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Abstract

To start DNA replication, the Origin Recognition Complex (ORC) and Cdc6 load a Mcm2-7
double hexamer onto DNA. Without ATP hydrolysis, ORC-Cdc6 recruits one Cdt1-bound
Mcm2-7 hexamer, forming an ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) helicase loading intermediate.
Here we report a 3.9A structure of the OCCM on DNA. Flexible Mcm2-7 winged-helix domains
(WHD) engage ORC-Cdc6. A three-domain Cdtlconfiguration embraces Mcm2, Mcm4, and
Mcmé6, nearly half of the hexamer. The Cdtl C-terminal domain extends to the Mcm6 WHD,
which binds Orc4 WHD. DNA passes through the ORC-Cdc6 and Mcm2-7 rings. Origin DNA
interaction is mediated by an o-helix in Orc4 and positively charged loops in Orc2 and Cdc6.
The Mcm2-7 C-tier AAA+ ring is topologically closed by a Mcm5 loop that embraces Mcm?2,
but the N-tier ring Mcm2-McmS5 interface remains open. This structure suggests loading
mechanics of the first Cdt1-bound Mcm2-7 hexamer by ORC-Cdc6.
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INTRODUCTION

The S cerevisiae Origin Recognition Complex (ORC) is an ATPase complex composed of Orc1-
6 . The composition and architecture of ORC is conserved in all eukaryotes *. Low resolution
electron microscopy (EM) showed that the six subunits are arranged into a crescent in the order
of Orc1-Orc4-Ore5-Ore3-Orc2, with Ore6 binding to Orc2/Orce3 >°. This architecture is
confirmed by a recent crystal structure of an inactive Drosophila ORC (DmORC) ’. This
DmORC core is a notched two-tiered ring composed of the N-tier ring of five AAA+ domains
and the C-tier ring of five winged helix (WH) domains of Orc1-5. Because the DmOrcl AAA+
domain blocks the putative central DNA binding channel in the auto-inhibited conformation ’,
the configuration of an active ORC has been unknown. The budding yeast ORC binds the
replication origins throughout the cell division cycle ', but they are “licensed” during the G1
phase ®. An early step is the binding of initiation factor Cdc6 to DNA-bound ORC to form the
ORC-Cdc6-DNA complex °. EM has shown that Cdc6 closes a gap in the crescent-shaped ORC
to form a ring >'® and apparently activates a molecular switch in ORC, converting it from an
origin DNA binder to an active Mcm2-7 loader *°. However, the physical nature of the molecular
switch is currently unknown due to the lack of a high-resolution structure of ORC-Cdc6 on
DNA.

The next steps involve the sequential recruitment onto the origin DNA of two Cdt1-bound
hexamers of Mcm2-7 by ORC-Cdc6 to form a Mcm2-7 double-hexamer (D-H) that forms part of
the pre-Replicative Complex (pre-RC) *''. In vitro reactions using purified components have
demonstrated that a high salt-stable Mcm2-7 D-H is loaded on DNA in an ATP dependent
manner '>"°. Each hexamer within the D-H is assembled in a way that their respective Mcm3 and
Mcmb6 subunits face each other, as revealed by EM of Maltose Binding Protein (MBP) tagged D-
H as well as a 3.8 A resolution cryo-EM structure '*'>. The Mcm?2-7 double-hexamer has a
central channel that is wide enough for passage of double stranded DNA, in agreement with
biochemical findings '>"*. Because the two Mcm?2-7 hexamers are twisted relative to each other,
it was speculated that within the interface between the two hexamers an inflection point of the
DNA path is created, possibly promoting melting of the double stranded DNA when the helicase
becomes activated in S phase '*. At the G1-S transition, the inactive D-H is converted into an
active replicative helicase that consists of a Mcm2-7 hexamer bound to Cdc45 and the four-
subunit GINS complex, called the CMG '*'". Disruption of the Mcm2-7 D-H and assembly of
CMG require activation by the Dbf4-Cdc7 protein kinase (DDK) and Cyclin-Dependent Kinase
(CDK; CIb5-Cdc28), which phosphorylate some of the pre-RC components, such as Mcm2-7
subunits and accessory loading proteins Sld2 and S1d3 "*'*2°, Subsequently, primase and DNA
polymerases load, along with many other replication factors, to form the replisome that executes
DNA synthesis 2",

The two Mcm2-7 hexamers are loaded on DNA sequentially '>*°*°. In the presence of ATPYS,
ORC-Cdc6 loads the first Mcm2-7 hexamer on DNA, forming an ORC-Cdc6-Cdt1-Mcm?2-7
intermediate (OCCM) *'. Then ATP hydrolysis is triggered and Cdt1 is released, which leads to
the formation of the ORC-Cdc6-Mcm2-7 (OCM) complex ****?*, A time course analysis
suggests that it is the OCM that loads the second Cdt1-bound Mcm2-7 to form an ORC-Cdc6-
Mcm2-7-Mcem2-7 (OCMM) complex prior to Mcm2-7 D-H formation 2%, In vivo evidence
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suggests that ATP hydrolysis by Cdc6 causes the separation of the D-H from ORC-Cdc6 *°. In
this work, we describe a 3.9 A resolution cryo-EM structure of the 1.1-MDa 14-protein OCCM
complex on DNA and interactions between individual proteins using mass spectrometry. The
structure revealed how ORC-Cdc6 recognizes origin DNA and how this complex recruits the
first Cdtl-bound Mcm2-7 hexamer, thereby illuminating a crucial step in eukaryotic DNA
replication initiation.

RESULTS
Overall structure of the OCCM-DNA complex

We prepared the OCCM complexes in the presence of ATPyS from purified proteins on a
replication origin containing plasmid attached to magnetic beads. Upon DNasel treatment the
OCCM samples were released from the beads and directly processed for cryo-EM grid
preparation. We derived a 3.9 A resolution cryo-EM 3D map of the OCCM from 304,288
particles that were selected from 7500 raw electron micrographs and nearly 1,000,000 raw
particles that were recorded on a K2 camera in a Titan Krios microscope operated at a high
tension of 300 kV (Fig. 1la-c, Supplementary Figs. 1-4, Supplementary Table 1,
Supplementary Video 1, online methods). The 3D map had well-defined densities for the
double strand DNA and 13 subunits of the 14-protein complex (Fig. 1d and €). The only protein
not well resolved was Orc6; its density was visible only at a lower display threshold.
Nevertheless, a conserved C-terminal a-helix of Orc6 was resolved, which is important, as it is
mutated in Meier Gorlin syndrome *’*. To better understand the architecture of the complex,
and particularly of the flexible sections involving Orc6, cross-linking/mass spectrometry
(CLMS) analysis of the OCCM was performed (Supplementary Fig. 5), which confirmed the
general architecture and also identified several interactions between Orc6 and Orc2/Mcm?2 (Fig.
2a-c, Supplementary Fig. 6, Supplementary Table 2). An atomic model of the OCCM was
built into the EM densities guided by the published structures of the Mcm?2-7 hexamer '*, the
Drosophila ORC 7, an archaeal Cdc6 homolog *°, a homolog of the N-terminal domain (NTD) of
Cdt1, the middle helical domain (MHD) and the C-terminal domain (CTD) of the human Cdt1 **-
2. The double stranded DNA was manually built into the EM density (Supplementary Fig. 7).
Electron densities for eight nucleotides were observed at the interface between Mcm2-Mcmé6,
Mcm6-Mcm4, Mcm4-Mcm7, Mcm7-Mcm3, Cdc6-Orcl, Orc1-Orc4, Orc4-Orc5, and Ore5-Orc3
(Supplementary Fig. 8). The nucleotide density at the Orc4-Orc5 interface was the weakest
among the eight sites. The Orc5-Orc3 interface was the smallest among the five Orc1-5 subunits,
such that the complex could be divided into two sub-complexes of Orc1-Orc4-Orc5 and Orc3-
Orc2. However, there was contact between Orc5 and Orc3 at the nucleotide-binding region such
that the ATPyS density at the interface was clear. No nucleotide densities were resolved at
interfaces between Mcm3-McmS5 and Mcm5-Mcm2 due to the reduced resolution and increased
flexibility, as they were either at or near the DNA loading gate.

In the ORC-Cdc6 top tier of the OCCM, Orcl1-5 and Cdc6 formed a six-membered ring structure.
The five ORC subunits were arranged in the order of Orc1:0rc4:0rc5:0rc3:0rc2, and Cdc6
bridged the gap between Orcl and Orc2, in agreement with a previous lower resolution EM
study (Fig. 3) °. Interestingly, four WH domains of Mcm3, Mcm4, Mcmé6, and Mcm?7 spiraled
upwards from the Mcm2-7 hexamer and engaged the ORC-Cdc6 ring, each interacting with
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ORC-Cdc6 subunits (Fig. 1d and e, Supplementary Figs. 9 and 10), while an interaction
between the Mcm5 WH domain and Orc2 was seen by CLMS (Fig. 2€). In the bottom of the
Cdt1-Mcm2-7 tier, the six Mcm subunits formed a ring structure in the order of 2-6-4-7-3-5,
consistent with previous studies '*'>***_ At the interface between the Mcm2 AAA+ domain
and Mcm5 AAA+ domain, the domain swapped o-helix of MemS5 bound to the Mcm2 AAA+
domain, thereby sealing the DNA-loading gate (Fig. 1c, Supplementary Fig. 11). Therefore, the
C-tier AAA+ ring of the Mcm2-7 hexamer was topologically closed (Fig. 1d). However, the N-
tier ring was still open at the Mcm2-5 interface. Hence the Mcm2-7 was in a half-open and half-
closed state. This structural feature explains why the Mcm2-7 ring in the OCCM is partially salt
stable on DNA, but not as salt stable as the Mcm2-7 double-hexamer >*'**, The structure also
explains why the DNA is intact in the C-tier AAA+ ring but invisible in the N-tier ring as DNA
in this region may be less constrained or digested by the nuclease, which was used to release the
DNA bound OCCM during sample preparation.

ORC-Cdc6 formsa closed ring with a pseudo 6-fold symmetry

In the OCCM structure, ORC-Cdc6 assembled into a complete ring encircling DNA with a
pseudo six-fold symmetry (Fig. 3a-b, Fig. 4). The N-terminal extension on Orc2 and an insertion
in Orc3 give ORC a helical shape **. The four observed ATPYS molecules of ORC-Cdc6 define
one circle on top and the four observed nucleotides in Mcm?2-7 define another circle below. The
top circle is larger, off center, and is tilted by 17° with respect to the lower circle (Fig. 4a-b).
The six predicted AAA+ proteins, Orc1-5 and Cdc6, all had one AAA+ domain with an AAA-
RecA-fold (the RecA fold), an alpha helical-lid domain (the lid), and a C-terminal (CT), alpha
helical winged helix domain (WHD), and they were superimposable (Fig. 3c) 4346 There were
variations to this general rule in that Orc2 lacked the alpha helical lid similar to the DmOrc2, and
Orc3 had an insertion consisting of a helical domain. Among the six initiator AAA+ subunits,
Orc4 was unique as it had one a-helix insertion and one insertion loop in the WHD. The six
AAA-RecA-folds and the six WHD formed a two-tiered ring structure that surrounded the DNA
within the central channel. In contrast, the six AAA-lid domains that each bridged the AAA-
RecA-like domain and the WH domain formed an outer brace that spiraled around the DNA
interacting domains. The bottom tier ring of the WH domains was largely responsible for
interacting with the Mcm CTD domains below, as suggested ’. The peripheral brace of the AAA-
lids also interacted with the Mcm subunit WH domains.

The crystal structure of the Drosophila apo-ORC core revealed an auto-inhibited conformation
that is not compatible with DNA binding ’ (Fig. 3d). DmORC structure is also incompatible with
Cdc6 binding. However, we found that Orc3-4-5 were in a similar configuration in both SCORC
and DmORC. By aligning the two ORC structures using the common Orc3-4-5 region as a
reference, we found that the RecA-fold of DmOrcl and the WH domain of DmOrc2 needed to
move and flip by ~180° in order to match their respective yeast counterparts (Fig. 3e, f). These
changes created a gap between Orc1-Orc2 for DNA passage as well as for Cdc6 insertion
between Orc1-Orc2 following DNA binding by ORC (Fig. 3b, d, Supplementary Video 2).
Since the Mcm?2-7 hexamer has been loaded onto DNA by ORC-Cdc6, the conformation of
ORC-Cdc6 in the OCCM structure is clearly in its active form, allowing DNA binding ° and both
Cdc6-Orcl and Orcl1-Orc4 ATPase activities that are required for Mcm?2-7 double hexamer

assembly or subsequent regulated initiation of DNA replication once per cell division cycle
9,29,30,32,47,48
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Cdtl formsan extended three-domain structure

In our previous low-resolution cryo-EM map of OCCM, an electron density outside of Mcm2
and Mcm6 was assigned to Cdt1 **. The current higher resolution EM map clearly showed that
Cdt1 exists in an unusually extended three-domain structure, with density outside Mcm2 and
Mcmb6 assigned to the NTD and middle helical domain (MHD) of Cdtl (Fig. 5a-C). Surprisingly,
the Cdtl CTD was linked to the MHD by a long loop and was 60 A away from MHD, located
between Mcm6 and Mcm4. The density of Cdtl NTD was relatively weak, indicating a degree of
flexibility. The Cdtl NTD bound only to the Mcm2 CTD with an interface of ~ 600 [1% In
contrast, the Cdt] MHD bound to both NTD and CTD of Mcm?2 as well as NTD of Mcm6 with a
larger interface of ~ 1000 (1%, which was also seen by CLMS (Fig. 2a). The Cdt] CTD interacted
extensively with all of the major domains of Mcm®6, the Mcm4 NTD, and the Orc4 WH domain
insertion loop. Consistent with this observation, a previous NMR study showed interaction
between the Mcm6 WH domain and a short peptide in the CTD of Cdt1 *°. Importantly, the Cdt1
CTD formed an arch toward the Mcm6 WH domain, which in turn interacted with the Orc4 WH
domain and the Orc5 AAA-lid. The Mcm6 WH domain in the Mcm?2-7 hexamer before
encountering ORC-Cdc6 is likely located in the middle of the ring between Mcm2 and Mcm6,
because this is where the domain is found in both active helicase CMG and in the inactive
Mcm2-7 double-hexamer (Fig. 5d). Hence, the CT arch of Cdtl is likely responsible for
displacing the Mcm6 WHD domain by 40 A to the periphery where the Mcm6 WHD is found in
the OCCM structure. This conformational change likely explains the inhibitory role of the Mcm6
WHD, which blocks OCCM formation in the absence of Cdt1 *. Therefore, Cdtl appeared to
play a dual role in Mcm2-7 hexamer loading: it created the ORC-Cdc6-binding surface on the
CT surface of Mcm2-7 hexamer by moving outward the obstructing Mcm6 WHD, and at the
same time formed an extended 3-domain side-brace that stabilized the Mcm2-Mcm6-Mcm4 half
ring, potentially allowing the other half ring McmS5-Mcm3-Mcem?7 to move (Fig. 1d, ). We
suggest that these interactions underlie the essential roles of Cdtl in Mcm2-7 loading on DNA *°.
Cdt1 bound in the OCCM, particularly its interaction with Mcm2 and the Mcm2-7 subunits that
bind ATP (Mcm2,4,7 and 3) may keep the Mcm2-Mcm35 N-tier interface open and prevent
Mcm2-7 ATP hydrolysis. ORC-Cdc6 ATPase activity, the next step after OCCM assembly,

removes Cdt] ** and may promote Mcm2-7 ATPase activity to close the first Mcm?2-7 hexamer
33,34

To further investigate the interactions between Cdtl and Mcm2-7, we expressed in baculoviruses
each Mcm subunit and Cdtl as a Strep-Strep-SUMO-Cdt1 (SSS-Cdtl). Each Mcm subunit alone
or all six in combination were expressed and a pull down with purified SSS-Cdtl was performed
(Supplementary Fig. 12). Cdtl interacted with all six Mcm proteins when they are expressed
together. Individually, Mcm2, Mcm6 (most strongly) but also Mcm7 interact with Cdtl. The
former two interactions were found in the OCCM model. We did not see an interaction with
Mcm4, suggesting that the Cdt1-CTD interaction with Mcm4 seen in OCCM structure must
depend on the prior binding to Mcm2-Mcm6 in the Mcm2-7 hexamer. The interaction with
Mcm7 is not present at the stage of OCCM, but could be functional downstream, when OCM
recruits the second Cdt1-bound Mcm?2-7 hexamer to form the D-H *°. A long Mcm?7 alpha helix
projects down toward the incoming second Mcm2-7-Cdt1 complex (Fig. 1€)
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The Mcm2-7 hexamer in the OCCM needs to change to adopt the structure present in the Mcm2-
7 D-H once the loading process is complete. By comparing the two structures, we found that the
Mcm2-7 hexamer needed to undergo large conformational changes during the OCCM — D-H
transition, in particular within the entire Mcm2-7 NTD ring as well as the CTDs of Mcm2 and
McmS5 (Fig. 6, Supplementary Video 3). Specifically, the Mcm2-7 NTD ring needed to rotate
by ~25° relative to the Mcm2-7 CTD to match the MCM ring in the D-H, and the CTDs of
Mcm?2 and Mcm5 had to rotate by ~5° and ~15°, respectively, to form the closed interface in the
D-H (Fig. 6b,c). Because the ATPase activity of Orcl and Cdc6 is required during the loading
reaction *°**%, and Orc1 and Cdc6 appear in a conformation poised to hydrolyze ATP, it is
possible that the conformational changes outlined here are driven by ORC-Cdc6 ATP hydrolysis.
Conceivably, the large conformational changes, which could be mediated by interactions
between Orc4, Mcm6 and Cdtl (Fig. 5a), would alter the Cdt1 binding surface, leading to its
release from Mcm2-7. Since Cdtl release is known to occur immediately before the recruitment
of the second Cdt1-bound Mcm2-7 *****° we suggest that ATP hydrolysis by ORC-Cdc6 could
facilitate Cdtl1 release, completely closing the first Mcm2-7 hexamer and establishing a condition
for recruitment of the next Cdtl-bound Mcm2-7 hexamer. Alternatively, MCM ATP-hydrolysis
could be involved ****; however the Mcm?2-7 ring is broken in the OCCM, thus ATPase activity
of Mcm is likely blocked at this stage *°.

Asymmetric interaction between ORC-Cdc6 and Cdt1-Mcm2-7 enables DNA insertion

Although both the Mcm2-7 hexamer and ORC-Cdc6 form ring-like structures with a pseudo 6-
fold symmetry, the interaction between the two rings is asymmetric due to the ~17° tilt of the
ORC-Cdc6 ring with respect to the Mcm?2-7 ring (Fig. 1d, Fig. 4). As a consequence, the DNA is
bent by ~20-25° at the interface between ORC-Cdc6 and Mcm2-7. Furthermore, the tilt led to a
tight interface between Orc1-Orc4-Orc5 in the first half of the ORC-Cdc6 ring with the Mcm4-
Mcm6-Mcm?2 half ring, and an apparent “loose” interface between Orc3-Orc2-Cdc6 and McmS5-
3-7. At the tight interface, the WH domains of Orcl and Orc4 insert into the gaps between the
CT WH domains and the AAA-lid domains of Mcm4 and Mcm6; the Orc5 WH domain
interacted only with Mcm2 AAA-RecA-fold because Mcm2 lacked a WH domain (Fig. 1d-e,
Supplementary Figs. 9-10). At the “loose interface”, the WH domain of McmS5 was not visible
in the EM map, but the CLMS data identified it across-the-interface partner of Orc2.
Interestingly, the WH domains of Mcm3 and Mcm?7 reached upwards more than 30 A via their
long loops to interact with Orc2 and Cdc6, respectively (Fig. 1e, Supplementary Figs. 9, 10).
The loop connecting the AAA-RecA-fold and the WH domain in Mcm7 was ordered and well
resolved with slightly weaker density. However, the corresponding loop in Mcm3 was
disordered. Accordingly, we propose that the asymmetric interaction leaves half of the Mcm2-7
ring (Mcm5-3-7) only loosely tethered, such that the Mcm5-3-7 half ring can move away from
the tightly-tethered Mcm4-6-2 half ring to open up the Mcm2/McmS5 gate for DNA insertion and
then move back to close the gate. This conformation is most likely stabilized by Cdtl.

Protein-DNA interactionsin the OCCM

We modeled 39 base pairs (bp) of DNA in the OCCM density map; 24 bp were encircled by the
ORC-Cdc6 ring and the remaining 15 bp by the C-tier ring of Mcm2-7 (Fig. 7a, Supplementary
Fig. 13). There was no apparent DNA density inside the N-tier ring of Mcm2-7. Because the N-



263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

285
286
287
288
289
290
291
292
293
294
295
296
297
298

299
300
301
302
303
304
305
306

tier ring was open at the Mcm2-McmS5 interface, the dSDNA there might have been digested by
the DNase I nuclease that was used to cleave the loading intermediate off of the plasmid DNA.
In the top ORC-Cdc6 region, Orcl, Orc3 and Orc5 had little direct interaction with DNA. DNA
was held in place by interactions with the initiator-specific motif (ISM) in the AAA+ domains of
Orc2, a unique Orc4-specific insertion a-helix, and by the ISM and the WH domains of Cdc6
(Fig. 7a-e). These four binding components spiraled around the DNA just like RFC clamp
loaders spiral around the DNA *****° although the overall ORC-Cdc6 ring itself appears flat
because the Orc2 and Orc3 subunits break the helical path. Archaecal AAA+ replication initiators
also interact with DNA via their respective ISM *°!. The archacal WH domain is known to bind
DNA with both the helix-turn-helix (HTH) motif and the B-hairpin wing loop °'. However, in the
yeast ORC-Cdc6, we found that only the B-hairpin wing loops of the WH domains of Cdc6 and
Orc4 bound to DNA, their respectively HTH motif did not bind to DNA but rather were engaged
in subunit-subunit interactions. This different DNA binding mode was caused by a ~90° rotation
of the Orc4 and Cdc6 WH domains away from the central DNA channel (Supplementary Fig.
14). We have previously demonstrated that ORC-Cdc6 causes a nuclease protected footprint on
the origin DNA that extends to 70-78 base pairs, greater than the 44-50 base-pair footprint of
ORC alone °. Even allowing for limited nuclease access to the DNA near edges of the ORC-
Cdc6 complex, which accounts to 10 bp 2, the amount of DNA found interacting with ORC-
Cdc6 by nuclease footprinting is more than twice that found interacting with ORC-Cdc6 in the
OCCM structure. There are positively charged patches in the front side (Orc2,3,6) and the
bottom surface of ORC-Cdc6 that is proximal to Mcm2-7 (Supplementary Fig. 15). It is
possible that DNA bends and binds to some of these surfaces in addition to the central channel.

In the lower Cdt1-Mcm2-7 region, Mcm3 and Mcm5 did not interact with DNA. Although the
Mcm2-7 ring was nearly flat, the hairpin loops in the AAA+ domains of Mcm2-Mcm4-Mcm6-
Mcm7 were arranged in a spiral to grip onto the DNA (Fig. 7a, f). We found that Mcm2, Mcm4
and Mcm6 interacted with DNA via their respective helix-2-insert (H2I) B-hairpin loop. Mcm4,
Mcm6 and Mcm7 contacted the DNA with their respective Presensor 1 (PS1) B-hairpin loops, in
particular the well-conserved KA motifs (Fig. 7f, Supplementary Figs. 13 and 16). In contrast,
the same H2I and PS1 within the Mcm?2-7 D-H are involved in inter-subunit interactions '*. In
the apo form of the active CMG helicase the PS1 loops face the central DNA channel >, and in a
recent cryo-EM structure of CMG at a sub-nanometer resolution, the PS1 loops were found to
interact with a 6-base ssDNA **. Interestingly, most of these hairpin loops, except for the Mcm4
H21 loop, interacted with the same strand of the duplex DNA (Fig. 7f). It is unclear if this strand
functions as the leading or the lagging strand in the CMG helicase, because extensive
conformation changes must occur in Mcm2-7 to form the active helicase, such that Mcm-DNA
interaction in the CMG may be very different.

DISCUSSION

Since the discovery of ORC more than two decades ago % it has been a key issue in the DNA
replication field to identify how ORC recognizes the dSDNA and how ORC cooperates with
Cdc6 to load the Mcm2-7 hexamers onto DNA. The current atomic model of the OCCM
provides the first high-resolution structure of ORC-Cdc6 bound to origin DNA. Overall, the
ORC-Cdc6 structure is flat, but within this structure the subunits that bind ATP, Orc1, Orc4,
Orc5 and Cdc6, form a right-handed spiral around the double stranded DNA, similar to the spiral
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of AAA+ subunits around primer-template DNA in RFC clamp loaders *°°. The human ORC
has an almost identical structure (A. Tocilj, K. On, C. Yuan, J. Sun, E. Elkayam, H. Li, B.
Stillman and L. Joshua-Tor, submitted). Orc4 had an unusual insertion a-helix that appears to
contact the major groove of the dsDNA. This helix is unique to budding yeast Orc4 subunits,
being absent in the DmORC and HsORC4 structures ! (A. Tocilj, K. On, C. Yuan, J. Sun, E.
Elkayam, H. Li, B. Stillman and L. Joshua-Tor, submitted), may help to explain the sequence
specificity of ORC that is characteristic of origin binding in Saccharomyces sp. Cdc6 is
particularly important for DNA binding with two principal DNA binding sites: the ISM and the
WH domain, explaining why Cdc6 enhances ORC’s specificity for DNA *'°,

The most prominent feature of Mcm2-7 loading by ORC-Cdc6 is the extensive use of WH
domains of these replication proteins. There were six resolved WH domains in ORC-Cdc6 that
formed a larger WH ring in the upper tier of the OCCM, and 5 cryo-EM and CLMS resolved
WH domains in Mcm2-7 that formed a second slightly smaller WH ring on the lower Mcm2-7
tier of the OCCM. This appears to be an evolutionary conserved interaction, as it was reported
recently for archacal MCM and Orc1 »°. However, here we observed that the WHD mediated
correct stacking of the two rings mediates much of the recruitment mechanism. The position of
the WHD of the Mcm proteins varies widely, and can sit either right above the AAA+ domain, or
move away from the main body of the protein, or even move to the side of the AAA+ domain in
the case of Mcmb5, as seen in the active helicase (Supplementary Fig. 9b). The CTD of Cdtl
plays a special role in displacing the Mcm6 WH domain to create the ORC-Cdc6 binding
surface; we showed previously that the WH domain of Mcm6 is inhibitory and blocks OCCM
formation in the absence of Cdt1 **. The attachment of the winged helix domains by flexible
linker provide these domains manifold possibility to interact with ORC-Cdc6, but after helicase
activation, they could also be important interaction partners with other proteins at the DNA
replication fork.

The Mcm2-7 double-hexamer structure, although obtained in the absence of DNA, showed that
six H2I hairpin loops are arranged in an approximately helical trajectory that was suggested to
facilitate DNA translocation and unwinding. However, in the OCCM, only three H2I hairpin
loops of Mcm2-Mcm4-Mcm6 contact DNA. In addition, the three PS1 hairpin loops of Mcm4,
Mcm6 and Mcm7 make contact with DNA. In the D-H, the PS1 loop is involved in inter-subunit
interaction, not in DNA binding, but in the CMG helicase, the PS1 loop contacts DNA '**.
Another interesting feature of OCCM is the partially open Mcm2-McmS5 interface. Thus the data
provide the first structural proof that the Mcm2-McmS5 interface is the DNA entry gate in Mcm2-
7 during pre-RC formation ***'**. ATPyS prevents Cdtl removal and the gate from closing **~>
and thus it is interesting that the N-tier ring is not yet closed given the dSDNA has been loaded
into the Mcm?2-7 hexamer channel. We suggest that the Mcm2-7 N-tier ring closure requires
ATP hydrolysis by Orc1/Cdc6 proteins and removal of Cdtl from the Mcm2-7 hexamer. The
unusually extended three-domain structure of Cdtl most likely keeps Mcm2-7 subunits vertically
aligned, preventing the left-handed spiral of the Mcm2-7 subunits in the completely assembled
Mcm2-7 double hexamer (Fig. 6¢). Thus, like the RFC-PCNA clamp loader and clamp
structures, the OCCM structure provides further insight into how a AAA+ complex loads a ring-
shaped, multi-subunit complex of proteins around double stranded DNA to promote DNA
replication. We suggest that ORC-Cdc6 ATPase promotes complete Mcm2-7 ring closure just as
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ATP hydrolysis by the clamp loader RFC locks the PCNA DNA polymerase clamp onto double
stranded DNA .

METHODS
Methods and any associated references are available in the ONLINE METHODS SECTION.

Accession Codes The 3D cryo-EM map of OCCM at 3.9 A resolution has been deposited at the
EMDB database with accession code EMD-xxxx. The corresponding atomic model was
deposited at RCSB PDB bank with accession code yyyy.
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a-helix

Figure l. Cryo-EM and overall structure of the S. cerevisiae OCCM complex. (a) A typical
motion-corrected raw image of frozen OCCM particles recorded on a direct detector. (b)
Selected six 2D averages representing the particles in different views. (C) 3D cryo-EM map of
OCCM color coded by local resolution. Overall resolution is 3.9 A. (d) Cartoon view of the
atomic model of OCCM as viewed from Front side. The two black arrows in left indicates that
the ORC-Cdc6 ring lays on the MCM ring tilted by an angle of ~17°. The two black arrows in
middle shows the DNA in central channel is bent by ~25°. The blue oval marks the short helix of
Orcb6. (e) Cartoon view of the OCCM model as viewed from the backside. The black circles
mark the WHDs of Mcm3, Mcm4, Mcm6 and Mcm?7, respectively.
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545  Figure 2. Cross-linking/mass spectrometry analysis of S. cerevisiae OCCM complex. (a)
546  Linkage map showing the observed cross-linked residue pairs within the MCM2-7/Cdtl

547  complex. Intra-molecular cross-links are color coded, while inter-molecular cross-links are
548  shown in black. (b) Linkage map showing the observed cross-linked residue pairs within the
549  ORC/Cdc6 complex. Intra-molecular cross-links are color coded, while inter-molecular cross-
550 links are shown in black. (C) Linkage map showing the observed cross-linked residue pairs
551  between ORC/Cdc6 complex and Mcm?2-7/Cdtl complex. Orc6, which was only partially
552 resolved by cryo-EM, is in close proximity to Mcm2 and Cdtl. The Winged Helix Domain of
553  Mcmb5, that was only partially resolved by cryo-EM, is in close proximity to the N-terminal

554  region of Orc2.
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558
559
560
561
562
563
564
565
566
567
568
569
570

mark the ORC-Cdc6 core regions resolved in our model (TFIIB and CTD, transcription factor-II-
like and C-terminal domains in Orc6; BAH, bromo-adjacent homology domain in Orc1). (b) The
ORC-Cdc6 structure in our S cerevisiae OCCM model in top view. (C) Superposition of Orc1-5
and Cdc6, highlighting their similar overall structures. Orc2 lacked the AAA-lid domain,
resulting in a relatively open interface between Orc2-Cdc6. Orc3 had an insertion domain
between the AAA-lid domain and the WHD domain that interacted with Orc6. The blue arrows
point to structures with which these marked elements interact. The black arrow points to the
missing lid domain in Orc2. (d) Crystal structure of Drosophila ORC complex in a similar
subunit color scheme. (g, f) Alignment of DmORC with SCORC-Cdc6 using the most similar
Orc3-5 region as a reference showed that the AAA-RecA-fold domain of DmOrc1 (€) and WHD
of DmOrc2 (f) needed to move and rotate by 180° to assume their respective position in
ScOCCM. See also Supplemental video 1.
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Figure 4. Nucleotide binding sites and configuration in OCCM. (a) Cut-open top view of
ORC-Cdc6 and Mcm2-7 shown in surface view. The four ATPYS molecules identified in ORC-
Cdc6 at the interface between Cdc6-Orcl, Orc1-Orc4, Orc4-OrcS, and Orc5-Ore3 (right), and
four ATPYS molecules in Mcm2-7 at the interface between Mcm2-Mcm6, Mcm6-Mcm4, Mcm4-
Mcm?7, and Mecm7-Mcm3 are shown as spheres (carbon in green, oxygen in red, nitrogen in blue,
sulfur in yellow). (b) The positons of the observed nucleotides in OCCM relative to the DNA,
which is shown in orange surface. The left panel is a side view with Mcm4 in front and the right
panel is a top view with ORC-Cdc6 on top, but proteins are not shown in order to highlight the
nucleotides. The four ATPYS molecules in ORC-Cdc6 are co-planar, but the plane is tilted by
~17° with respect to the plane formed by the nucleotides in Mcm2-7. An imaginary circle
defined by the nucleotide in ORC-Cdc6 is larger (75 A) than the circle defined by nucleotides in
Mcm2-7 (65 A), and the two circles are acentric.
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ORC-Cdc6-DNA

insertion
. Cdt1- loop

Figureb. Extensive interactions between Cdt1 and MCM hexamer. (a) OCCM structure with
Cdtl electron density shown in blue mesh. The CTD of Cdtl locates between Mcm6 and Mcm4,
over 60 A away from the NTD and MHD of Cdt1. (b) Zoomed view of the Cdt] NTD and MHD
showing their interactions with Mcm2 and Mcm6. (C) Zoomed view showing the Cdtl CTD
interacting with Mecm6 WHD. The dotted blue line in (a-C) indicates a flexible loop connecting
Cdtl MHD and CTD. (d) The top view (left) and front side view (right) of Mcm2-7 structure in
cartoon and semi-transparent surface view. The red oval marks Mcm6-WHD in OCCM, and the
dashed red oval the position of Mcm6-WHD in CMG helicase. The blue arrow shows the
displacement of Mcm6 WHD in OCCM due to interaction with Cdtl CTD. Such displacement
forms an unobstructed Mcm?2-7 C-terminal face for binding with ORC-Cdc6.
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a Top C-terminal view Bottom N-terminal view

Color: Mcm2-7 in OCCM
Gray: Mcm2-7 in D-H

Partially open Mcm2/5 gate in OCCM Closed Mcm2/5 gate in DH
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CTD =

L
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Figure 6. Conformational changes between the Mcm2-7 in OCCM and double-hexamer (D-
H). (a) Comparison of the top CTD view (left) and the bottom NTD view (right) of the Mcm2-7
structure in the double-hexamer (gray cartoon) with the Mcm?2-7 structure in the OCCM. The
two structures were aligned using CTDs of Mcm4-6-7 as reference. Changes in the CTD ring are
focused in Mcm2-5-3. The NTD ring rotated en bloc by about 25°. (b) Front Mcm2/5 side view
of the Mcm2-7 hexamer in the OCCM structure (left) as compared to that in the D-H (right).
Transitioning from OCCM to double hexamer, each CTD AAA+ domain and NTD of Mcm?2 and
Mcm5 undergoes a combination of rotation and translation, with the degree of rotation and
translation shown as labeled. Mcm5 NTD needs to rotate by as much as 50° to close the DNA
entry gate. (C) A sketch showing how the gate between Mcm2 and Mcm5 can be open for DNA
insertion in OCCM (left) and how the gate is closed in the D-H (right).



613
614

615
616
617
618
619
620
621

Mcm2 R581

Figure 7. Interactions between OCCM and DNA. (a) An overview of OCCM-DNA structure
in side view. Subunits in front of DNA including parts of Orc1 and Cdc6, and all of Mcm3 and
McmS5 are removed to show DNA. Five rectangle-marked areas are enlarged in panels (c-f). (b-C)
Detailed view of the Cdc6 interaction with dsDNA. (d) Orc2 interaction with DNA. (e) Orc4
interaction with DNA. (f) Mcm2-6-4-7 and DNA interfaces. PS1: Pres-sensor 1 3-hairpin loop,
H2I: Helix-2-insert -hairpin loop.
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EXPERIMENTAL PROCEDURES
Sample preparation and electron microscopy

The Saccharomyces cerevisiae loading intermediate OCCM was assembled in vitro with purified
ORC, Cdc6, Cdtl and Mcm?2-7 on plasmid DNA containing the ARSI sequence in the presence
of ATPyS, and isolated by the magnetic beads pull-down approach as described previously **
with minor modifications. 24 pre-RC reactions containing 40 nM ORC, 80 nM Cdc6, 40 nM
Cdtl, 40 nM MCM2-7 and 6 nM pUC19-ARSI1 beads in 50 pl buffer A (50 mM HEPES-KOH
(pH 7.5), 100 mM potassium glutamate, 10 mM magnesium acetate, S0 uM zinc acetate, 3 mM
ATPyS, 5 mM DTT, 0.1% Triton X-100 and 5% glycerol) were incubated for 15 min at 24 °C.
After three washes with buffer B (50 mM HEPES-KOH (pH 7.5), 100 mM K acetate, 3 mM
ATPyS) the complex was eluted with 1 U of DNase I in buffer B and 1 mM CaCls,.

To prepare cryo-EM grids, we pooled all the elutions together and concentrated the sample to
about 0.9 mg/ml in buffer B with a Microcon centrifugal filter unit (YM-100 membrane). Before
EM grid preparation, we checked the sample for homogeneity by negative-stain electron
microscopy. We then applied 3 pl of OCCM sample at a final concentration of 0.9 mg/ml to
glow-discharged C-flat 1.2/1/3 holey carbon grids, incubated for 10 s at 6 °C and 95% humidity,
blotted for 3 s then plunged into liquid ethane using an FEI Vitrobot IV. We loaded the grids into
an FEI Titan Krios electron microscope operated at 300 kV high tension and collected images
semi-automatically with SerialEM under low-dose mode at a magnification of 29,000 and a
pixel size of 1.01 A per pixel. A Gatan K2 summit direct electron detector was used under super
resolution mode for image recording with an under-focus range from 1.5 to 3.5 um. The dose
rate was 10 electrons per A’ per second and total exposure time was 5 seconds. The total dose
was divided into a 25-frame movie and each frame was exposed for 0.2 s.

I mage processing and 3D reconstruction

Approximately 7500 raw movie micrographs were collected. The movie frames were first
aligned and superimposed by the program Motioncorr *. Contrast transfer function parameters
of each aligned micrograph were calculated using the program CTFFIND4 *’. All the remaining
steps, including particle auto selection, 2D classification, 3D classification, 3D refinement, and
density map post-processing were performed using Relion-1.4 >*. We manually picked ~10,000
particles from different views to generate 2D averages, which were used as templates for
subsequent automatic particle selection. Automatic particle selection was then performed for the
entire data set. 1,371,667 particles were initially selected. Then we carefully checked the
particles obtained from automatically picking, removed the bad particles and re-picked the
missing good ones. Particles were then sorted by similarity to the 2D references; the 10% of
particles with the lowest z-scores were deleted from the particle pool. 2D classification of all
remaining particles was performed and particles in unrecognizable classes by visual inspection
were removed. A total of 601,095 particles were used for 3D classification. We derived six 3D
models from the dataset, and found two models were similar to each other and their associated
particles were combined for further refinement; the other four models were distorted and those
particles were discarded, leading to a dataset size of 304,288 particles. This final dataset was
used for further 3D refinement, resulting in the 3.91 A 3D density map. The resolution of the
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map was estimated by the so-called gold-standard Fourier shell correlation, at the correlation
cutoff value of 0.143. The 3D density maps were corrected for the detector modulation transfer
function and sharpened by applying a negative B-factor of -112 A%, The particles had some
preference for end-on views but because of the large number of particles used virtually all of the
angular space was sampled.

Structural modeling, refinement, and validation

The yeast Mcm2-7 models were directly extracted from the cryo-EM structure of the yeast
Mcm2-7 double hexamer (PDB code 3JA8) '*. For subsequent docking, each Mcm proteins was
split into 2 parts: NTD and CTD. The initial models of the S. cerevisiae Orc1-5 subunits were
generated from the crystal structure of the Drosophila ORC complex (PDB ID: 4XGC) 7 and
Cdc6 subunit from the homologue Archaeal structure (PDB ID: 2V1U) *° using the SWISS-
MODEL server >°. These models were first docked and fitted into the density map using COOT
6 and Chimera ®'. We found Orc1 and Orc2 in the yeast OCCM had gone through dramatic
conformational changes compared to the fly ORC structure. Thus, we split each of the two
proteins into 3 parts: the AAA-RecA-fold and the AAA-lid domain (where present) and the C-
terminal WH domain, and fitted these domains independently into the 3D density map. Based on
the structural features, the extra density outside Mcm2 and Mcmb6 clearly belonged to NTD and
middle helical domain (MHD) of Cdt1 **. We used the SWISS-MODEL server to generate the
atomic models of Cdtl NTD and MHD from their respective homologous structures (PDB ID:
5C3P and 2ZXX) **%2. The Cdtl CTD model was generated from human Cdt1 crystal structure
(PDB ID: 2WVR) ©, and this domain was found in the region between Mcm6 and Mcm4. Four
bulky densities outside the core structure of Cdc6-ORC were identified to be the WH domains of
Mcm3, Mcm4, Mcm6, and Mcm7, respectively. Their atomic models were generated from their
corresponding homologue structures (PDB ID: 3NWO0, 2M45, 2KLQ, and 20D5) *"**6* ysing
the SWISS-MODEL server. The Orc6 density was very weak, indicating high flexibility of this
protein. However, based on the homologous Drosophila ORC core complex structure (PDB ID:
4XGC) ", we identified a short a-helix at the C-terminus of Orc6 that bond to and was stabilized
by Orc3. Finally, the double stranded DNA was built into the long helical density that ran
through the OCCM structure in the program COOT. The entire OCCM atomic model was
subsequently adjusted manually and rebuilt in COOT. Clearly resolved bulky residues such as
Phe, Tyr, Trp, and Arg were used for sequence registration.

The manually built atomic model was then iteratively refined in real space by
phenix.real_space_refine °° and rebuilt in COOT. We also performed the reciprocal space
refinement procedure with the application of secondary structure and stereochemical constraints
in the program Phenix ®’. The structure factors (including phases) were calculated by Fourier
transform of the experimental density map with the program Phenix.map to structure factors.
The atomic model was validated using MolProbity ®®. Structural figures were prepared in
Chimera and Pymol (https://www.pymol.org).

The final model was cross validated using a method described previously ®. Briefly, we
randomly added 0.1 A noise to the coordinates of the final model using the PDB tools in Phenix,
then refined the noise-added against the first half map (Half1) that was produced from one half
of the particle dataset during refinement by RELION. We performed one round of coordinate
refinement, followed by a B-factor refinement. The refined model was then correlated with the
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3D maps of the two half maps (Halfl, Half2) in Fourier space to produce two FSC curves:
FSCyork (model versus Half1 map) and FSCy.e (model versus Half2 map), respectively. A third
FSC curve was calculated between the refined model and the final 3.9 A resolution density map
produced from all particles. The general agreement of these curves was taken as an indication
that the model was not over-fitted.

Cross-linking/M ass Spectrometry analysis

240 nM pUC19-ARSI1 beads were used to assemble the OCCM complex as previously
described. The complex was cross-linked in the presence of the beads with BS3 1:8100 (molar
protein:cross-linker ratio) for 2 hours at 4 °C. Then, the reaction was quenched with 50 ul of
saturated ammonium bicarbonate for 45 minutes at 4 °C and it was transferred into digestion
buffer (50 mM ammonium bicarbonate, 8 M Urea) followed by reduction with DTT and
alkylation with iodoacetamide. 3 ug LysC (with estimated 1:50 enzyme to protein ratio) were
added and incubated at room temperature for 4 hours. The digestion buffer was then diluted with
50 mM ammonium bicarbonate to a final Urea concentration of 2M. 3 ug of trypsin were added
(at estimated 1:50 enzyme to protein ratio) and incubated for 16 hours at room temperature. After
digestion, the supernatant was collected and acetified using 200 ul 10% Trifluoroacetic acid
(TFA). The peptide mixture was then desalted using C18-Stage-Tips for mass spectrometric
analysis °. LC-MS/MS analysis was performed using an Orbitrap Fusion™ Lumos™ Tribrid™
Mass Spectrometer (Thermo Scientific) applying a “high-high” acquisition strategy ''. 2 ug
peptide mixture was injected for each mass spectrometric acquisition. Peptides were separated on
a 50 centimeter EASY-Spray column (Thermo Scientific) assembled in an EASY-Spray source
(Thermo Scientific), operated at 50 °C column temperature. Mobile phase A consisted of water,
0.1% v/v formic acid and 5% v/v DMSO. Mobile phase B consisted of 80% v/v acetonitrile,
0.1% v/v formic acid and 5% v/v DMSO. Peptides were loaded at a flow-rate of 0.3 pul/min and
eluted at 0.2 pl/min using a linear gradient going from 2% mobile phase B to 40% mobile phase
B over 139 minutes, followed by a linear increase from 45% to 95% mobile phase B in 12
minutes. The eluted peptides were directly introduced into the mass spectrometer. MS data was
acquired in the data-dependent mode with the top-speed option. For each three-second
acquisition cycle, the mass spectrum was recorded in the Orbitrap with a resolution of 120,000.
The ions with a precursor charge state between 3+ and 8+ were isolated and fragmented. The
fragmentation spectra were then recorded in the Orbitrap. Dynamic exclusion was enabled with
single repeat count and 60-second exclusion duration. To improve the identification of cross-
linked peptides, in total 9 acquisitions were carried out with variations on parameters mainly
related to criteria for ion selection for fragmentation and fragmentation methods.

| dentification of cross-linked peptides

The raw mass spectrometric data files were processed into peak lists using MaxQuant version
1.5.2.8 " with default parameters, except for “FTMS top peaks per 100 Da” was set to 20 and
“FTMS de-isotoping” was disabled. The peak lists were searched against the sequences as well
as the reversed sequences (as decoy) of 14 OCCM subunits using Xi software (ERI, Edinburgh)
for identification of cross-linked peptides. Search parameters were as follows: MS accuracy, 6
ppm; MS2 accuracy, 20 ppm; enzyme, trypsin; specificity, fully tryptic; allowed number of
missed cleavages, four; cross-linker, BS3; fixed modifications, carbamidomethylation on
cysteine; variable modifications, oxidation on methionine, modifications by BS3 that are
hydrolyzed or amidated on the other end. The reaction specificity for BS3 was assumed to be for
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lysine, serine, threonine, tyrosine and protein N-termini. For acquisitions where CID and HCD
fragmentations were applied (acquisition 1.3.4.6.7 and 9), only b- and y-ions were considered for
the fragment ion matches; while for data acquired using a combined fragmentation of ETD and
CID or HCD (acquisition 2,5 and 8), b-, y-, c-ions and z-ions were considered for fragment ion
matches. Two independent quality control approaches have been applied for identified cross-
linked peptide candidates. All cross-linked peptides with estimated 5% FDR at residue pair level
were accepted for further structural interpretation. We also accepted cross-linked peptides
identified with MS2 spectra that passed machine-learning based auto-validation.

In vitro pulldown of Cdt1 with Mcm2-7 proteins

Baculoviruses expressing Mcm?2-7 subunits (the Mcm3 was tagged with HA at the N-terminus)
and Strep-Strep-SUMO-Cdt1 were prepared in the Profold-C1 expression vector (AB Vector,
San Diego). 2.5 x 107 Hi-Five insect cells were infected at a multiplicity of infection of 10 with
each MCM subunit alone or in combination with SSS-Cdtl1, and harvested at 55 hours post
infection. After washing cells in cold PBS, they were placed for 10 minutes on ice in < 1 ml of
hypotonic buffer (25 mM Hepes-KOH pH 7.5, 20 mM K glutamate, 1 mM Mg acetate, ]| mM
DTT, 5 mM ATP, Protease Inhibitor (Roche, 1 tablet in 50 ml). Cell extracts were prepared by
Dounce B homogenization and centrifugual clarification (10,000 rpm in Sorvall SS34 rotor),
then 100 pl of supernatant was incubated of 2 hours on ice with 50 pl of Strep-Tactin sepharose
(IBA) that had previously been washed in PBS and hypotonic buffer. Beads were washed (3 x 5
minutes) with IP buffer (25 mM Hepes-KOH pH 7.5, 300 mM KGlutamate, 10 mM MgAcetate,
0.04% NP40, 1 mM DTT, 5 mM ATP and protease inhibitor). Bead bound proteins were run on
a SDS-PAGE gel and stained with silver.
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