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Abstract

Recent work suggests that DNA replication origins are regulated by the number of multiple Mini-
Chromosome Maintenance (MCM) complexes loaded. Origins are defined by the loading of MCM
- the replicative helicase which initiates DNA replication and replication Kinetics determined by
origin’s location and firing times. However, activation of MCM is heterogeneous; different origins
firing at different times in different cells. Also, more MCMs are loaded in G1 than are used in S
phase. These aspects of MCM biology are explained by the observation that multiple MCMs are
loaded at origins. Having more MCMs at early origins makes them more likely to fire, effecting
differences in origin efficiency that define replication timing. Nonetheless, multiple MCM loading
raises new questions, such as how they are loaded, where these MCMs reside at origins and how
their presence affects replication timing. In this review, we address these questions and discuss
future avenues of research.
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Introduction

Although the biochemistry of DNA replication origin establishment and activation in
eukaryotes is increasingly well understood, how origin firing is regulated to produce the
observed patterns of replication timing remains a major question (1). Replication timing is
the cumulative result of individual origin firing kinetics, and contributes to the efficient and
robust replication of the genome (2—4). Origins in budding yeast are defined by a 17 bp AT-
rich consensus sequence, but in multicellular eukaryotes, origins are not well defined (5).
Nonetheless, in both cases origins are established in G1 by loading of a head-to-head dimer
of the ring-shaped MCM replicative helicase complex (6-10). MCM activation in S phase
leads to origin unwinding, polymerase loading and the initiation of bidirectional DNA
replication. The multi-subunit Origin Recognition Complex (ORC) binds a nucleosome-free
region (NFR) of origin DNA and in concert with Cdc6 and Cdt1 loads the MCM complex
(11) (Figure 1A). MCMs are loaded at many more origins across the genome, and in much
greater number, than are activated in any one S phase (12-14). There are estimated to be
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5,000-10,000 MCM complexes per cell in budding yeast (15), which have 500-1000 origins
(16). The presence of such excess MCMs has been referred to as the MCM paradox (13, 17).
Excess MCMs are loaded at inefficient origins, sometimes referred to as dormant origins,
that normally fire in only a small subset of cells, but which are crucial for providing backup
origin capacity during replicative stress (18-20). However, accumulating evidence suggests
that excess MCMs can also be loaded in the form of multiple MCMs at early efficient
origins (12, 21,22) (Figure 1B). Having multiple MCMs at origins raises interesting
questions about how MCM loading is regulated, where MCMs are positioned at origins and
how having multiple MCMs loaded affects the robustness of DNA replication.

Evidence for Multiple MCMs at Individual Origins

Several lines of evidence support the idea that multiple MCM complexes are loaded at
individual origins. Initial evidence came from /n vitro experiments using Xenopus egg
extracts showing that many copies of MCM could be loaded on short pieces of DNA that
seemed to bind only one copy of ORC (12). The idea that a single ORC complex could
processively load multiple MCMs was supported by /n vitro experiments in budding yeast.
In these experiments, purified yeast ORC was shown to load multiple copies of MCM on
individual origins in yeast extract in the presence of excess origin DNA (21). A fully
purified /n vitro system also demonstrated multiple MCM loading, but at low frequency,
suggesting that loading in that particular system is not processive (7). Independent support
for the idea that multiple MCMs can be loaded at individual origins came from a
computational analysis of budding yeast replication kinetics that lead to a quantitative model
of replication in which loading of multiple MCMs at origins explains the variation in
genome-wide replication timing (23). We directly tested this model with MCM ChIP-seq
and quantitative ORC and MCM westerns on purified plasmids. We found strong evidence
for multiple MCMs at origins, and observed that more MCMs are loaded on early origins
than on late ones (22). On average, about three MCM double hexameric complexes were
found to be loaded on single early firing origins isolated from yeast nuclei (Figure 1B).

Despite these lines of evidence that multiple MCMs are loaded at origins, there are several
results that can be interpreted to support the contention that a single MCM complex is
loaded at each origin. /n vivo footprinting data showing a strong footprint next to ORC
during G1 is consistent with a single, well-positioned MCM complex in the origin NFR
(24,25). However, extension of the ORC footprint is not due to MCM loading, but instead is
dependent on the binding of Cdc6 (26). /n vivoreplication initiation point mapping
identified a single replication initiation site in the origin NFR next to ORC (27), suggesting
loading and activation of a single, well-positioned MCM. However, that study examined
only about 150 bp of sequence in the origin NFR, precluding the identification of other distal
initiation sites. Moreover, recent data indicates that loaded MCMs are in fact not found in
the NFR, but present on either side of the origin overlapping with the +1 and/or -1
nucleosomes (28). That study concluded that each origin primarily has one MCM loaded, in
association with either the +1 or —1 nucleosome, but the averaged nature of the data does not
exclude the presence of other less-well-positioned MCMs.
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Multiple MCM Loading indicates that Origin Organization is More
Complicated than Previously imagined

The current biochemical understanding of origin licensing supports a simple model for the
organization of an origin /in vivo, in which ORC binds in a NFR and loads a single MCM
next to it (Figure 1A). However, having multiple MCMs loaded at an origin requires this
model to be re-imagined (Figure 1B).

The most basic question addresses where the multiple MCMs would go (Figure 1B). Would
they stay in the (possibly expanded) NFR, or would they diffuse into the surrounding
nucleosomes? If the latter is true, would they displace nucleosomes or co-exist with them? A
surprising finding of a recent MCM-mapping study is that MCMs do not appear to inhabit
the origin NFR, but rather associate with the flanking nucleosomes (28). It is known that
MCMs can slide on DNA /in vitro (7, 8), and recent work shows that they can also be pushed
at least a kilobase /n vivo by RNA Pol Il and retain function (29). In this case, nucleosomes
must be evicted for MCMs to slide past. So, it is possible to imagine that at origins, as
nucleosomes unbind and rebind during normal nucleosome exchange, MCMs can slide past
as they diffuse away from their ORC-proximal loading site. Nucleosomes could then rebind,
or be excluded by MCMs. Recent work suggests that MCMs tightly associate with origin-
flanking nucleosomes (28), favoring the possibility that nucleosomes rebind (the co-
existence model in Figure 1B).

In the context of thinking about nucleosomes unbinding to let MCMs slide by, it is
interesting to note that in both budding yeast and flies the rate of nucleosome exchange
correlates with origin timing (30,31). Nucleosomes at early origins exchange more quickly
than those at late origins. It is possible that high rates of nucleosome exchange allow MCMs
to quickly diffuse away from the origin and, in turn, allow more MCMs to be loaded or
nucleosome dynamics could play a more direct role in origin-firing kinetics. Alternatively, it
is possible that increased MCM loading destabilizes nucleosomes, increasing their exchange
rates. Finally, the two effects could be caused by a third, independent, factor, such as the
presence of nucleosome-modifiers. Nonetheless, the correlation suggests an intimate
relationship between MCM loading, nucleosome stability and replication timing.

How is Multiple MCM Loading Regulated?

Another fundamental question is raised by these observations: Why do some origins load
more MCMs than others? A simple possibility is that ORC has a higher affinity for some
origins, and the resulting higher ORC occupancy leads to more MCM loading (Figure 2A).
This possibility is supported by the observation that ORC occupancy, as measured by ORC
ChiIP-seq (32), correlates with MCM ChlP-seq, suggesting that ORC occupancy does affect
MCM loading (22). Increased ORC affinity could be due to a higher affinity for origin DNA.
However, ORC affinity for origin DNA in vitro only correlates well with ORC occupancy in
Vvivo at some origins, suggesting that chromatin context or other factors can also affect ORC
affinity for origins (33). Another possibility for why some origins load more MCMs is that
chromatin context constrains MCM loading and determines how many are loaded (Figure
2C). Early origins tend to have both larger NFRs and higher rates of nucleosome exchange
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(30, 34), both of which could lead to increased MCM loading. Finally, a number of trans-
acting factors, such as Rifl, Rpd3 and Fkh1, have been shown to regulate origin timing (35—
38)(Figure 2D). These factors could be involved in the regulatory mechanisms described
above by affecting ORC binding or activity, either directly or via chromatin modifications.
They also could affect replication timing by regulating the activation of MCMs during S
phase, after they have been loaded.

The loading of multiple MCM s at origins also raises the question of whether loading is
processive or distributive. In processive loading, one ORC would bind an origin and load
successive MCMs (Figure 2B). In distributive loading, one ORC would load one MCM at an
origin, and then unbind and move to a different origin before loading another MCM (Figure
2A). The distinction is most significant in terms of the distribution of MCM within
individual cells. Processive loading would lead to many MCMs loaded at the origins where
ORC binds first, favoring a heterogeneous distribution of MCM numbers at a given origin
across a population of cells. Distributive loading would favor a more homogeneous
distribution of MCM loading across a population of cells. Early biochemical results
notwithstanding (21), more recent biochemistry (7) and the short half-life of ORC on
chromatin /in vivo (39) suggest that MCM loading is likely to be distributive. Distributive
loading also explains how MCM can end up on either side of the ORC binding site (28).
During each ORC exchange cycle, MCM would have the opportunity to slide across the
ORC-binding site (Figure 2C).

Multiple MCM Loading Regulates Replication Timing

The possibility that different numbers of MCMs are loaded at different origins provides a
new way of thinking about the regulation of origin timing (40, 41). If there is one MCM at
each origin, an MCM at an early origin must behave differently than an MCM at a late
origin; in particular, it must have a higher probability of firing earlier (Figure 3A). However,
if early origins have more MCMs loaded than late origins, all MCMs can behave the same,
with no need for regulation of their individual firing times or firing probabilities (Figure 3B).
Instead, the simple fact that earlier origins have more MCMs loaded means that early origins
are likely to have MCMs fire before late origins, thus ensuring that, on average, early origins
will fire earlier.

This distribution of MCMs guarantees that, in addition to the early, efficient, origins with
more MCMs loaded, there are plenty of late, inefficient origins with few MCMs loaded,
which usually will not fire before they are passively replicated. Such origins, also known as
dormant origins, contribute little to replication kinetics in unperturbed S phases. However,
they become essential when replication forks stall at high frequencies, because they are
required to initiate replication between two stalled forks (17-20). For such a backup system
to work, MCMs must be fairly evenly distributed across the genome, and that evenness must
be in every cell, not just on average. Since there appear to be about only one third as many
ORC complexes as there are potential origins (42, 43), it is not sufficient for an ORC to bind
and load MCMs at only one origin during G1. Instead, it is likely that each ORC would need
to cycle through a number of origins during G1, loading MCM s at each location. This model
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is consistent with the short half-life of ORC on chromatin /n vivo (39) and the idea
(discussed above) that MCM loading is likely to be distributive.

Future Directions

The idea that multiple MCMs can be loaded at individual replication origins provides
solutions to old puzzles and contributes to a framework for understanding the regulation of
replication timing, but it raises a host of new questions. There are two major immediate
challenges for the field. The first challenge is to better map MCMs in space and time.
Current data does not sufficiently constrain models for MCM localization or how MCM
localization evolves over time. Furthermore, if the concept of multiple MCM loading is to
become generally applicable, these studies need to be extended to metazoans. Techniques
that can map individual MCMs on DNA, such as DNA adenine methyltransferase
identification (DamID) (44), would prove extremely useful for understanding the
organization of MCMs at origins, especially in conjunction with long-read sequencing
technology, which would allow multiple MCMs to be mapped over kilobases of sequence.
Such assays could elucidate the heterogeneity of MCM loading, providing a more realistic
understanding of the dynamics of MCM in origin licensing. Another solution to many of
these questions would be /n vivo imaging, but the resolution of light microscopy and the
complexity of the nuclear milieu makes this a daunting task. Nonetheless, small steps have
been taken towards that goal, including super resolution imaging of replication factories (45)
and /n vivo fluorescent localization of replication complexes in yeast and bacteria (46, 47),
so there is hope that new creative approaches are possible.

The second major challenge is to experimentally test the significance of MCM distribution.
Uniformly reducing the number of MCMs loaded has little effect on replication timing,
consistent with a competition model in which the relative number of MCMs per origin is
more important for timing than the absolute number (40, 48). We showed that reducing the
number of MCMs loaded at a particular origin delays the average firing time of that origin
(22). The next step is to manipulate MCM loading across the genome to investigate its direct
effect on replication timing and indirect effect on replication efficiency and genome stability.
Such experiments are plausible in budding yeast, where origins are well defined and whole
genome manipulation is being pioneered (49), and fission yeast, where the site-specific DNA
binding domain of ORC is known (50), such experiments are plausible. Alternatively, MCM
loading could be redistributed by manipulating nucleosome positioning or turnover, albeit
with more pleiotropies. The prospects of such genome-wide engineering in metazoans are
also improving with modern genome-editing technologies. How wholesale remodeling of an
organism’s replication timing profile would affect its nuclear metabolism is a wide-open and
fascinating question.
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Figure 1. MCM loading at origins of DNA replication
A. Single MCM Loading Model. ORC binds origins throughout the cell cycle. During G1, in

collaboration with other proteins (not shown), it loads a single double-hexamer constituting

the MCM complex in the adjacent NFR.

B. Multiple MCM Loading Model. During G1, ORC loads multiple MCMs at each origin.
Having multiple MCMs loaded requires MCMs to move away from the NFR and interact
with surrounding nucleosomes. Such interaction could include nucleosome eviction,
nucleosome rearrangement or the co-existence of MCM complexes and nucleosomes.

Recent data supports the latter possibility (28).
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Figure 2. Possible mechanisms for regulating the number of MCM s loaded
A. MCM number regulated by ORC affinity and distributive loading. ORC spends more time

at origins for which it has higher affinity, and thus loads more MCMs there. In this case,
ORC has a fast off rate and is thus unlikely to load more than one MCM complex during
each binding event, leading to distributive MCM loading. Gray arrows represent ORC
unbinding and diffusion. Blue arrows represent MCM loading. ORC binding events that do

not result in MCM loading are not shown.
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B. MCM number regulated by ORC affinity and processive loading. As in A, except that
ORC at the efficient origin has a slow off rate and loads multiple MCMs during each binding
event, leading to processive MCM loading.

C. MCM number regulated by chromatin context. Left: At origins with high rates of
nucleosome exchange, unbinding of nucleosomes allows MCMs to diffuse into adjacent
chromatin, making room for more MCMs to be loaded. Right: At origins with low rates of
nucleosome exchange, MCMs are confined to the origin NFR, preventing further MCM
loading.

D. MCM loading regulated by trans-acting factors. MCM loading is regulated by trans-
acting factors that either promote (green triangle) or repress (red triangle) MCM loading.
The factors could act directly through the regulation of ORC or indirectly through chromatin
effects.
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Figure 3. Implications of multiple MCMsin the regulation of replication timing
A. If each origin has a single MCM complex bound, MCMs loaded at early origins must fire

earlier than those loaded at late origins. Left: A trans-acting factor could advance origin
firing time by increasing the probability of MCM firing. Right: In the absence of such
factors, chromatin context could inhibit MCM firing.

B. If multiple MCMs are loaded at origins, each individual MCM can behave in the same
way. Simply having more MCMs loaded at an origin increases the probability of one of
those MCMs firing, increasing the efficiency of the origin and advancing its average firing
time. In this simplistic, two origin model, in which only one of the four MCMs fire, the left
origin is three times more likely to fire than the right. In a real cell, more MCMs loaded
would lead to a greater probability of firing, but the relationship between the number of
MCMs loaded and the probability of firing would be complicated and non-linear.
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