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Summary:

In eukaryotes, DNA replication initiation requires assembly and activation of the
minichromosome maintenance (MCM) 2-7 double hexamer (DH) to melt origin DNA
strands. However, the mechanism for this initial melting is unknown. Here, we report a
2.59-A cryo-electron microscopy structure of the human MCM-DH (hMCM-DH), also
known as the pre-replication complex. In this structure, the hMCM-DH with a
constricted central channel untwists and stretches the DNA strands such that almost a
half turn of the bound duplex DNA is distorted with one-base pair completely separated,
generating an initial open structure (I0OS) at the hexamer junction. Disturbing the 10S
inhibits DH formation and replication initiation. Mapping of hMCM-DH footprints
indicates that IOSs are distributed across the genome in large clusters aligning well with
initiation zones designed for stochastic origin firing. This work unravels an intrinsic
mechanism that couples DH formation with initial DNA melting to license replication

initiation in human cells.



Introduction:

Replication licensing in eukaryotes begins with the recruitment of two minichromosome
maintenance (MCM) 2-7 complexes onto duplex DNA by the Origin Recognition Complex
(ORC) in an ATP dependent manner'?. The two hexameric MCM rings are loaded one at a
time into a head-to-head double hexamer (DH) configuration®” to form the pre-replication
complex (pre-RC). Once licensed, the MCM-DH is transformed into two CDC45-MCM2-7-
GINS (CMQG) helicases, which are further assembled into replisomes that replicate DNA
bidirectionally from the replication origin®®. A defining step in the formation of a bidirectional
fork is the melting and subsequent separation of the two origin DNA strands and the uncoupling
of the two CMG helicases, which then translocate along single DNA strands crossing each

other headfirst as cores of the replicating replisomes”!°.

In the last few years, considerable efforts have been made to elucidate the structural basis of
the initial melting of origin DNA bound by the MCM-DH. The first high-resolution structure
determined for the yeast MCM-DH (yMCM-DH) showed that the interface of the two
hexamers was twisted, tilted and offset to create a narrow central channel in the form of a kink
that could cause deformation of the DNA captured at the hexamer junction'!!2, Unfortunately,

413 consistent with the

the captured DNA was unstable in this endogenously-prepared sample
fact that the yYMCM-DH is capable of sliding off DNA”!*. Subsequently, cryo-EM structures
of yYMCM-DH bound to DNA reconstituted from purified proteins showed that the duplex
DNA was perfectly paired without any indication of DNA melting>®!®. The structures of the
yeast CMG helicase further demonstrated that the CMG helicase makes use of its amino-
terminal tier of MCM ring as the front end to translocate along the leading strand template 3’-
5’ to unwind DNA®!. These structural analyses support a model in which origin DNA bound
by the MCM-DH is melted and then separated into two activated CMG helicases during
helicase activation®!?. This model was later confirmed by biochemical and structural analyses
using in vitro reconstituted yeast systems showing detectable DNA unwinding within the MCM
chamber only after CMG assembly”!¢. Despite these advances, it remains poorly understood

when and where initial origin DNA opening begins and how the MCM-DH facilitates this

process to promote replication initiation.

Licensing of replication origins by the human MCM-DH has been implicated from studies of
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other vertebrates' . Indeed, most of our assumed knowledge about the molecular

mechanisms of replication initiation in human are inferred from studies in yeast and other



metazoans'>?3-%5, Other than the fact that origin selection and MCM loading are more
elaborately regulated in human®**6-*, the role of MCM in replication initiation is likely to be
conserved in all eukaryotes. Recent structural studies of the human CMG helicase and
replisome indicate that the architecture of the replicative helicase is conserved in yeast,
drosophila, and human®!**, However, to advance our understanding of DNA replication-
related human diseases, a detailed analysis of the DNA bound-hMCM-DH structure is required.
Furthermore, a direct comparison of the independently evolved structures of the functionally
conserved pre-RCs from human and yeast would provide valuable insights into the mechanism
for initial strand separation. To achieve this goal, we purified the endogenous chromatin-bound
hMCM-DH from HeLa GI1 cells prior to DDK phosphorylation (Figures SIA-S1F) and
determined its structure at 2.59 A by single particle cryo-EM (Figures S1G-S10, Table S1).

Results

Overall structure and domain organization of hMCM-DH bound to DNA

The overall dimensions, subunit and domain organization of the hMCM-DH bound to DNA
are very similar to the reported structures of the yYMCM-DH with the two hexameric rings
connected at the N-terminal domains (NTDs) in a tilted and twisted fashion*®!® (Figures 1 and
S2). The central DNA channel runs from end-to-end of the DH with an opening of 44 A at the
C-terminal domain (CTD) ends and narrows to about 25 A at the NTDs (Figure 1B). The
channel then abruptly constricts at the hexamer interface by the offset of the two zinc-finger
(ZF) rings surrounded by six B-turn loops from the oligonucleotide/oligosaccharide-binding
(OB) folds of the MCM subunits, forming a narrow space of 13-A diameter (Figures 1E-11).
This constrained DNA-binding channel ensures the capture of origin DNA by the hAMCM-DH
in a tight grip (Figures 1B, 1E and 1F). Notably, our 3D classification focused on the bound
DNA did not identify any apo-form hMCM-DH (Figures S1P and S1Q). However, the
endogenous yMCM-DH isolated from yeast G1 chromatin shows almost no DNA binding* 3.

The quality of the density map of hMCM-DH also allowed the unambiguous assignment of the
N-terminal extension (NTE) of hMCM4 (Figures S2), also known in yeast as the N-terminal
serine/threonine domain (NSD), which contains multiple DDK (Dbf4-dependent kinase)
phosphorylation sites and serves as the only essential substrate of DDK for DNA replication
initiation!>!3333¢ In our structure, a stable region (residues 107-131) from the NTE of hMCM4
wraps around the NTD-A (A subdomain of NTD) of hMCM4 (Figures S2H and S21J), similar



to the conformation of the yeast NSD'? (Figures S21, S2K and S2L). This similarity suggests
that the phosphorylation of the NTE motif of hMCM4 by DDK may be just as important for
origin firing in human. Notably, the NTE of hMCM2 was previously identified as the major
site for DDK phosphorylation®” though not visualized in our structure. Further work will be
required to understand the detailed roles of each NTE phosphorylation by DDK during helicase

activation.

Inter-subunit interactions and ATPase centers

Resembling their counterparts in yeast, hMCM2-7 subunits oligomerize through similar inter-
subunit interactions into two toroidal hexamers around dsDNA. These interactions can be
categorized into three axial tiers: CTD, neck and NTD (Figure S3A-S3F). Subunit-specific
extensions and insertions also help stabilize certain interfaces. For example, the CTEs from
MCM2 and MCM6 engage with each other at the top of the CTD ring, contributing to a buried
surface (BS) of 684 A% (Figure S3A). Without this CTE dimer, the MCM2:MCMB6 interface
would be the smallest of all the subunit interfaces due to the presence of a unique side channel

formed at the neck region (Figures S3A-S3F).

The MCM CTD ring contains six ATPase active centers, one at each inter-subunit interface, to
coordinate ATP hydrolysis with conformational changes in its toroidal structure to melt origin
DNA in the DH and unwind DNA in the CMG helicase*®. In the AMCM-DH, ATP can be found
at MCM2:MCM6, MCM3:MCMS5, and MCM4:MCM?7 dimers while a mixture of ATP/ADP
at MCM7:MCM3 and ADP at MCM5:MCM2 and MCM6:MCM4 (Figures S3G-S3R). This
arrangement 1s quite different from the ATP occupancies at the ATPase centers in the yMCM-
DH which exhibits ATP binding only at the MCM2:MCMG6 site>!® (Figures S3S and S3T). The
difference in ATP occupancies in the ATPase centers between yeast and human likely reflects
their very different mechanisms in regulating DH formation and their distinct functional states

at origin DNA.

Initial open DNA structure at the inter-hexamer interface

By following the trajectory of both strands of the duplex DNA, at the inter-hexamer junction,
half a turn of the duplex DNA 1is largely deformed (Figures 2A-2F). A plot of the DNA duplex
width with respect to the anchor points of the relevant nucleotides and the hairpin loops in the
central channel is most informative for this distorted conformation (Figure 2(G). The major and

minor grooves of the origin DNA are abruptly widened by 5-10 A at the hexamer interface. As



a consequence, the duplex DNA is pried open with one base pair completely separated at the
center of the DNA bound by the hMCM-DH (Figure 2). To form this initial open structure
(I0S), the B-form duplex has to be untwisted and stretched (Figures 2H and 21), probably by
the coordinated untwisting motion in opposite directions of the two halves of the DH (Figure

2F; Supplementary Video 1).

This 10S is confined within the constricted space mainly formed by two staggered ZF rings at
the hexamer junction (Figures 3A-3C). Among these ZFs, two pairs of ZFs from MCMS5 and
MCM?2 make direct contacts with the melted bases as well as the associated DNA backbone
(Figures 3D-3G). The ZF pair of MCMS5 from opposite hexamers dimerize, with the help of
the ZFs of MCM3, to align on the same plane of the opened DNA (Figures 3D, 3F and S4A-
S4D). The melted bases are captured by two L209s of the MCMS5 ZFs of opposite hexamers (1
and 2) through hydrophobic interactions with the symmetrically oriented aromatic rings of the
separated bases (B0 and B0’) (Figure 3F). This arrangement of the L209s effectively forms a
barrier between the melted bases to confine them in the same constrained central chamber yet
separated (Figures 3A-3F). Notably, this critical L209 residue is conserved only among
metazoans (Figure S4E) although the proline of the yeast MCMS5 zinc finger could also serve
the function of an intercalator. In addition, the guanidinium group of R195 from each MCM5-
ZF forms ionic interactions with the phosphate backbone and a cation-m interaction with the
aromatic ring of the base (B-1 or B-1) (Figure 3F). Reinforcement comes from the ZF pair of
MCM2 (Figures 3E and 3G). Three residues of MCM2-ZF, K331, A358, and G359, form a
supporting scaffold by interacting with the sugar-phosphate backbone of the upstream
nucleotides on opposite sides of the IOS (Figure 3G).

According to the polarity of the DNA strands, the ZFs of MCM2 and MCMS5 from each
hexamer pinch the melted strand with the NTD of the MCM ring facing 5’ in the direction of
translocation of the CMG helicase (Figures 3D-3G). Thus, it appears that the two opposite

hexamers have each captured their prospective leading strands.

However, in the structure of the yMCM-DH>®!> the bound duplex DNA is not obviously
distorted or melted at the hexamer junction (Figures S4F and S4(G) where the central channel
is less constrained in comparison to that of h(MCM-DH (Figures S4H-S4J). In addition, the ZFs
of MCM2 and MCMS5 from yeast engage with their respective lagging strands rather than the



leading strands of the unmelted DNA (Figures S4K and S4L). These discrepancies between
yeast and human in capturing origin DNA may stem from their distinct mechanisms of DH

formation or distinct functional states of the assembled DH.

The role of the 1OS in replication initiation

The unique features of the I0S in the hMCM-DH invite speculations for its function.
Considering the implied structural role of R195 and L209 of MCMS5-ZF in establishing the
I0S, we decided to mutate these two residues to test their effects on replication initiation. To
do so, we tagged both alleles of the endogenous MCMS5 gene with mini-Auxin-inducible
degron (mAID) (MCMS5-mAID) in HCT116 cells for an efficient depletion of MCM5-mAID
fusion proteins (Figures S5A-S5C) while ectopically expressing the MCMS5 double mutant
(R195A and L209G, referred to as MCM5-RL) to a level equivalent to the endogenous MCM5
(Figures 4 and S5D-S5G). Our FACS analysis indicated that, after depleting the endogenous
MCMS5-mAID, the MCMS5-RL mutant shows a significant delay in S phase entry in cells after
release from a nocodazole block (Figures 4A and S5F). This delay is comparable to the
negative control but can be rescued by the WT MCMS5 (Figure 4A). To have a better
understanding of this defect, we examined the chromatin association of MCM2-7, GINS2 and
RPA to determine the status of replication licensing and origin firing in both WT and mutant
cells. Compared to the WT control, the MCMS5-RL mutant poorly supported MCM loading
onto chromatin (MCM?2/4 recruitment), suppressed CMG assembly (GINS2 recruitment), and
prevented DNA unwinding (RPA recruitment) (Figure 4B). To evaluate the roles of individual
R195 and L209, we further examined the effects of MCM5-R195A (referred to as MCM5-R)
and MCM5-L209G (MCMS5-L) single mutants. After MCMS5-mAID depletion, obvious defects
in replication initiation can also be observed in these single mutants but they are less severe

when compared to the MCMS5-RL double mutant (Figures S5F and S5G).

Given that the interactions between the MCMS5-ZF pair and the 10S take place at the hexamer
interface where the two MCM hexamers are coupled, it is possible that disrupting their
interactions may interfere with stable coupling of the hexamers. To test this possibility, we
sought to isolate the MCMS5-RL mutant containing DHs. As the MCMS5-RL mutant does not
support the assembly of homo-RL/RL DHs (Figure 4B), we expressed the MCMS5-RL mutant
with a 3xFLAG tag (MCM5-RL-3xFLAG) in cells without depleting the endogenous WT
MCMS to isolate hetero-DHs. As expected, the MCMS5-RL-3xFLAG complexes appeared to
be exclusively hetero-DHs containing both WT and mutant MCMS5 (referred to as RL/WT DH)



(Figure S6A). Using this sample, we determined the cryo-EM structure of the RL/WT DH
(Figures S6B-S6F). We applied rigorous 3D classification focusing on the duplex DNA bound
by the DH and identified four states of the RL/WT DH in which the IOS exhibits different
flexibilities (Figures S6G-S61). In contrast, the IOS from the WT/WT DHs remain largely
stable (Figures S1P and S1Q). Furthermore, we found that the RL/WT mutant DHs is prone to
disassembly under high salt (400 mM NaCl) treatment while the WT/WT DHs remain salt
resistant (Figures S5H-S5J). Similar phenomenon was also observed with the MCMS5-R and
MCMS5-L single mutants (Figures S51 and S5J). Together, these analyses suggest that the
engagement between the MCMS5-ZFs and the IOS plays a critical role in DH formation and/or

maintenance.

Axial arrangement of interior hairpin loops

About 50 base pairs (bps) of relatively rigid duplex DNA span the entire length of the 3-tiered
(CTD, neck, and NTD) ring of the inverted dimers of hAMCM (Figures 1B and 5A). In addition
to its interaction with the ZFs of MCM2 and MCMS at the hexamer junction, the duplex DNA
is also held in place by six layers of hairpin loops in the DNA channel formed by the helix-2-
inserts (H2Is), presensor 1 3 hairpin (PS1) and the B-turns of the OB domain (Figures 5SA-5D).
In the neck regions of the opposite rings, the six H2Is occupy axial positions with a helical
trajectory staggering with the PS1s (Figures 5D-5F). Four H2Is of MCM6/4/7/3 are arranged
in a right-handed staircase to contact the potential lagging strand for nearly half a turn while
the PS1s of MCM6/4/7 contact the potential leading strand of the same minor groove (Figures
5E and 5F). Notably, the leading strand DNA at this region is situated in a position very close
to the conserved MCM single-stranded binding motif (MSSB) which coordinates single-
stranded DNA (ssDNA) binding for helicase translocation®**° (Figures 51-5L). However, there
is no contact with the duplex DNA from the H2Is of MCM2/5 and PS1s of MCM2/5/3 as they
turn away from the minor groove of DNA and switch to a left-handed staircase (Figures 5E
and 5F). As a result, the duplex DNA is only associated with one side of the central channel at
these points on opposite hexamers with the lagging and leading strands tagged by the staggered
H2Is and PSls, respectively (Figures 1B, 5A and 5D). As for the B-turn ring at the NTD tier,
the B-turn motifs of MCM3 and MCM7 interact with the lagging strand while the ZFs of
MCM2 and MCMS interact with the leading strand (Figures 5B and 5C). Again, a clear choice
1s made for specific motifs to tag the lagging or leading strands, as if poised to coordinate the

separation of these two strands. The detailed interactions between these conserved motifs and



dsDNA are noticeably different in the yMCM-DH models (Figures 5G, 5H, S4K and S4L)
either because endogenously assembled and in vitro reconstituted samples have subtle

differences>®!

, or these features are species specific.

Global landscape of the MCM-DH footprints

As the initial melted origin DNA is tightly bound to the hMCM-DH, an examination of these
bound sequences may provide valuable information about their genomic locations. We isolated
DNA fragments from the endogenous DH sample for deep sequencing (Figures S7A and S7B).
The size uniformity of the isolated DNA (~54-56 bp) (Figures S7B and S7D) allowed the
mapping of MCM-DH footprints across the human genome at almost nucleotide resolution.
Our analysis showed that the hMCM-DH sites are broadly distributed and organized into
~10,000 clusters (Figures 6A-6D), covering more than half of the mappable genome. The size
of these clusters correlates with replication domains (RDs) that vary according to their
replication timing*® (Figures 6C and 6D). In general, the MCM-DH bound sites located at early
RDs are relatively well-defined, clustering within a mean size of 30 kb (ranging from 5 to 200
kb) (Figure 6C). Over 70% of the early MCM-DH clusters align very well with replication
initiation zones (IZs) mapped by Okazaki fragment sequencing (OK-seq)*! (Figure 6E) and/or
optical replication mapping (ORM)*? (Figure 6F). In contrast, MCM-DH clusters associated
with mid-early, mid-late and late RDs, are much more expanded in size, reaching up to several
megabases in late RDs, and stronger in signals (Figures 6A-6D). The strikingly large size of
the MCM-DH clusters is consistent with the reported high density of licensed initiation sites
located within 1Zs***. Sequence composition analysis of the MCM-DH-bound DNA showed
that they are highly A/T-rich, similar to the A/T content of the human genome (Figure S7E),
and without an identifiable consensus motif. Interestingly, the highest A/T content is located
at the center of the hMCM-DH sites, suggesting that human MCM hexamers preferentially

bind easily unwinding sequences to trigger initial DNA melting before forming a stable DH.

To investigate the relationship between hORC and hMCM-DH sites, we examined the
distribution of published hORC1 genomic data** relative to the hMCM-DH clusters in early
RDs. We found that hORC1 is concentrated at the borders of the early MCM-DH clusters

(Figure 6H). However, H2A.Z, which is implicated in hORC recruitment*’

, 1s enriched at the
borders and distributed throughout the early MCM-DH clusters (Figure 6I). These results
support the notion that hORC together with H2A.Z play a pivotal role in the iterative loading

of the A(MCM-DHs within the entire 1Zs*+*¢. In relation to transcriptional landscapes as shown



by the available phosphorylated RNA Pol II ChIP-seq data*’ (Figure 6G) and global run-on
sequencing (GRO-seq) data*® (Figure S71), our MCM-DH-bound sequences in early RDs are
mapped in regions devoid of active transcription, which is also in agreement with previous
genomic studies®. As well, these MCM-DH sites are largely depleted within gene bodies
(Figures S7F and S7J). Instead, they associate predominantly with intergenic regions with a
preference for divergent over tandem or convergent gene pairs (Figures S7K and S7L). These
analyses support the notion that transcription shapes replication landscape through restricting
MCM-DH formation to non-transcribed regions where a high density of replication origins is

licensed for stochastic firing during helicase activation.

Discussion

In the hMCM-DH structure, half a turn of DNA is distorted and melted to form an IOS at the
hexamer junction analogous to the open promoter complex observed in transcription®.
Importantly, this IOS is required to maintain stable coupling between the two opposing MCM
hexamers on DNA. Given that hORC shows little or no sequence specificity in DNA binding,
the sites for replication licensing are determined mainly by local chromatin context and
transcription status in human cells?>*!>2, Consistent with previous studies***-*, the hMCM-
DH binding sites are found at an extremely high density within non-transcribed regions,
forming broad zones widespread over the human genome. Furthermore, we found that hORC
and H2A.Z show distinct patterns in relation to the MCM-DH clusters at early RDs. While
both are highly enriched at the cluster borders, only H2A.Z is distributed throughout the
clusters. It is likely that, with the help of H2A.Z, hORC cycles on and off chromatin to promote
the loading of multiple hAMCM-DHs within each cluster. The tight gripping of the duplex DNA
with an [OS at the center suggests that the assembled pre-RC in human is immobile, unlike the
observed sliding of MCM-DH in yeast”!*. A plausible explanation is that the hMCM-DH is
mobile upon loading by hORC and subject to displacement by transcription machinery but
once clamped down on an initiation site, it forms an immobile open complex. Formation of
this tight open complex may involve rotational movement of the respective MCM rings in
opposite directions. Engagement of the ZFs of MCMS5 and MCM2 with the I0S may
reconfigure the opposing MCM hexamers at their NTDs to form a tightly coupled hMCM-DH.
Consistent with this hypothesis, our mutational analyses showed that disturbing the interactions
of the IOS with any ZFs from either MCMS5 or MCM2 weakened the coupling of the MCM
hexamers as shown by the salt sensitivity of the mutant MCM-DHs (Figures S51 and S5J).
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Importantly, this IOS was not observed in the yeast MCM-DHs reconstituted in vitro™'>. These
drastically different initial structures of chromatin bound MCM-DHs observed in these studies
speak to either an inherent species-specific difference between human and yeast or a

manufactured difference between endogenously assembled and in vitro reconstituted samples.

The structural features of the hMCM-DH also provide new insights for the steps following
activation of the pre-RC. To begin with, at the interface of the hMCM-DH, the ZFs of MCM2
and MCMS5 from the opposing hexamers capture the melted bases and the relevant sugar-
phosphate backbone of their respective leading strands (Figure 3) while the -turns of MCM3
and MCM7 engage with the lagging strands (Figures 5B and 5C). In coordination, there seems
to be a sense of strand identity in the interactions along the duplex DNA by the H2Is, PS1s and
B-turns. This strand-specific arrangement by the array of MCM pore loops sets the stage for
strand separation within the central channel such that further twisting of the two hexamers in

opposite directions would melt additional base pairs to expand the IOS (Figures 7A-7C).

Based on the available structure of the hCMG helicase™®, it is possible to build a credible model
for steps that convert the hMCM-DH into two hCMGs. The conserved MSSB elements in the
hCMG helicase are arranged in a spiral staircase that contacts the backbone of the leading
ssDNA for DNA unwinding>*. However, in the hAMCM-DH structure, these MSSB elements
are contacting the phosphate backbone of the duplex DNA instead of ssDNA (Figures 5E and
5F). We envision that additional melting of DNA within the central channel will require
remodeling of the MSSB elements and the MCM-pore loops to stably anchor the melted
leading strand and keep it from reannealing (Figures 5K and 5L; Supplementary Video 2). This
stabilized DNA bubble could then initiate a DNA unwinding mechanism that melts the length
of the entrapped duplex DNA for lagging strand exclusion (Figures 7C and 7D). This process
may involve the translocation of the still coupled hexamers, each on their designated leading
strand so as to pull the duplex DNA towards its own chamber. In so doing, the duplex DNA
within the central channel becomes unregistered and unwound from end to end, allowing the
unwound DNA within each of the MCM chambers to merge with the I0S. The ssDNA so
generated in searching for an exit may assist in the uncoupling and gate-opening of the
hexamers by extruding outside of the respective overcrowding central chamber (Figures 7D
and 7E). We do not know the exit gate for lagging strand exclusion. In yeast, the MCM2/5

interface is the entry gate for duplex DNA into the MCM ring during pre-RC assembly”>-¢.
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However, this interface is sealed by Cdc45 and GINS at the NTD tier upon CMG formation in
both yeast and human, suggesting that exit of the lagging strand must go through another gate®’.
Finally, the two uncoupled CMG helicases translocate on their respective leading strands and
go past each other to create the bidirectional forks that will travel long distances to replicate

genomic DNA.

After the submission of this manuscript, Lewis et al using a yeast reconstituted system reported
the structure of the double Cdc45-MCM-GINS-Pole (dCMGE) formed on chromatinized
origin DNA'®. Inside each MCM ring of the yeast dCMGE, the duplex DNA becomes
untwisted, and base-pairing is broken, while the intervening DNA between the two CMGEs
remain duplexed. These somewhat contradictory structures suggest a drastically different
mechanism for the initial DNA melting step between yeast and human. Clearly, more work is
needed to establish whether these different structures are species-specific, or they represent
differences in the manner the samples were sourced or the different stages of the initiation
process. For example, during the melting of DNA within the individual CMG chambers, the
two MCM hexamers may rotate in right-handed or left-handed twists which would either
overwind or underwind the intervening DNA at the interface. This may result in either
reannealing of the I0S as observed in yeast'¢, or expanding of the IOS into a larger bubble that
would fuse with the two emerging bubbles forming inside the CMG chambers (Figures 78 and
7C). Further investigation is required to capture these intermediate states in both yeast and

human for structural characterization.

Hydrolysis of ATP is the driving force of the MCM helicase. Nucleotide occupancy at the
ATPase pockets provides clues of the unwinding mechanism. Interestingly, the nucleotide
occupancy in the ATPase centers of the hMCM-DH is obviously different from its yeast
counterpart (Figures S3S and S3T). Surprisingly, the hMCM-DH and the yeast dCMGE share
a common feature in the nucleotide binding pattern around the MCM ring (Figures S3S and
S3U). As DNA melting is observed in both structures, we speculate that concerted ATP
hydrolysis at the six ATPase sites plays a key role in promoting DNA melting either locally at
the hexamer junction, via a yet unknown mechanism, or progressively in the CTD ring of MCM

complexes, via a coordinated rotary mechanism??.
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Our mapping of the hMCM-DH footprints validates the physiological relevance of the hMCM-
DH sample purified from human G1 chromatin and generates a genomic map more refined
than the Chromatin Endogenous Cleavage (ChEC) approach®® (Figures S7F-S7H). We found
a high density of the MCM-DHs enriched within broad clusters, and most early MCM clusters
overlap well with the previously identified early 1Zs*'**>. Our data support the notion that
neither the size nor the signal intensity of the MCM-DH clusters correlates with origin firing
efficiency arguing against the hypothesis that efficiency is determined by the number of the
MCM-DHs loaded at a particular site or IZ>*>. This notion is further supported by the fact that
the MCM-DHs are found at much higher densities and distributed more broadly at late RDs.
In agreement with previous studies***®, hMCM-DH occupancy and active transcription are
mutually exclusive. Within the gene-dense early RDs, hMCM-DHs are almost exclusively
located within intergenic regions to coordinate co-directional transcription and replication.
This strategy effectively avoids transcription-replication conflicts. The widespread distribution
of MCM-DHs also ensures a timely completion of replication of long inter-origin segments or

damaged DNA segments through initiation from redundant licensed origins.

In summary, this study presents the first high-resolution structure and footprints of the human
MCM-DH. It provides important information for the initial DNA melting mechanism and
valuable insights into the mechanisms of pre-RC formation, helicase activation and
bidirectional replisomes assembly. Of equal importance, it provides a structural framework for
the study of human diseases that have mutations mapped in the MCM genes and are often
61-63

manifested as developmental defects such as deafness, immunodeficiency and dwarfism

and cancers®.

Limitations of the study

Our structural and functional study indicates that pre-RC formation is coupled with the initial
melting of origin DNA in human cells. However, it is unclear whether the 10S truly represents
the initiation of origin DNA unwinding, or merely an anchoring structure to be reannealed upon
uncoupling of the hMCM-DH. To address these questions, dynamic structures representing
different frames of the process in motion are required. We anticipate that reconstituting the
intermediates in vitro to recapitulate the many stages of the assembly and activation of the

human MCM-DH will provide answers in future studies.
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Figure 1. Overall architecture of the human MCM-DH.

Side (A-D) and top (E) views of the segmented cryo-EM density map superimposed with the

atomic model. B is same as A but with four MCM subunits removed to display the bound
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DNA. (F) Cut-away top view of the density map. (G) Top view of the S-turn loops and ZFs.
(H-L) Top (H) and side (I-L) views of ZF rings.

Figure 2. Conformation of the hMCM-DH-origin DNA open complex.

(A and E) Side views of the cryo-EM map with the indicated subunits visible only. (B-D)
Zoomed-in views of the boxed regions from A and E. (F) A hypothetical model illustrating an
ideal B-form DNA being transformed into the IOS configuration. (G) Plots of groove widths
of the h(MCM-DH-bound DNA. Groove widths of the ideal B-form DNA are shown as constant
values. (H and I) The third helical turn of the melted DNA (right) is displayed side by side
with an ideal B form DNA (left). The boxed regions in H highlight the disrupted helical
structure of the melted DNA.

Figure 3. Detailed configuration of the IOS formed between the MCM2/5 ZFs and the
melted DNA

(A) Top view of the ZF rings. (B and C) Deconstructing the ZF rings from A to illustrate the
capturing of each prospective leading strand DNA by the corresponding ZFs. (D and E)
Cartoon views of MCM2/5 ZFs engaging with the melted base pair. (F) Detailed interactions
of R195 and L209 residues from MCMS5-ZFs with the nucleotides at the melted base pair.
Interatomic distances are shown in angstroms. The cation-m interactions between R195s and
the aromatic rings of the relevant bases (B-1 and B-1") are indicated by dashed lines in red. “B”
denotes base. (G) A358 and G359 of MCM2-ZF making contacts with the backbone of the

nucleotides flanking the melted base pair.

Figure 4. The physiological function of I0S in replication initiation.

(A and B) Samples of the MCMS5-RL mutant expressed in an MCMS5-mAID cell line were
collected at the indicated time points for FACS analysis (A) and chromatin binding assay (B).
The cell lines expressing MCMS5-WT or bearing an empty vector (NC) were used as positive

and negative controls respectively.

Figure 5. Relationship between interior hairpin loops of hMCM single hexamer and DNA
strand polarity.

(A) Side view of PS1, H2I, B-turn and ZF motifs from hMCM hexamer 1. (B) -turn loops in
surface representation around DNA. (C) Side views of the IOS bound by B-turn hairpin loops
of MCM3/7 and the ZFs of MCM2/5. (D) Same as B but shown with PS1 and H2I loops. (E
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and F) The hMCM-DH bound DNA surrounded by the PS1 and H2I loops which are arranged
in right-handed (E) and left-handed (F) staircases. (G and H) Side views of the PS1 (green)
and H2I (red) loops from the yMCM-DH encircling duplex DNA. (I and J) ssDNA bound to
the MSSB of the human CMG structure (PDB: 6xtx). (K) The PS1 and H2I loops from hexamer
1 of AMCM-DH encircling its prospective leading strand DNA (magenta) superimposed with
ssDNA (yellow) from hCMG (PDB:6xtx). (L) The PS1 and H2I loops from hCMG in contact
with ssDNA superimposed with the leading strand of hMCM-DH. The MCM hexamers from
hMCM-DH and hCMG were globally aligned to illustrate the relative positions of the color-
coded DNA strands in K and L. Locations of the MSSBs are highlighted by the dashed line in
red.

Figure 6. Global landscape of the hMCM-DH sites across the human genome.

(A and B) Genome browser screenshots illustrate the enrichment patterns of hMCM-DH sites
and previously published profiles of replication timing (S50, early-replicating regions in red
and late-replicating regions in blue), initiation sites identified by replication fork direction
(RFD) based on OK-seq (windows with positive RFD values in red and negative values in
blue), optical replication mapping (ORM), and gene expression as indicated by phosphorylated
RNA Pol2-S2 (RNPII-®). The bottom panel shows the size distribution of DNA fragments
isolated from the hMCM-DHs along the genome. MCM control refers to the input DNA
fragments. (C) Boxplot showing MCM-DH cluster size in early (E), mid-early (ME), mid-late
(ML) and late (L) replicating domains (RDs). (D) Normalized MCM densities located in
different RDs. (E-G) Enrichment of RFD (E), IZs identified by ORM (F) and RNPII-® (G)
relative to the hMCM-DH clusters at the early RDs. The upper panels show the genome-
normalized relative signal around the hMCM-DHs. The lower panels show heatmaps of the
same signals at each hMCM-DH cluster. (H and I) Enrichment of ORC1 (segment number of
ORCI1 within 1 kb bin, H) and H2A.Z (I) relative to the center and two borders (Start and End,
respectively) of hMCM-DH clusters.

Figure 7. Model of DNA melting and strand separation during helicase activation.

(A) Origin DNA in complex with hMCM-DH forms an IOS at the hexamer interface; (B) upon
helicase activation, additional DNA melting is induced in each CTD ring of MCM complex;
(C) the melting bubbles further expand and merge; (D) followed by engagement of MSSB with
the leading strand DNA as the MCM hexamers reconfigure to the translocation mode for

further DNA unwinding; (E) complete hexamer uncoupling and lagging strand DNA exclusion

16



from MCM rings; (F) the active hCMG helicases translocating along leading strand with their
NTDs headfirst in 3°-5’ direction. The atomic model of hAMCM-DH is shown in A (left panel)
and hCMG (PDB: 6XTX) in F (right panels).

Figure S1. Sample preparation and structural determination of the hMCM-DH, related
to Figures 1, 2 and 3 and STAR Methods.

(A) Western blotting of whole cell lysates from MCM7 and MCM7-3xFLAG tagged cell
lines. (B) FACS analyses of MCM7-3xFLAG cells at 8 hours after release from nocodazole
(Noc) synchrony. (C) The indicated samples were analysed by SDS-PAGE and
immunoblotting. MCM2-S40-® represents the phosphorylation status of MCM2-S40 by
DDK. The fraction at 8 hours was used for isolating hMCM-DHs. (D) Schematic illustration
of solubilization of chromatin-bound MCM complexes from hMCM7-3xFLAG cells for
hMCM-DH purification (see details in methods). (E) The eluted hMCM complexes were
subjected to glycerol gradient sedimentation. Collected fractions were analysed by SDS-
PAGE and visualized by silver staining. The fractions 8-9 were pooled and processed for EM
analysis. (F and G) Representative negative-stain (F) and cryo-EM (G) image micrographs of
the hMCM-DH are shown with 200 and 20 nm scale bars, respectively. (H) 2D class
averages of the hMCM-DH particles. (I) Workflow of image processing. (J) The map is
color-coded to indicate the range of the local resolutions. (K) Euler angle orientation
distribution. (L) FSC curves of two independently refined maps before (red) and after (blue)
post-processing. (M) Directional FSC from different Fourier cones. (N) Calculated resolution
from different views. (O) Local density of representative regions of the final cryo-EM
density map shown in blue meshes superimposed with the atomic model. (P) Workflow of
image processing of the WT hMCM-DH particles focusing on DNA. (Q) EM densities of the

IOS superimposed with its atomic model.

Figure S2. Domain organization and subunit-specific features of the hMCM-DH, related
to Figure 1.

(A) Schematic illustration of domain organization and subunit-specific features of hMcm2-7
subunits and the archacal MCM (Ss, Sulfolobus solfataricus). “-*“ symbols denote
corresponding regions with highly disordered densities. (B-G) Side-by-side comparison of
hMcm?2-7 subunits. (H and I) Cryo-EM density maps of hMCM-DH (H) and yMCM-DH (1,
EMD-3834) highlighting the conformations of MCM4-NTE. (J and K) Atomic models of the
MCM4-NTDs from human (J) and yeast (K). (L) The MCM4-NTDs are superimposed.
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Figure S3. Inter-subunit interactions and nucleotide occupancy at each ATPase activity
center in the hMCM2-7 hexamer, related to Figure 1.

(A-F) Three-tiered inter-subunit interactions exemplified by the indicated interfaces. (G-L)
ATPase centers at all six inter-subunit interfaces superimposed with the segmented nucleotide
densities (gray mesh). Mg?" is colored magenta. The map was contoured at 5c. (M-R) same as
G-L but from the opposite hexamer. (S-U) MCM nucleotide occupancy in the human MCM-
DH (this study) (S), the yeast MCM-DH (PDB: 7P30) (T) and the yeast ICMGE (PDB: 7713)

(U).

Figure S4. Detailed interactions of the ZFs of MCM3 and MCMS around the 10S and the
comparisons between the structures of origin DNA in complex with the hMCM-DH and
yMCM-DH, related to Figure 3.

(A) Side view of the ZFs from MCM3/5 arranged around the 10S. (B-D) Zoomed-in views of
the boxed regions in A. (B) Detailed interactions between B-turn loop of MCM3 and ZF of
MCMS from the same MCM hexamer as indicated by dashed lines. Interatomic distances are
shown in angstroms. (C) Detailed interactions of hydrophobic residues between one of MCM3-
ZFs and both MCM5-ZFs from the opposite hexamers. (D) Interactions between the two
MCMS5-ZFs. (E) Sequence alignments of the regions of MCMS5-ZF involved in establishing
the 10S in various species. (F and G) Low pass filtered EM density maps of origin DNA bound
by hMCM-DH (F) and yYMCM-DH (G) with magnified views of the boxed regions. (H and I)
The ZF rings from opposing hexamers of hMCM-DH (H) and yMCM-DH (I). (J)
Superimposition of the ZF rings from human (blue) and yeast (yellow) using MCM6-ZF as a
reference for alignment. (K and L) The locations of the MCM2/5-ZF pair relative to DNA in
hMCM-DH (K) and yMCM-DH (L).

Figure S5. The effect of disturbing the interactions of IOS with MCM?2/5-ZFs, related to
Figures 3 and 4.

(A) Western blotting of lysates from MCM5-WT and MCM5-mAID-3xHA tagged HCT116
cells. (B) Diagram illustrating a mAID system for conditional depletion of endogenous
MCMS proteins. (C) MCMS-mAID cell samples were collected as indicated and analyzed by
SDS-PAGE and immunoblotting of the indicated proteins. (D) Diagram illustrating
exogenous expression of MCM proteins in MCMS5-mAID cell line. The indicated vectors for

EXO-MCM expression were transfected using lentivirus. (E-G) Schematic illustration (E) of
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nocodazole block-and-release assay for FACS analysis (F) and chromatin binding assay (G)
to examine the impact of the MCMS5 mutants as indicated. (H) The isolated MCM-DHs were
treated as described in scheme. (I) Representative raw images and 2D class averages of the
relevant DHs as indicated. (J) Percentages of the indicated DHs among all MCM particles.
WT: WT/WT DHs; RL: MCM5-RL(R195A/L209G) mutant containing DHs; R: MCMS5-
R(R195A) mutant containing DHs; L: MCM5-L(L209G) mutant containing DHs; GG:
MCM2-GG (A358G/P360G) mutant containing DHs.

Figure S6. Sample preparation and image processing of the hMCM-DH(RL/WT)
complex, related to Figures 3 and 4 and STAR Methods.

(A) SDS-PAGE analysis of the glycerol gradient fractions for the hMCM-DH(RL/WT)
sample. (B) A representative raw image micrograph of the hMCM-DH(RL/WT) sample with
20 nm scale bar and the related 2D class averages. (C) Workflow of image processing. (D)
FSC curves of the final density map. (E) The local resolution map. (F) Euler angle
orientation distribution. (G) Workflow of image processing of MCM-DH(RL/WT) particles
focusing on DNA. (H) FSC curves of the final density map of the RL/WT-DH (State IV). (I)
Electron densities of the origin DNA and MCM5-ZFs from States I-IV of hMCM-
DH(RL/WT).

Figure S7. High-resolution mapping of hMCM-DH footprints, related to Figure 6 and
STAR Methods.

(A) A flowchart of the procedure for extraction of origin DNA from the hMCM-DHs. (B) DNA
fragments isolated from the hMCM-DHs were analysed by urea-PAGE. (C) Scatterplots
showing the pairwise correlations for two biological replicates, MCM-R1 and MCM-R2 and
the control sample (input DNA) in 1 kb resolution (with 10 kb smoothing and log2
transformation). (D) Histogram illustrating the size distribution of paired-end reads for the
isolated DNA fragments. (E) Base composition around the centers of the MCM-DH-bound
DNA fragments (blue) and the control input DNA (green). See details in methods. (F) Genome
browser screenshots illustrating the different enrichment patterns between the hMCM
footprints identified in this study (hMCM-DH, red) and those from previously published
MCM2 ChEC seq data®®. (G and H) Enrichment of MCM-DH footprints (G) and MCM2
ChEC-seq sites (H) relative to the center of early initiation zones (IZs) mapped by OKseq
(RFD). (I) The enrichment of GRO-seq signals relative to the hMCM-DH clusters within the
early RDs. The upper panel shows the relevant mean profiles around the hMCM-DHs, and the
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lower panel is heatmap of the same signals at each hMCM-DH cluster. (J) Normalized MCM-
DH density relative to the early active genes. TSS: Transcription Start Site. TTS: Transcription
Termination Site. (K) Normalized MCM-DH densities relative to the intergenic regions
between convergent (left), tandem (middle) and divergent (right) genes. S/E: left/right
extremity of intergenic regions. (L) Percentages of intergenic regions overlapped with MCM-
DH clusters for the convergent (blue), tandem (purple) and divergent (red) genes. Note that
only intergenic regions with a size between 15 to 50 kb (matching the averaged 1Z size: 32 kb

+ 17 kb)*! were included in this analysis.
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STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

® KEY RESOURCE TABLE
® RESOURCE AVAILABILITY

o Lead contact
o Materials availability

o Data and code availability

EXPERIMENTAL MODEL AND SUBJECT DETAILS
METHOD DETAILS

o Human cell line construction

o hMCM-DH purification

o FACS

o Double hexamer stability assay

o EM data acquisition

o Image processing

o Model building

o Mapping of the hMCM-DH footprints

o MCM-DH cluster and classification

® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found with this article online at https://***.

STARXMETHODS
KEY RESOURCE TABLE

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER
Antibodies

a-FLAG Sigma Cat# F1804
a-MCM2 Bethyl Cat# A300-122A
a-MCM4 Bethyl Cat# A300-193A
a-MCMS5 63 Cat# A300-195A
a-MCM6 Bethyl Cat# A300-194A
a-MCM7 Santa cruz Cat# sc-9966
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o-MCM2-S40 Abcam Cat# ab133243
a-GINS2 Abcam Cat# ab197123
o-RPA70 Invitrogen Cat# PAS5-17377
o-DBF4 Abcam Cat# ab124707
o-CDC7 Santa cruz Cat# sc-56275
a-Cyclin A2 Abcam Cat# ab181591
a-Cyclin E1 geu Signaling Cat# 20808
echnology
o-Vinculin Santa cruz Cat# sc-73614
a-B-Actin g:ii(l)glggng Cat# 4970
o-Histone H2B Abcam Cat# ab1790
Chemicals, peptides, and medium
Nocodazole Sigma Cat# M1404
L-Glutamic acid potassium salt Sigma Cat# G1501
HEPES Gibco Cat# 11344-041
Magnesium acetate Sigma Cat# M5661
EDTA Invitrogen Cat# 15575-020
Sodium fluoride Sigma Cat# 201154
Sodium orthovanadate Sigma Cat# S6508
Phenylmethylsulfonyl Fluoride (PMSF) Thermo Cat# 36978
Triton X-100 Sigma Cat# X100
Tergitol (NP-40) Sigma Cat# NP40S

Adenosine 5'-triphosphate disodium salt hydrate
(ATP)

Thermo Scientific

Cat# J10585-22

Protease inhibitor, cOmplete, EDTA-free Roche Cat# 5056489001
Magnesium chloride Sigma Cat# M8266
Benzonase 7sea biotech, Cat# RPE002
Anti-FLAG M2 affinity gel Sigma Cat# A2220
3x FLAG peptide Genescript N/A
DMEM, high glucose, GlutaMAX™ Supplement, Gibco Cat 10569044
pyruvate
Fetal Bovine Serum Gibco Cat# 10569044
Lipofectamine 2000 Invitrogen Cat# 11668019
Geneticin Gibco Cat# 10131035
Hygromycin B Gibco Cat# 10687010
Propidium iodide Sigma Cat# P4170
RNase A Sigma Cat# R5503
Proteinase K Thermo Cat# 25530049
Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32854
KAPA HyperPrep Kit Roche Cat# 07962347001
KAPA Library Quantification Kit Roche Cat# 07960298001
Palbociclib Selleckchem Cat# S1116
Thymidine Sigma Cat# T1895
Doxycycline hydrochloride Sigma Cat# 3447
5-Adamantyl-IAA Tokyo Chemical Cat# A3390
Industry

Deposited data

22



hMCM-DH(WT/WT) map This study EMD-32258

hMCM-DH(RL/WT) map This study EMD-33320

Atomic model for h(MCM-DH(WT/WT) This study PDB-7TW1Y

Sequencing data for mapping hMCM-DH footprints | This study GSE202066
https://doi.org/10.1

Pol 1I-pS2 47 038/541467-020-
14743-w
https://www.encod

H2A.Z 66 eproject.org/files/E
NCFF532VFI
http://genome.ucsc
.edu/cgi-

Repli-Seq data 67 bin/hgFileU1?db=h
g19&g=wgEncode
UwRepliSeq
https://github.com/
CL-CHEN-

OK-seq 4 Lab/OK-Seq/tree/
master/published r
esults/HeLa
https://doi.org/10.1

ORM 42 016/j.molcel.2021.
05.024
http://genome.cshl

Orcl ChIP-seq 44 p.org/cgi/doi/10.11
01/ gr.142331.112
https://www.ncbi.n

GRO-seq 48 Im.nih.gov/pubme
d/25387874
https://doi.org/10.1

RNA-seq 68 038/s41467-020-
17858-2

MCM ChEC-seq >8 GSE150800

Experimental models: Organisms/strains

HeLa S3 Lab stock gRID'CVCL—OOS

HCT116 Lab stock N/A

HEK 293T Lab stock N/A

HeLa S3 MCM7-Stag-3xFLAG This study N/A

HeLa S3 MCMS5-WT-3xFLAG This study N/A

HeLa S3 MCMS5-R195A-1L.209G-3xFLAG This study N/A

HelLa S3 MCMS5-R195A-3xFLAG This study N/A

HeLa S3 MCMS5-L209G-3xFLAG This study N/A

HeLa S3 MCM2-WT-3xFLAG This study N/A

HeLa S3 MCM2-A358G-P360G-3xFLAG This study N/A

HCT116 MCMS5-mAID This study N/A

HCT116 MCMS5-mAID pLEX-EV This study N/A

HCT116 MCMS5-mAID pLEX-MCMS5-WT This study N/A
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HCT116 MCM5-mAID pLEX-MCMS5-R195A-

1209G This study N/A
HCT116 MCM5-mAID pLEX-MCMS5-R195A This study N/A
HCT116 MCM5-mAID pLEX-MCMS5-L.209G This study N/A
Recombinant DNA
pX330 vector Addgene Cat# 42230
pMK283 Addgene Cat# 72799
pMK284 Addgene Cat# 72800
pMK286 Addgene Cat# 72824
pMK287 Addgene Cat# 72825
pMD2.G Addgene Cat# 12259
psPAX2 Addgene Cat# 12260
pUCS7 vector (G:I?Efl?; 1(3:1)0} Lid N/A
pX330-sgMCM7 This study N/A
pUC57-MCM7-3xFLAG-NeoR This study N/A
pUCS57-MCM7-3xFLAG-HygroR This study N/A
pX330-sgMCM5 This study N/A
pUCS57-MCMS-mAID-NeoR This study N/A
pUC57-MCMS5-mAID-HygroR This study N/A
pLVX-Tet-OsTIR1-F74A-BsdR This study N/A
pLEX vector This study N/A
pLEX-MCMS5-WT This study N/A
pLEX-MCMS5-R195A-L209G This study N/A
pLEX-MCMS5-R195A This study N/A
pLEX-MCMS5-L209G This study N/A
pLEX-MCMS5-WT-3xFLAG This study N/A
pLEX-MCMS5-R195A-L209G-3xFLAG This study N/A
pLEX-MCM5-R195A-3xFLAG This study N/A
pLEX-MCMS5-L209G-3xFLAG This study N/A
pLEX-MCM2-WT-3xFLAG This study N/A
pLEX-MCM2-A358G-P360G-3xFLAG This study N/A
Oligonucleotides
MCM7-sgRNA: AGACAAAAGTGATCCGTGTC | This study Genewis
MCMS5-sgRNA: . .
CACCGAGGCGGCGCGACTCACTTG This study Genewis
Software and algorithms
FEI/Thermo

EPU1.09 Fisher Scientific N/A

http://msg.ucsf.edu
MotionCor2 v1.4.0 69 /em/software/moti

oncor2.html

70 http://grigoriefflab.

CTFFIND4 janelia.org/ctffind4

https://www2.mrc-

71 Imb.cam.ac.uk/reli

RELION3.1 on/index.php?title

=Main_Page
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GCTF

72

https://www2.mrc-
Imb.cam.ac.uk/rese
arch/locally-
developed-
software/zhang-
software/

Gautomatch

72

https://www.mrc-
Imb.cam.ac.uk/kzh
ang/Gautomatch/

CryoSPARC

73

https://cryosparc.c
om

UCSF Chimera 1.15

74

https://www.cgl.uc
sf.edu/chimera/

Pymol v2.0.6

Schrédinger

http://pymol.org

Coot 0.9.5

75

https://www2.mrc-
Imb.cam.ac.uk/per
sonal/
pemsley/coot/

UCSF pyem

76

https://github.com/
asarnow/pyem

Phenix.real space refine

71

https://www.pheni
X_
online.org/docume
ntation/reference/r
eal space refine.ht
ml

MolProbity 1.19.2

78

https://www.pheni
X_
online.org/docume
ntation/reference/
molprobity tool.ht
ml

Bowtie 2 v1.2.0

79

http://bowtie-
bio.sourceforge.net
/bowtie2/
index.shtml

BEDTools v2.30.0

80

https://bedtools.rea
dthedocs.io/en/late
st/

MarkDuplicates v2.23.4

Picard

http://broadinstitut
e.github.io/picard/

deepTools v3.5.1

81

https://deeptools.re
adthedocs.io/en/de
velop/index.html

FlowJo 10.4.0

Becton Dickinson

https://www.flowjo
.com/

RESOURCE AVAILABILITY

Lead contact
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Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Yuanliang Zhai (zhai@hku.hk).

Materials availability

Plasmids generated in this study will be distributed upon request.

Data and code availability

e Atomic coordinate and cryo-EM density map of the hMCM-DH(WT/WT) (PDB:
7W1Y, EMDB: EMD-32258) and the hMCM-DH(RL/WT) (EMDB: EMD-33320)
have been deposited in the PDB and EMDB databases and are publicly available as of
the data of publication. Accession codes are listed in the key resources table.

e hMCM-DH footprints-seq data have been deposited at GEO under the accession
number GSE202066 and is publicly available as of the date of publication. The
processed data are also available on the GitHub page: https://github.com/CL-CHEN-
Lab/.

e Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and cell lines

Human cell lines HeLa S3, HCT116 and HEK293T were cultured in DMEM medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and maintained at 37°C with
5% COsx.

MCM7-3xFLAG (HeLa S3) and MCM5-mAID (HCT116) cells were generated in this study
by CRISPR/Cas system. The C-terminal tagging was confirmed by immunoblotting and DNA
Sanger sequencing.

MCMS5 and MCM2 expression cell lines were constructed by lentivirus infection and selected

by antibiotics accordingly.

METHOD DETAILS

Human cell line construction
HeLa S3 MCM7-3xFLAG: The sgRNA (sequence: AGACAAAAGTGATCCGTGTC)
targeting C-terminal MCM?7 gene was ligated into pX330 vector (Addgene, 42230). The DNA
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cassettes of Stag-3XxFLAG-NeomycinR and Stag-3xFLAG-HygromycinR from pMK283
(Addgene, 72799) and pMK284 (Addgene, 72799) were inserted into pUCS57 flanked by the
homology arms of C-terminal MCM7 genomic sequences respectively to generate pUCS57-
MCM7-3XxFLAG-NeoR and pUC57-MCM7-3xFLAG-HygroR. The three plasmids, pX330-
sgMCM7, pUCS57-MCM7-3xFLAG-NeoR and pUC57-MCM7-3xFLAG-HygroR, were co-
transfected into HeLa S3 cells using Lipofectamine 2000 (Invitrogen, 11668019), according to
the manufacturer’s instruction. Cells were selected under treatment of Geneticin (gibco,
10131035) at 600 ug/mL and Hygromycin B (gibco, 10687010) at 250 ug/mL for about 14
days. The positive cells were then sorted into 96-well plates. The successfully engineered cell

derivatives were validated by western blotting and PCR.

HCT116 MCMS5-mAID: The sgRNA (sequence: CACCGAGGCGGCGCGACTCACTTG)
targeting C-terminal MCM5 gene was cloned into pX330 vector (addgene, 42230). The DNA
cassettes of mAID-NeomycinR and mAID-HygromycinR from pMK286 (Addgene, 72824)
and pMK287 (Addgene, 72825) were inserted into pUCS57 flanked by the homology arms of
C-terminal MCM5 genomic sequences respectively to generate pUCS57-MCMS5-mAID-NeoR
and pUC57-MCMS5-mAID-HygroR. The three plasmids, pX330-sgMCM5, pUC57-MCMS5-
mAID-NeoR and pUC57-MCMS5-mAID-HygroR, were co-transfected into HCT116 cells
using Lipofectamine 2000 (Invitrogen, 11668019), according to the manufacturer’s instruction.
With the successfully engineered cell line, the OsTIR1-F74 A was then introduced into MCM5-

mAID cells using lentivirus infection.

Cell lines for ectopically expressing MCM2/5: The relevant cell lines were constructed using
lentivirus infection, followed by antibiotics selection. The lentiviruses were generated by co-
transfection of pLEX vector containing either WT or mutated MCM?2/5, pMD2.G (Addgene,
12259) and psPAX2 (Addgene, 12260) into HEK 293T cell at a molar ration of 4:1:3. The
isolated lentiviruses were used to treat HeLa S3 or mAID (HCT116) cells. Cells were selected

with Puromycin at 0.5 pg/mL for further experiments.

hMCM-DH purification

To isolate the endogenous h(MCM-DH(WT/WT), MCM?7-Stag-3xFLAG HeLa S3 cells were
first treated with nocodazole (Sigma, M1404) at 50 ng/ml for 16 hours. After being released
into fresh medium for 8 hours, cell samples were harvested by centrifuge at 1200 rpm for 2

minutes and lysed by extraction buffer (EBX, 100 mM L-Glutamic acid potassium salt, 50 mM
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HEPES/KOH pH 7.5, 10 mM Magnesium acetate, 1 mM EDTA, 0.5% Triton X-100, 3 mM
ATP, 2 mM NaF, 1 mM Na3VOs4, 1 mM phenylmethanesulfonylfluoride (PMSF), 1x protease
inhibitor cocktail (Roche)) on ice for 30 minutes. Crude chromatin was collected by centrifuge

at 3000 rpm for 2 minutes and treated with 1U/uL benzonase (7sea biotech, RPE002) in freshly
prepared benzonase buffer (100 mM L-Glutamic acid potassium salt, 50 mM HEPES/KOH,

pH 7.5, 8 mM Magnesium chloride, 1 mM EDTA, 0.02% NP-40, 3 mM ATP, 2 mM NaF, 1

mM Na3VOs, | mM PMSF, 1x protease inhibitor cocktail (Roche)) at 37°C for 10 minutes and
subsequently on ice for 1 hour. The clarified soluble fraction was then subjected to anti-FLAG
immunoprecipitation with anti-FLAG Affinity Gel (sigma, A2220) at 4°C for 4 hours. Beads

were recovered and washed extensively with benzonase buffer. For elution, 0.5 mg/mL of
3xXFLAG peptide (final concentration) was added and incubated with the beads at 4°C for 20
min. Eluates were applied on the top of 20%-40% glycerol gradient in benzonase buffer with
1% protease inhibitor. The gradients were centrifuged in a TLS-55 rotor (Beckman Optima
MAX-XP Ultracentrifuge) at 105,000 g for 13 hours. The fractions containing MCM-DH were
pooled and processed for electron microscopy analysis.

To prepare the samples for hMCM-DH(RL/WT) purification, pLEX-MCMS5-RL-3xFLAG
were transfected into HeLa S3 cells using lentivirus to generate MCMS5-RL-3xFLAG cell line.

Sample collection and purification of the mutant DHs were similar to the h\MCM-DH(WT/WT).

FACS

Cell samples were harvested at indicated time points as shown in Figures 3G and S7F. Cells
were fixed in 75% of ethanol at 4°C overnight. After washing with 1xPBS twice, cells were
suspended in 50 pg/mL of Propidium iodide (Sigma, P4170) and 100 pg/mL of RNase A
(Sigma, R5503), and incubated for 30 minutes at room temperature in the dark. The stained
cells were then subjected to Flow Cytometer and Cell Sorter workstation (BD FACSAriallll).

Cell cycle distribution was analyzed by FlowJo.

Double hexamer stability assay

The MCM-DHs containing 3xFLAG tagged MCMS5-WT, MCMS5-RL, MCM5-R, MCMS5-L or
MCM2-GG were purified from HelLa S3 stable cell lines similar as that of the endogenous
MCM7-3xFLAG cells. After glycerol gradient sedimentation, the fractions containing DHs
were collected and processed. The relevant DHs were then incubated in buffers (50 mM

HEPES/KOH, pH 7.5, 8 mM Magnesium chloride, 1 mM EDTA, 0.02% NP-40, 3 mM ATP,
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2 mM NaF, 1 mM Na3;VOs4, 1| mM PMSF, 1x protease inhibitor cocktail (Roche)) containing
100 mM and 400 mM of NaCl respectively, for 30 min at 30°C in the thermomixer. Afterwards,

3 pl of the sample was applied onto copper grids and stained with 2% uranyl acetate. Images
were acquired with Talos L120C microscope at 57,000x magnification. 2D classification was
performed to calculate the percentage of MCM-DHs among all MCM particles as
DH/(DH+SH)x100%.

EM data acquisition

For negative staining, 3 ul of protein samples were placed onto glow-discharged grids covered
with a thin layer of continuous carbon film (Ted Pella) and stained with 2% (w/v) uranyl acetate.
Grids were imaged on a Talos L120C microscope (Thermo Fisher Scientific) operated at 120
kV with a 4k x 4k Ceta 16M camera. A magnification of 57,000%, corresponding to a pixel
size of 2.49 A on the specimen, and a defocus around —1.5 pm were used for image recording.
The information from this analysis was used to determine sample quality and estimate the
relative concentration of samples used for cryo-grid preparation.

For cryo-EM, multiple-loading strategy was applied to increase particle numbers in the grid
holes. Each time, 2.5 pl of concentrated hMCM-DH (WT/WT and RL/WT) samples were
applied to the glow-discharged holey carbon grids with ultrathin carbon film (Quantifoil
R1.2/1.3, 300 mesh Cu with 2 nm C). The grids were blotted with filter paper (Ted Pella) and
then plunge frozen in liquid ethane using a Mark IV Vitrobot (Thermo Fisher Scientific) with
a blotting time of 3 s at 4 °C and 100% humidity. Cryo-EM data collection was done with a
FEI Titan Krios G3i electron microscope (Thermo Fisher Scientific) equipped with a high-
brightness field emission gun operated at 300 kV. Images were collected with a K3 Summit
direct electron detector (Gatan) using EPU in counting mode at a calibrated magnification of
81,000x (1.06 A physical pixel size). The slit width of the Gatan Imaging Filter (GIF) Bio
Quantum was set to 20 eV. Dose rate, total dose, and defocus range used for data collection are

summarized in Table S1.

Image processing

For Cryo-EM data, drift correction was performed using MotionCor2%°. Motion-corrected
sums without dose-weighting were used for contrast transfer function (CTF) estimation with
GCTF 72, Motion-corrected sums with dose-weighting were used for all other image processing.

Particles picked automatically by Gautomatch (https://www.mrc-

29



Imb.cam.ac.uk/kzhang/Gautomatch/) were extracted by RELION’! and then imported into
cryoSPARC? for 3D classification and refinement procedures. Topaz was applied for particle
picking with the hMCM-DH(RL/WT) dataset®>**. The initial model was generated using ab-
initio reconstruction. Particles from candidate classes by ab-initio reconstruction were further
sorted by iterative 2D classification and heterogeneous refinement. Well-sorted particles were
finally subjected to homogenous and non-uniform refinements to generate the final maps,
including two half maps, an unsharpened map, and a sharpened map. Resolution was estimated
using the Fourier shell correlation 0.143 criterion. Detailed information on data processing can
be found in Figure S2 and S8. Local resolution map was calculated using cryoSPARC.
Directional FSC (dFSC) was calculated using a similar approach as reported previously®* with

an improved script.

Classification focusing on origin DNA was also performed for both hMCM-DH(WT/WT) and
hMCM-DH(RL/WT) particles. The detailed procedures were shown in Figures S1P and S6.
The densities corresponding MCM-DH were subtracted from their original particles using a
standard procedure® in cryoSPARC. The metadata of the particle information was then
converted to star file format using UCSF pyem’®. Subsequent classification with a mask on
DNA densities was conducted without any alignments in relion 3.17!. The relevant
classification information for the subtracted particles was mapped back to their original data

using a home-made python script.

Model building

Ab initio model building was carried out in Coot”” and PHENIX"’. MCM2-7 structure in
Human CMG complex (PDB: 6XTX)* was used as an initial model. Since the register of origin
DNA engaged with endogenous hMCM-DHs is heterogenous, it is likely that there is a mix of
purines and pyrimidines at each nucleotide position. For this reason we could not build the
origin DNA sequence with certainty. Instead, two superposed polyA:polyT and polyT:polyA
duplexes, in which all atoms is set at 50 % occupancy, were modelled to surrogate for the
heterogenous sequences. For clarity, only one duplex was shown in figures. The real-space
refinement of the model was carried out using Phenix.real space refine with Ramachandran
restraint’’ and further manual adjustment in COOT. Molprobity’® was used to evaluate the
stereochemistry and geometry of the structure for manual adjustment. The program UCSF

Chimera’ and PyMOL (http://pymol.org) were used to prepare images.
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Mapping of the hMCM-DH footprints

The samples for isolating DNA bound by hMCM-DHs were prepared as described in the
section of hMCM-DH purification. During this process, the solubilized chromatin fraction was
collected for isolating the input DNA. The protein-DNA samples were then treated with 0.5
mg/ml of proteinase K (Thermo, 25530049) and 0.25 mg/ml of RNase A (Sigma, R5503) at
65°C for 30 min. Cold isopropanol was added to precipitate DNA overnight at 4°C. Pellet DNA
by centrifuge at 21,500 g for 30 min. The pellet was washed twice with 70% ethanol and
dissolved in elution buffer (5 mM Tris/HCI, pH 8.5). DNA concentration was measured by
Qubit 4 Fluorometer (Invitrogen) with Qubit dsSDNA HS Assay Kit (Invitorgen, Q32854) and
fragment size was analyzed by Fragment Analyzer System (Agilent). 5 ng DNA was ligated to
adapters at a ratio of 1:200 using KAPA HyperPrep Kit (Roche, 07962347001). Sequencing
Libraries were generated with KAPA HyperPrep Kit according to the manufacturer’s protocol.
To recover short dsSDNA fragments, a higher KAPA Pure Beads-to-sample ratio was used to
purify the DNA. Quantification of adaptor-ligated DNA was performed using quantitative real-
time PCR (KAPA Library Quantification Kit) before library amplification to determine the
optimal PCR cycle number. The fragment size of amplified libraries was analyzed on a
fragment analyzer (Agilent) before library pooling and sequencing. The libraries were
sequenced on an Illumina Nextseq 500 system. Adaptor trimming was performed using Trim
Galore. After trimming, reads were aligned to the human reference genome (GRCh37) with
Bowtie 2 (version 1.2.0) (parameters “--phred33-quals -v 3 -m 1 -p 24 --best --strata”). PCR
duplicates  were removed using Picard MarkDuplicates  (version  2.23.4,
http://broadinstitute.github.io/picard). Only the unique mapped reads were used for the
downstream analysis. DNA lengths protected by hMCM-DHs were analyzed using
bamPEFragmentSize of deepTools (version 3.5.1). For further checking the size distribution
of MCM reads (MCM-DH footprint size), the mapped BAM files were transformed to bed
format by bedtools (version 2.30.0). All reads (paired-end read fragments) between 35 to 80 nt
were then classified into 9 classes with a step size of 5 nucleotides (nt). The read depth of each
class was further calculated and visualized in heatmap mode with IGV (see Figure 6B for an

example).

MCM-DH cluster and classification
The bed file for raw read positions (without duplicates) were extracted from BAM files using
BEDTools (version 2.30.0), and the read densities along the genome were computed using

bedtools makewindow with the corresponding coverage option (e.g. 1kb or 5kb, etc). The
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Pearson correlation scores between two replicates as well as the control sample were calculated
(Figure S7C) using deepTools with default parameters®® or with R (version 4.1.2
<https://www.r-project.org>). RPKM for each sample is calculated per 100bp non-overlapping
window across the genome. The MCM clusters were defined with the following peak calling
process: the bins with rpkm values larger than the corresponding thresholds (Repl: > 0.6,
Rep2: > 0.8) were selected and then the adjacent calling peaks within relatively small gap width
(Repl: 6kb, Rep2: 8kb) were merged to get the final clusters (with minimum size cutoff: Repl
<=10.5 kb, Rep2 <= 13 kb). The parameters of peak calling were chosen based on the signal

noise ratio of each replicate in order to maximize the reproducibility of two replicates.

Comparative analysis of MCM-DH data with other datasets
The raw Repli-Seq data of HeLa S3 cells were downloaded from the Encode project
(http://genome.ucsc.edu/cgi-bin/hgFileUi?db=hg19&g=wgEncodeUwRepliSeq)®” and S50

(the fraction of S phase at which 50% of the DNA is replicated in a defined genome region)
was computed*’. The mean replication timing (S50 values) of each MCM cluster were
calculated and used to classify the MCM clusters into 4 timing groups, i.e. early (S50<0.25),
mid-early (S50: 0.25~0.5), mid-late (S50: 0.5~0.75) and late (S50>0.75). The OK-seq RFD
data and the corresponding initiation zones were obtained from*'. The ORM data and the
corresponding initiation zones were obtained from*. The data of H2AZ and RNA Pol 1I-pS2
(ENCSROOOECT) were downloaded from Encode project <https://www.encodeproject.org>.
GRO-seq data were downloaded from a previous nascent RNA transcriptome study *® and Orc1
ChIP-seq data were previously published **. Additional gene transcription (RNA-seq) and gene
annotation data were retrieved from a previous study ®. The published MCM ChEC-seq data
were downloaded from GEO (GSE150800)%®. The nucleotide composition data were
downloaded from UCSC Genome Browser
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/gc5Base/). For analysis of base composition
around the centers of the MCM-DH-bound DNA fragements (Figure S7E), only those

fragments with an odd length between 51 and 59 nucleotides were used for this analysis. It
should be noted that, given the fact that Benzonase favors G/C rich sequences®’, a slightly
higher G/C content is enriched at the borders of both hMCM-DH-bound DNA and the input
DNA. For some instances, genomic coordinates were remapped to GRCh37 using LiftOver
<https://genome.ucsc.edu/cgi-bin/hgLiftOver>. The metaplots and heatmaps were generated

using deepTools.
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QUANTIFICATION AND STATISTICAL ANALYSIS
The resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell
Correlation (FSC) criterion. Statistical analyses were performed in deepTools or R. Statistical

tests and parameter are reported in the text, figure legends and methods.

Supplemental video and Excel table titles and legends

Supplementary Video 1. Idealized melting of B-form DNA at the hexamer junction,
related to Figure 2.

Supplementary Video 2. Morphing of H2I loops from lagging strand to leading strand
between h(MCM-DH and hCMG during MSSB formation, related to Figure 5.

Table S1 Summary of Cryo-EM Data Collection and Model Refinement, related to
Figures 1, S1 and S6 and STAR Methods.
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Figure S7
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