furthermore,
recent high-resolution ChIP mapping of MCM at budding yeast or-
igins suggests that MCM preferentially associates with origin-
flanking nucleosomes (Belsky et al. 2015). Although, on average,
the strongest MCM ChIP signal tends to be either at the +1 or -1
nucleosome, individual origins show signal across multiple flank-
ing nucleosomes, allowing the possibility that multiple MCMs
could associate with multiple nucleosomes in a heterogeneous
manner.

The multiple-MCM model is silent as to why more MCMs are
loaded at one origin than another. A simple hypothesis is that ear-
ly origins have higher-affinity ORC binding sites, so that ORC
spends more of G1 phase bound at those sites and can load more
MCM (Fig. 4). This possibility is supported by a modest, but signif-
icant, correlation between ORC ChlP-seq and MCM ChlP-seq sig-
nal (r=0.43) (Supplemental Fig. S1C; Eaton et al. 2010). However,
the affinity of ORC for origins is likely determined by more than
simply the local origin sequence, because for a significant number
of origins, in vivo occupancy is affected by local chromatin struc-
ture, as well as the direct affinity of ORC for the origin sequence
(Hoggard et al. 2013). Furthermore, other factors, such as trans-act-
ing regulators of origin efficiency and chromatin structure, may
also affect the number of MCMs loaded at origins.

Recent results suggest a conceptually similar mechanism may
regulate origin timing in human cells (Gindin et al. 2014; Rhind
2014). In human cells, the density of DNase | hypersensitive sites
is an excellent predictor of replication timing, with regions dense
in DNase | hypersensitive sites replicating early (Gindin et al.
2014). Moreover, a model that uses DNase | hypersensitive sites
as a proxy for licensed origins, which are fired by a hypothetical
rate limiting activator that moves with replication forks, accurately
predicts developmentally regulated replication timing. Important-
ly, the model does not require that early firing origins have a high-
er probability of firing than late-firing origins; the higher density
of origins in early firing regions is sufficient to increase the chance
of such regions replicating early. Thus, in this model, the effect of
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for the last 2 h of synchronization. A similar strategy was used for
cells undergoing metaphase arrest except that cells were subjected
to nocodazole for 2.5 h. G1 and G2 arrests were confirmed by flow
cytometry. For each sample, 400 ODs of cells were collected by
centrifugation, washed once with water, and suspended in 5 mL
buffer H150 (25 mM HEPES KOH 7.6, 2 mM MgCl,, 0.5 mM
EGTA, 0.1 mL EDTA, 10% Glycerol, 150 mM KCI, 0.02% NP40,
1 mM PMSF, and 1x Complete Protease Inhibitor cocktail
[Roche]). This slurry was frozen as small pellets in liquid nitrogen
and lysed at —196°C using a Retsch MM301 ball mill. Cell powder
was thawed in 5 mL H150 lysis buffer on ice and cleared by centri-
fugation at 27,000 rpm for 90 min. As the input for Western blots,
1/40th of the supernatant was used. Dynabead Protein G (Life


http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://www.ncbi.nlm.nih.gov/sra/
http://genome.cshlp.org/
http://www.cshlpress.com

mediated phosphorylation of the MCM complex. Genes Dev 28:
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