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Structure of the origin recognition
complex bound to DNA replication origin
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The six-subunit origin recognition complex (ORC) binds to DNA to mark the site for the initiation of replication in
eukaryotes. Here we report a 3 A cryo-electron microscopy structure of the Saccharomyces cerevisiae ORC bound to a
72-base-pair origin DNA sequence that contains the ARS consensus sequence (ACS) and the Bl element. The ORC encircles
DNA through extensive interactions with both phosphate backbone and bases, and bends DNA at the ACS and Bl sites.
Specific recognition of thymine residues in the ACS is carried out by a conserved basic amino acid motif of Orcl in the
minor groove, and by a species-specific helical insertion motif of Orc4 in the major groove. Moreover, similar insertions
into major and minor grooves are also embedded in the Bl site by basic patch motifs from Orc2 and Orc5, respectively, to
contact bases and to bend DNA. This work pinpoints a conserved role of ORC in modulating DNA structure to facilitate

origin selection and helicase loading in eukaryotes.

Initiation of DNA replication begins with the binding of an initiator at
a replicator followed by the recruitment of a replicative helicase that
unwinds DNA'2, Bacterial and archaeal initiators contain an AAA+
domain and a helix-turn-helix (HTH) motif that are implicated in
specific DNA interactions®”. In eukaryotes, the initiator is a highly
conserved six-subunit origin recognition complex (ORC)3-!°. The five
subunits Orc1-Orc5 each bear an AAA+ domain and a winged-helix
domain (WHD)"®, whereas Orc6 bears little resemblance to the other
ORC members and its role in the assembly of ORC around origin DNA
seems to differ among organisms®!°. Despite the high conservation of
ORC in protein sequence among eukaryotes, its selectivity for replicators
varies from species to species, in which specific DNA sequence has a
determinant role in certain yeasts'""!? and chromatin structure has a
predominant role in humans®!3. Both of these modes are used in all
eukaryotes but the prevalence of these selectivity modes is influenced
by the interplay of several factors'*-2,

To understand how the ORC selects and binds DNA, much effort has
been devoted to the study of the ORC architecture either alone or with
Cdc6, which ORC recruits to origin DNA in G1 phase as a prelude to
the assembly of the CMG (Cdc45-MCM-GINS) helicase?*?’. More
recently, several high-resolution structures that include the ORC, such
as the OCCM (ORC-Cdc6-Cdt1-Mcm2-Mcm?7)*, or that contain
trimmed portions of ORC in fly*! and human?? have been determined.
Together, these structures provide a clear picture of how ORC sub-
units interact with each other. Unfortunately, because DNA was either
omitted or the resolution does not provide sufficient detail, we can
only speculate on how the ORC may interact with DNA to perform
its functions.

In this study, we have determined a series of structures of S. cerevi-
siae ORC, either alone or with ARS305 DNA (36 or 72 base pairs (bp)
in length), using full-length proteins by single-particle cryo-electron
microscopy (cryo-EM) (Extended Data Figs. 1, 2, Extended Data
Table 1). The first ORC-DNA complex (36 bp, containing both ACS
and B1 elements) was obtained at 3.6 A, which allows a nearly complete
identification of base sequence from end to end (Fig. 1a). However, the

interaction between the ORC and the B1 element is relatively unsta-
ble. Therefore, we extended the original DNA to 72 bp from the Bl
end and determined a second structure of the ORC-DNA complex at
3.0A (Fig. 1b—d). These two structures are basically the same except
that atomic interactions at the B1 proximal site in the second one are
clearly resolved.

Subunit organization around the ACS DNA

In the ORC-DNA (72 bp) structure, over 50 bp of the 72-bp duplex,
from one end to beyond the B1 element, can be visualized in the density
map (Fig. 1b and Supplementary Video 1). The DNA beyond that point
appears highly flexible. There is no melting of the duplex DNA, but a
continuous curving of the backbone is clearly seen with two major
bending points (Fig. 1d). One resides at position A8, right in the middle
of ACS, and the other is in the middle of the B1 element at position T28.

Similar to previous structures®*-*2, Orc1-Orc5 subunits oligomerise
to encircle the ACS DNA through both canonical interactions between
inter AAA+ domains (Fig. 1a—c and Extended Data Fig. 3a) and inter-
digitated domain-swapping interactions between the WHDs and the
AAA+ domains of adjacent ORC subunits (Extended Data Fig. 3d). In
addition to these conventional interactions, many flexible extensions
and linkers of ORC subunits also contribute largely to the inter-subunit
stabilization (Supplementary Video 1, Extended Data Fig. 3e-g). ORC
recognizes and binds to origin DNA in an ATP-dependent manner®.
Orc1-0rc5 subunits each contain AAA+ or AAA+-like domains, but
only Orcl, Orc4 and Orc5 contain functional ATPase-related motifs™*.
As expected, we identified three ATP~S molecules and their associ-
ated Mg”" at three corresponding interfaces (Extended Data Fig. 4).
However, each of the bound ATP~S molecules is uniquely coordinated,
probably reflecting distinct roles for these centres during replication
initiation (Supplementary Discussion).

Two regions of Orc6, the transcription factor II B (TFIIB) domain B
(residues 271-386) and the carboxy-terminal domain (CTD, residues
387-430), were solved in the structure (Extended Data Fig. 1i). Orc6
interacts with three subunits, Orc3, Orc2 and Orc5, and their interfaces
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Fig. 1 | Overall structure of ORC bound to origin DNA. a, Side view

of the cryo-EM density map of the ORC-DNA complex (36 bp) with the
atomic model superimposed. dsDNA, double-stranded DNA. b, ¢, Side
(Orc1/0rc2) (b) and bottom (WHD) (c) views of the ORC-DNA complex
(72 bp). d, Cut-away view of the ORC-72-bp DNA complex, highlighting
the interaction of Orc6 with Orc2 and Orc3. ARS305 sequence is shown,
with successive bending of the DNA illustrated by the dashed red lines.
Other Orc subunits are omitted for clarity. NTD, N-terminal domain.

are dominated by hydrophobic residues (Extended Data Fig. 5a-d).
Orc6 is situated distal to the ORC central channel and is not involved
in the ACS DNA recognition but interacts with the B1 element through
its TFIIB domain (Fig. 1d, Extended Data Fig. 5e).

The AAA+ modules of the Orc1-Orc5 subunits form a tilted
and breached ring around DNA with a gap between Orcl and Orc2
(Extended Data Fig. 3a). Notably, the Orc2 WHD is sandwiched
between the AAA+ domains of Orcl and Orc2, deviating from the
WHD tier (Extended Data Fig. 3a, b). This is in contrast to the OCCM,
in which the six WHDs occupy nearly symmetric positions®’. 3D clas-
sification of the ORC-DNA particles showed that the Orc2 WHD is
indeed flexible and takes up distinct positions in different subpop-
ulations (Extended Data Fig. 6a—c). In fact, before DNA binding,
as seen in our structure of ORC alone, both the entire Orc1-AAA+
and Orc2-WHD appear highly flexible and a very large opening can
be observed between Orcl and Orc2 (Extended Data Fig. 6h). This
observation is consistent with the low-resolution electron microscopy
structure of human ORCI-ORCS5, in which a gap was also observed
between ORC1 and ORC2?2. Also consistently, the crystal structure of
Drosophila ORC*! in an auto-inhibitive state showed that Orc1-AAA+
and Orc2-WHD occupy completely different positions (Extended Data
Fig. 7). The function of ORC in helicase loading requires Cdc6 to be
inserted transiently into the gap between Orcl and Orc2****, Therefore,
these structures indicate that the interface between Orcl and Orc2 is
intrinsically dynamic, serving for both DNA entry and Cdc6 dock.

Non-specific gripping of origin DNA by ORC

The archaeal initiator Orc1 recognizes origin DNA using three major
modules, an initiation-specific motif (ISM) from the AAA+ domain,
a 3-hairpin ‘wing’ and one HTH motif from the WHD>®. These DNA
recognition modules are largely preserved in each of the Orc1-Orc5
subunits in eukaryotes; however, their roles in contacting DNA have
diverged. In the ORC-DNA structure, the five ISMs are arranged in a
helical spiral around DNA, but Orc4-ISM has no direct contact with
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Fig. 2 | Extensive interactions between ORC and DNA around the ACS
region. a, Distribution of the ISMs of ORC subunits around origin DNA.
The long N-terminal loop upstream of Orc1-AAA+ is highlighted in blue.
Orcl-BP is inserted between the ISMs of Orcl, Orc4, Orc5, Orc3 and
DNA. Orientations of the ISMs in the ORC-DNA structure are shown

in top-left thumbnail. b, Same as in a, but for the five WHDs of the ORC
subunits. ¢, d, Distribution of the 3-hairpin motifs from the WHDs of
ORC subunits around the DNA (surface representation). e, Summary of
non-specific ORC-DNA backbone interactions around the ACS region.
The residues of ORC subunits, mostly basic, that contribute to DNA
backbone phosphate interactions are labelled.

origin DNA (Fig. 2a, e). In sharp contrast to the archaeal ORC, all of the
HTH motifs of Orc1-Orc5 are positioned away from DNA (Extended
Data Fig. 3c). Three 3-hairpin motifs of the WHDs (Fig. 2b) from Orc2,
Orc4 and Orc5 contact the major groove in a helical manner, spanning
nearly a full turn of the ACS DNA (Fig. 2¢, d). Particularly, 3-hairpins of
Orc2 and Orc5 are both inserted into the major groove, with either the
loop or flanking residues interacting with DNA backbone (Fig. 2c-e).
The 3-hairpin of Orc3, although not inserted into the major groove,
is also in close contact with DNA phosphate backbone (Fig. 2c—e).
Notably, some of the DNA contacts through these conserved modules
of ORC are dynamic. As seen in the OCCM structure®’, ISMs of Orcl
and Orc5 and the 3-hairpin of Orc2 are no longer in contact with DNA.
Together, these features suggest that these conserved elements of ORC
act combinatorially, probably through a universal mechanism, to
provide a versatile grip for holding origin DNA with fairly high affinity
but low sequence-specificity in different functional states of ORC.

Specific recognition of ACS by Orcl, Orc2 and Orc4

For specific origin DNA binding, eukaryotic ORC has acquired new
elements to augment the cross-kingdom conserved DNA binding mod-
ules. Through structural analysis, we identified three critical motifs
from Orcl, Orc2 and Orc4 that are important for sequence-specific
recognition of ACS DNA. Notably, a basic patch of Orcl (residues 358-
371, Orc1-BP), which is located in a highly disordered region between
the BAH and the AAA+ domain, is fully inserted into the minor groove
of the ACS DNA for a half turn atop of all the other DNA-binding mod-
ules (Figs. 2a, 3a, b). This insertion is facilitated by Orc2-ISM, which
places a bulky Trp396 deep into the minor groove to form a hydrogen
bond between the N1 of the indole group and the O2 of the thymine
ring from the invariant T11 of the ACS (Fig. 3¢). This tryptophan inser-
tion seems to serve as a steric roadblock, forcing the upstream sequence
of Orc1-BP to make a 90° turn away from DNA (Fig. 3a).
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Fig. 3 | Base-specific recognition of ACS DNA by ORC. a, Zoomed-in
view showing insertion of Orc1-BP into the minor groove of the ACS.
Orc2-ISM and Orc1-BP are coloured magenta and blue, respectively. DNA
is highlighted in grey surface representation. Selected residues from Orcl
and Orc2 and relevant nucleotides are labelled. b, Same as in a, but in a
90°-rotated view. ¢, Base recognition of T11 from the T-rich strand by
W396 of Orc2. The DNA base pair is shown in stick model with cryo-EM
density superimposed. The hydrogen bond between W396 and O2 of T11
is indicated by dashed lines (approximately 3.0 A). Prime symbols denote
bases on the opposite strand. d, Same as ¢, but for the hydrogen bond
(approximately 2.5 A) between K362 and the O2 of T9 (T-rich strand).

e, Same as in ¢, but for the hydrogen bonds (approximately 2.5 A) between
R367 and the O2 of T7 (T-rich strand) as well as the OH of Y372. f, Plots

Upon binding of Orc1-BP, the major groove is widened by more than
4 A while the minor groove is widened by 2.5 A at the C-terminal half
but compressed by more than 1 A at the N-terminal end of the basic
patch, relative to ideal B-form DNA (Fig. 3f). By embedding in the
minor groove, the side chains of Lys362 and Arg367 establish specific
interactions with the bases of T9 and T7, respectively, on the T-rich
strand via hydrogen bonds (Fig. 3d, e). These two specific thymine
recognitions are facilitated by flanking residues near Lys362 and
Arg367. The guanidinium group of Arg367 coordinates with the
hydroxyl group of Tyr372 (also inserted in the minor groove) and
02 of T7 in a perfect triangular configuration (Fig. 3e). Phe360 (also
inserted into the minor groove) is sandwiched between two opposing
deoxyribose moieties of opposite strands by hydrophobic interactions
(Fig. 3a), probably contributing to the positioning of the side chain of
Lys362 towards the O2 of T9 (Fig. 3d).

Importantly, this basic patch was proposed as the eukaryotic origin
sensor, as substitution mutations of Lys362 and Arg367 showed that
they are crucial in both in vitro ACS binding and cell viability**. Basic

of DNA groove widths of the ORC-bound DNA. Widths were measured as
the distances between opposite phosphates of major and minor grooves.
The major and minor groove widths of ideal B-form DNA are shown

as two constant values, 17 and 12 A, respectively. Contact regions for
groove-inserting motifs are marked. Measurements were done with the
program 3DNA®. g, The major groove insertion of the ACS by Orc4-IH.
Minor groove insertion by Orc1-BP is also shown. h, Magnified view of
the boxed region in g showing the hydrophobic interaction between F485
and the T-stretch (T11-T14) of the T-rich strand. Red asterisks denote the
methyl group of thymine. i, Same as in h, but in a 90°-rotated view for the
hydrophobic interaction between Y486 of Orc4-IH and C15’ of the A-rich
strand. The red asterisk denotes the Hoogsteen edge of C15’.

patches are common motifs among DNA-binding proteins such as
TATA box binding proteins and high mobility group (HMG) proteins
that show a preference for A-T bases*®. Comparative sequence analyses
show that similar basic patches are found in Orcl across species from
yeast to humans®® (Extended Data Fig. 8a), suggesting that this motif
may also help to anchor ORC in T-rich sequences in all eukaryotes. In
support of this hypothesis, metazoan ORCs from frog, fly and human
also prefer AT-rich DNA substrates to some extent® .

Another important motif contributing to the sequence-specific
interaction is a special insertion a-helix (IH) in the (3-hairpin of
Orc4-WHD. As also seen in OCCM?, Orc4-IH is deeply inserted
into the major groove of the ACS (Fig. 3g). In particular, this region
contains four consecutive thymines (T11-T14) in ARS305, and their
methyl groups create a local hydrophobic environment (Fig. 3h).
Orc4-IH, on the other hand, contains mostly hydrophobic residues
with four aromatic side chains, in which Phe485 is especially close
to the methyl groups of T12 and T13 (Fig. 3h). This observation
suggests that Orc4-IH is most likely involved in sequence-specific
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Fig. 4 | Interactions between ORC and DNA around the B1 element.

a, Summary of non-specific ORC-DNA backbone interactions around B1
region. b, ¢ Orc2, Orc5, and Orc6 interact with DNA around the B1 site.

d, Magnified view of the boxed region in b showing insertion of the helical
turn motif of Orc2 in the major groove. e, Magnified view of the boxed

interaction with the thymine stretch in the ACS sequence. Upon
Orc4-IH binding, the major groove is widened by 4 A compared
to ideal B-form DNA (Fig. 3f). In addition, the hydrophobic ring
of Tyr486 stacks upon the hydrophobic Hoogsteen edge of the con-
served C15’ from the A-rich strand (Fig. 3i), also contributing to
sequence specificity. Notably, this special insertion a-helix is com-
pletely absent in metazoans (Extended Data Fig. 8b), which may
partially explain the divergent specificity of ORC for origin DNA
among different species™.

Throughout these analyses, we have discovered several base-specific
interactions from both the conserved and species-specific elements
of the ORC subunits. Notably, most of them involve thymine nucleo-
tides through specific recognition of the methyl group from the major
groove (Hoogsteen edge) or the free O2 from the minor groove (sugar
edge) of the thymine ring (Fig. 3). These thymine-specific interactions
perfectly explain the ‘uniqueness’ in structure and sequence of the sig-
nature asymmetric T-rich sequence of the S. cerevisiae ACS.

Bl interaction with Orc2, Orc5 and Orc6

Biochemical and genetic evidence suggest that ORC also binds to the
B1 element of origins®**>**. Notably, in the ORC-DNA structure, two
motifs from Orc2 and Orc5 were found to be inserted in the major and
minor grooves of the B1 DNA, respectively (Fig. 4). A flexible loop
(residues 251-258, also a basic patch) upstream Orc2-AAA+ forms a
helical turn in the major groove (Fig. 4b, d) contacting DNA backbone
through basic residues such as Lys251, Arg254 and Lys258 (Fig. 4a, d).
In analogy to the ACS recognition by Orc1-BP, a basic patch (residues
358-367) from Orc5-WHD is inserted into the adjacent minor groove
(Fig. 4c, e), which is also conserved to a certain extent across species
(Extended Data Fig. 8c). However, by contrast, these embedded side
chains of Orc5-BP display relatively weak interactions with the bases.
Arg360 of Orc5-BP, coordinated by Tyr363, points to the O2 of C34 and
the O4 of the sugar ring (both approximately 3 A); Arg366 is orientated
towards the O2 of T31, at a distance of around 3.5 A (Fig. 4f, g). As
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region in ¢ showing insertion of Orc5-BP in the minor groove. f, Arg360
of Orc5-BP is orientated towards the O2 of C34 and O4 of the sugar ring
(both less than 3 A distance). g, Arg366 of Orc5-BP points to the O2 of
T31 of the T-rich strand (approximately 3.5 A).

to Orc6, the N-terminal sequence of its TFIIB domain B (TFIIB-B),
including Tyr277, interacts with the backbone of DNA (Fig. 4a,
Extended Data Fig. 5e). Importantly, as seen in the structures from 3D
classification, the extent of DNA curving positively correlates with the
stability of Orc6 in the ORC-DNA complex (Extended Data Fig. 6f, g),
suggesting the bending at the B1 site comes from cooperative effects
from all three interacting ORC subunits.

The lack of a strong discrimination of bases at the B1 interaction
site echoes the diversified B1 elements in yeast origins**. The A/T-rich
nature of Bl element suggests that Orc5-BP could potentially contribute
to specific base recognition as well, because the DNA bending is a
dynamic process and hydrogen bonds similar to Orc1-BP could be
established readily with the O2 of thymines in the minor groove of
the B1 element.

Implications in origin DNA selection and MCM loading
There are three salient lessons learned from this study. First is the
importance of Orc1-BP in binding to the minor groove of the ACS to
recognize three conserved bases, T7, T9 and T11 (Fig. 3). We note that
there is some degeneracy in the T7 and T9 positions for either A or T in
the ACS (Fig. 5a). An explanation for this degeneracy is that hydrogen
donors such as Arg367 are in the same proximity to hydrogen recep-
tors of O2 of thymine or N3 of adenine in the minor groove such that
A-T or T-A base pairs are indistinguishable for hydrogen bonding*>4°,
Another explanation is that induced-fit by the flexible Orc1-BP allows
contact with the O2 of thymine on either strand at these positions.
Further examination of Orcl sequence indicates that multiple basic
patches are present in the flexible linker region (Extended Data Fig. 8e).
Notably, these additional basic patches in Orcl1 are also found in other
species (Extended Data Fig. 8e, f).

Second is the role of Orc4-IH in binding to consecutive thymines
(11-14, mostly invariant) and a conserved C15’ (A-rich strand) of the
ACS in the major groove (Fig. 3g-i). Given the fact that this Orc4-IH
is absent in metazoans (Extended Data Fig. 8b), Orc1-BP may be the
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Fig. 5 | Model of origin recognition and MCM loading by ORC.

a, Position weight matrix of the ORC binding consensus built with a
predicted set including 167 ACS elements. All ACS used in these analyses
were previously published!® (Supplementary Table 1). The sequence logo
was generated using http://weblogo.berkeley.edu. Conserved bases of
ARS305 recognized by ORC motifs (O1-BP, 02-ISM, O4-IH and probably
O5-BP) are highlighted. b, Schematic model showing the positioning of
ORC next to a nucleosome and the subsequent loading of MCM. Docking
of ORC at the initiation site is facilitated by the binding of Orc1-BAH to
the nucleosome and the searching of ACS by Orc1-BPs. Establishment of
ACS and B1 interactions by ORC base-specific recognition motifs curves
the DNA to facilitate docking of Cdt1-MCM. Regulated DNA liberation
and widening of the Mcm2/Mcmb5 gate ensure precise insertion of origin
DNA into the MCM ring.

major or sole determinant for DNA recognition and hence the more
relaxed sequence specificity for ORC in metazoans.

Third is the bending of the origin DNA at successive points at the
ACS and B1 elements (Fig. 1d) induced by deformation of major
and minor grooves through interactions with various ORC subunits
(Fig. 3f). As a consequence of this bending, the TFIIB-B of Orc6 con-
ceivably could come into contact with the origin DNA beyond the
B1 element (Extended Data Fig. 5g). This particular feature, if true,
will shed light on the special nature of ORC-origin DNA complex in
organizing chromatin structure. The formation of a nucleosome-like
structure between ORC and origin DNA has been postulated based on
biochemical studies?*?* and a low-resolution electron microscopy study
of Drosophila ORC bound to DNAZ. This nucleoprotein structure has
been implicated to provide a nucleosome-free region for replication
initiation by phasing adjacent nucleosomes!>161,

In brief, our ORC-DNA structure provides important insights into
origin recognition in all eukaryotes. Our working hypothesis is that
ORC-binding sites in eukaryotes are determined by a combination of
factors at least including the BAH domain and Orc1-BP. The BAH
domain of yeast, fly, plant and human Orc1 are known to interact with
nucleosomes juxtaposed to replication origins”!***, We believe that
the BAH domain and Orcl basic patches may be involved in the initial
searching and anchoring of ORC at DNA sites close to the designated ini-
tiation site (Fig. 5b). The precise binding to specific sites for replication
initiation is likely to depend on a variety of means such as recruitment
by other protein factors'**”, modified histones, and specific DNA struc-
tures (G4 DNA)®. In S. cerevisiae, the positioning of ORC at the ACS
is achieved by specific interactions between the essential Orc1-BP and
Orc4-TH with invariant bases of the ACS (Fig. 5b).

Although the specificity of ORC in DNA binding is highly diverged,
DNA bending induced by ORC could be shared by all eukaryotes
to serve as a mechanism for the loading of MCM complex by ORC
onto origin DNA. Notably, superimposition of the ORC-DNA and
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OCCM structures™ indicates that the bent DNA is positioned at the
gate between the Mcm2 and Mcm5 subunits of the MCM ring in the
OCCM (Extended Data Fig. 9). This perfect alignment suggests that
DNA bending by ORC has a unique function in MCM loading. We
envision that by bending, DNA is tugged away from the interacting
surfaces of ORC and the MCM ring to maximize their contacts while
aligned with the Mcm2/Mcmb5 gate of the MCM ring (Fig. 5b). The
coordination of DNA straightening and gate opening in the formation
of OCCM is a testable hypothesis.

In summary, information derived from the ORC-DNA structure
not only provides a structural framework for understanding how ORC
recognizes and binds yeast origin DNA, but also provides insight into
the origin selection mechanism in metazoans. The induced bending of
origin DNA paves the way for studying the potentially conserved roles
of ORC in regulating both MCM loading and chromatin organization
in all eukaryotes.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized, and investigators were not blinded to allocation during
experiments and outcome assessment.

ORC purification. Orc1-Orc6 was purified with a yeast strain ySD-ORC (a gift
from J. Diffley) as previously described*® with the following modifications. In brief,
9 1 of yeast cells were cultured in YPA medium containing 2% (w/v) raffinose at
30°C until ODgp reached 3.0. Alpha factor was then added to a final concentration
0f 100 ng ml™! to synchronize cells at G1 phase before overexpression induction of
Orc1-Orc6 by addition of 2% (w/v) D-galactose for 3 h. Cells were collected and the
pellet was washed with ice-cold water twice, and resuspended in 50 ml lysis buffer
(25 mM HEPES-KOH pH 7.6, 0.5 M KCl, 10% glycerol, 0.05% (v/v) NP-40, 1x
PI cocktail (Roche) and 1 mM PMSEF). The cell suspension was frozen drop-wise
in liquid nitrogen. Popcorns of the frozen cells were then crushed using a freezer
mill (SPEX CertiPrep 6850 Freezer/Mill) with a setting of 15 cps, 2 min on, 2 min
off, for 6 cycles. The powder was thawed on ice with addition of an equal volume
of lysis buffer. The suspension was centrifuged twice for clarification at 38,900g for
20 min at 4°C with a R20A2 rotor. The supernatant was incubated with 5 ml of 50%
slurry of calmodulin affinity resin (Agilent Technologies) in the presence of 2 mM
CaCl, for 4 h at 4°C. After removal of flow-through and extensive washing of the
resin with 50 column volumes of ice-cold washing buffer (25 mM HEPES-KOH
pH 7.6,0.3 M KCl, 10% glycerol, 2 mM CaCl, and 0.05% (v/v) NP-40), elution was
performed by incubating the resins with 4 ml of elution buffer (25 mM HEPES-
KOH pH 7.6, 0.3 M KCl, 10% glycerol, 1 mM EDTA, 2 mM EGTA and 0.05% (v/v)
NP-40) for 30 min at 4°C. The eluent was concentrated and further fractionated
with size-exclusion chromatography (SEC) with Superose 6 10/300 GL column (GE
Healthcare) in SEC buffer (25 mM HEPES-KOH pH 7.6, 0.15 M KCl, 10% glycerol,
2 mM -mercaptoethanol, 0.05% (v/v) NP-40). Peak fractions containing the target
complex were pooled and frozen in liquid nitrogen for storage.

Preparation of the ORC-DNA sample. DNA oligonucleotides used in this study
(36 bp forward: 5-TGGTTTTTATATGTTTTGTTATGTATTGTTTATTTT-3' and
36 bp reverse: 5-AAAATAAACAATACATAACAAAACATATAAAAACCA-3',72 bp
forward: 5-TGGTTTTTATATGTTTTGTTATGTATTGTTTATTTTCCCTTTA
ATTTTAGGATATGAAAACAAGAATTTATC-3" and 72 bp reverse: 5-GATAA
ATTCTTGTTTTCATATCCTAAAATTAAAGGGAAAATAAACAATACATAAC
AAAACATATAAAAACCA-3") were first dissolved in a buffer containing 10 mM
HEPES-KOH (pH 7.5), 1 mM EDTA and 50 mM NacCl to a final concentration
of 100 pM. Equal volumes of the pairs of dissolved DNA oligonucleotides were
mixed and incubated at 94°C for 5 min. The reaction was left in the heat block to
cool naturally to room temperature for DNA annealing. To assemble ORC onto the
annealed origin DNA, 370 jul of 1.6 pM ORC was first mixed with an equal volumes
of a buffer containing 25 mM HEPES-KOH pH 7.6, 0.1 M potassium acetate, 8 mM
magnesium acetate, 0.02% (v/v) NP-40 and 2 mM ATP~, and incubated on ice for
30 min. The purified ORC was unstable and prone to dissociate into sub-complexes
(Extended Data Fig. 1b). To preserve the integrity of the assembled ORC-DNA,
amild fixation was applied to the complexes before cryo-EM grid preparation.
Specifically, after a further incubation for 30 min at room temperature, the mixture
was concentrated to 100 pl and then applied on the top of a 2-ml glycerol (10-30%)
gradient containing glutaraldehyde (0-0.025%) in a buffer (25 mM HEPES-KOH
pH 7.6, 0.1 M potassium acetate, 8 mM magnesium acetate, 0.5 mM [3-mercapto-
ethanol) for GraFix"'. The gradient was centrifuged in a Beckman TLS55 rotor
(Beckman Optima TLX ultracentrifuge) for 13.5 h at a speed of 82,000g at 4°C.
Fractions were collected and the crosslinking reaction was quenched by addition of
ice-cold Tris-HCI (pH 8.0) to a final concentration of 40 mM. For apoORC sample,
the ORC protein was prepared in the same way but without incubation with ATP~S
and dsDNA oligonucleotides. The GraFix treatment dramatically stabilized the
ORC-DNA sample on cryo-EM grids (Extended Data Fig. 1d).

Electron microscopy. Fractions containing intact ORC-DNA (or ORC) complexes
(Extended Data Fig. 1a) were pooled. Ultrafiltration for removal of glycerol and
buffer exchange (25 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 5 mM
magnesium acetate, 0.5 mM (3-mercaptoethanol) was performed with a centrifugal
filter (Amicon Ultra-0.5ml 50 k) at 6,000g at 4 °C. For negative staining, 4-pl
aliquots of samples in serial dilutions were applied onto copper grids, washed and
stained with 2% uranyl acetate. The negative-stained grids were examined using an
FEI Tecnai T12 electron microscope operated at 120 kV, equipped witha4 k x 4k
CCD camera (Gatan). The relative concentration of the samples used for cryo-grid
preparation (about 10 times higher) were estimated from negative-staining electron
microscopy. Aliquots (4 pl) of samples were applied onto the glow-discharged
holey-carbon gold grids (Quantifoil, R1.2/1.3, 300 mesh) and blotted using an FEI
Vitrobot Mark IV. Cryo-grids were screened using an FEI Talos Arctica operated
at 200 kV with an FEI Ceta camera. Good cryo-grids were recovered and stored in
liquid nitrogen. For the ORC-DNA sample, data were collected using a Titan Krios
microscope (FEI) operated at 300 kV and images were collected using Leginon®
with a nominal magnification of 130,000 x and a defocus range of 1.5-2.5 pm. The
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images were recorded using a K2 summit camera equipped with GIF Quantum
energy filter (Gatan) in the super-resolution counting and movie mode, with a dose
rate of 4.4e~ s~ A2 and a total exposure time of 12 s. Each movie stack contains 40
frames with a calibrated pixel size of 0.526 A at object scale (super-resolution). For
the sample of apoORC, data acquisition was performed on a Titan Krios operated
at 300 kV with defocus ranging from 1.5 to 2.5 pm. Images were recorded using
a K2 summit camera (Gatan) in a super-resolution counting mode at a nominal
magnification of 22,500 x corresponding to a calibrated pixel size of 0.66 A at
object scale. Data were acquired semi-automatically using UCSF-Image4>® in a
movie mode with a dose rate of 10.2 e~ s~ A2 and a total exposure time of 8 s,
rendering a movie stack of 32 frames for each micrograph.

Image processing. A total of 1,765 movie stacks were acquired for the ORC-DNA
(36 bp) sample (Extended Data Fig. 2a). Drift-correction, electron-dose weight-
ing and two-fold binning were applied to the movie stacks using MotionCor2>,
which generate summed images with or without dose weighting. Program of
CTFFIND4> was used to evaluate the parameters of contrast transfer function
(CTF) of each micrograph based on images without dose weighting. Summed
images and CTF power spectra were screened manually and high quality images
were kept for further processing. Around 2,000 particles were manually picked and
subjected to two-dimensional (2D) classification using RELION2.0° to provide
templates for large-scale particle auto-picking. With the templates, 478,000 parti-
cles were auto-picked from images without dose weighting using RELION2.0. After
two rounds of 2D classification, 464,000 particles were kept for further processing
(Extended Data Fig. 2a). The initial three-dimensional (3D) model was calculated
using CryoSPARC?’. To improve the performance of 3D classification, one round
of 3D refinement was first performed on all particles selected after 2D classification
using RELION2.0. Particles were re-centred according to the parameters from
the last iteration of 3D refinement and re-extracted from dose-weighted images
(particles that are too close to or exceed image edges were discarded). The first
round of 3D classification was applied to exclude particles with obvious compo-
sitional or conformational heterogeneity. Around 42% good particles (196,000)
were selected for further fine 3D classification with different parameters tested to
separate particles corresponding to different conformational states as completely
as possible (Extended Data Fig. 2a). Three different conformational states (I, IT
and III) were finally separated. Among these three, state I contained approximately
52% of particles and displayed more high-resolution features; states I and III each
had ~12% of particles. States IT and III were further refined to final resolutions of
4.7 A and 5.6 A, respectively. In the map of state IT, Orc2-WHD moves towards
the WHD tier of the ORC and the gap between Orcl and Orc2 AAA+ domain is
slightly smaller than State I (Extended Data Fig. 6b, d). While in the map of state
III, Orc2-WHD is in the same position as that of state I but very unstable and the
Orc1/Orc2 gap becomes larger compared to state I (Extended Data Fig. 6¢, e).
For state I, 3D refinement with a global mask applied improved the resolution
to 3.8 A. Application of particle-level local defocus evaluated using Getf*® based
on images without dose weighting further improved the resolution to 3.6 A. The
resolution was estimated by gold-standard FSC 0.143 criteria, after correction of
the mask effect. The map was sharpened by an auto-evaluated B-factors using
RELION2.0. The local resolution map was created using ResMap®® and displayed
using UCSF Chimera®.

For the ORC-DNA (72 bp) dataset, 3,603 micrographs were similarly processed
(Extended Data Fig. 1d-f). A total of 427,000 particles were selected after 2D
classification. After 3D classification, three classes (state I) were combined (approx-
imately 164,000 particles) and subjected to high-resolution refinement, resulting in
a final density map at a resolution of 3.0 A. A major structural difference in other
classes (states IT and IV) from the ORC-DNA (72 bp) dataset is the extent of DNA
curving (Extended Data Fig. 6f, g).

Micrographs (1,041 in total) of apoORC complexes were also similarly pro-
cessed (Extended Data Fig. 2b). In total, 262,000 particles were auto-picked, and
189,000 particles were selected after 2D classification. After two rounds of 3D
classification, 45,000 good particles were selected for final refinement, resulting
in a final density map at a resolution of 8.2 A. The overall subunit arrangement of
this apoORC is in general the same as that of the origin-bound complex, but ORC
alone displayed more tendency to dissociate during sample preparation even when
GraFix was applied, indicating that DNA binding stabilizes the whole complex.
Model building. Modelling was first performed using the map of state I from
the 36-bp dataset. To facilitate the modelling, multiple versions of density maps
were obtained by applying additional rounds of mask-based refinement using
RELION2.0. For example, to improve the resolution of the core region, a mask
excluding Orc6, the Orc3 insertion domain and unstable portions of dsSDNA was
applied. These additional procedures have improved the quality of local densities,
although the reported resolutions had no marked gain (Extended Data Fig. 2a, c).

The initial template used for the modelling was from the OCCM structure
(PDB code 5UDB)*. Each domain of the Orc1-Orc5 subunits was manually fitted
into the density map in Chimera, followed by manual rebuilding using Coot®'.
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Linkers, flexible extensions and TFIIB-B domain of Orc6 were modelled de novo.
Secondary structure prediction of the Orc1-Orc6 subunits was performed using
PSIPRED®. For modelling the origin DNA, a 36-bp ideal B-form dsDNA (with
ARS305) was generated, fitted in the density map and manually adjusted using
Coot. The model was refined against the 3.6-A density map using Phenix.real_
space_refine® with secondary structure restraints, geometry restraints and DNA-
specific restraints applied. Chains of the model were then extended with the 3.0-A
map from the 72-bp dataset, refined and optimized similarly. The final models were
evaluated by MolProbity®, and statistics are presented in Extended Data Table 1.
For the 8.2 A map of the apoORC, each domain of the Orc1-Orc6 subunits
from the atom model of the ORC-DNA structure was fitted into the density map
in Chimera, generating a pseudo-atomic model for the apoORC complex. Chimera
and Pymol (http://pymol.org) were used for figure preparation.
Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.
Data availability. Cryo-EM maps of the apoORC, ORC-36-bp and ORC-72-bp
complexes have been deposited in the Electron Microscopy Data Bank (EMDB)
with accession codes EMD-6943, EMD-6942 and EMD-6941, respectively. Atomic
coordinates of the ORC-72-bp complex have been deposited in the Protein Data
Bank (PDB) with accession code 5ZR1. All other data are available from the cor-
responding author upon reasonable request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Sample preparation and image processing of
the ORC-DNA complex. a, SDS-PAGE analysis of the glycerol gradient
fractions. ORC-DNA complexes (no fixation) were subjected to 10-30%
glycerol gradient centrifugation. Fractions were collected and resolved
on SDS-PAGE. Peak fractions (5-7) containing intact ORC complexes
were processed for further electron microscopy analysis. Experiments
were repeated multiple times (n > 10), and similar results were obtained.
b, Negative-staining electron microscopy of the ORC-DNA complex.
Samples from fraction 6 were subjected to negative staining. A severe
dissociation of complexes was observed. ¢, Negative-staining electron
microscopy of the ORC-DNA complex prepared with GraFix method
using a gradient of glutaraldehyde (0-0.025%). d, A representative raw

cryo-EM image of the ORC-DNA (72 bp) complex. e, 2D class averages
of the ORC-DNA (72 bp) particles. f, Workflow of image processing of
the ORC-DNA (72 bp) particles. The processing includes rounds of 2D
classification, 3D classification, structural refinement and masked-based
refinement procedures. g, FSC curves of the final density map of the ORC-
DNA (72 bp) complex. h, The local resolution map of the final density
map. i, Schematic domain organization of Orc1-Orc6 subunits. Regions
that were built in the final atomic model were boxed in dashed grey lines.
j—n, Local density of representative regions of the final cryo-EM density
map, for Orcl1-BP (j), Orc4-IH (k), the Orcl ATP-binding pocket (1) and
two other regions (m, n). For clarity, density of ATP~S is omitted in j to
highlight the Walker A motif of Orcl.
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Extended Data Fig. 2 | Workflow of the image processing of the ORC-
DNA (36 bp) and apoORC particles. a, Image processing workflow

of the ORC-DNA (36 bp) particles. Processing includes rounds of 2D
classification, 3D classification, structural refinement and masked-based
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resolution (1/A)

refinement procedures. b, Image processing workflow of the apoORC
particles. ¢, FSC curves of the density maps of the ORC-DNA (36 bp)
complex.

, part of Springer Nature. All rights reserved.



ARTICLE

a AAA+ tier b WHD tier c HTH motif
7 Orc2-WHD

Orc5-HTH

Orc1-HTH Orc3-HTH
Orc4-HTH
)
2\ Orc4-HTH
\
Orc5-HTH
Orc1-HTH
AT\
Orc3-HTH
Orc2-HTH
OrcLWHD N N N e

Orc1 Orc2 Ore3 Orcd  Orch

Orc2-AAA+

Orc5-AAA+

Orc2-WHD

Orc3-WHD

Orc4-WHD Orc1-WHD

Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Organization of AAA+ and WHD domains
around the origin DNA. a, Organization of AAA+ domains of Orcl-
Orc5 subunits around origin DNA. Cryo-EM maps of the AAA+ domains
and DNA are shown in solid surface representation and colour-coded. The
WHD of Orc2, which blocks the gap between the AAA+ domains of Orcl
and Orc2 is shown in cartoon representation. b, Same as in a, but for the
WHDs of the Orc1-Orc5 subunits. ¢, Distribution of the HTH motifs

of WHDs around the origin DNA. The WHDs of the Orc1-Orc5

subunits are shown in cartoon representation with the HTH motifs
highlighted. d, Domain swapping between the AAA+ and WHD tiers. As
shown, Orc2-WHD is in a different position from the rest. e, A flexible

ARTICLE

linker (residues 375-436) upstream of Orcl AAA+ domains extends on
the surface of Orc4 AAA+ domain (surface representation), with the
further upstream basic patch sequences inserted into the minor groove of
the ACS. The bound ATPAS is shown in stick model (orange). f, The very
N-terminal extension (residues 15-50) of Orc3 wraps around the AAA+
domain of Orc2 (surface representation) and ends in the interface between
the Orc2-WHD and Orc2-AAA+ domain. g, A very long N-terminal
linker (NTD loop) upstream AAA+ domain of Orc2 extends on the
surface of Orc3-WHD and TFIIB-B domain of Orcé6. Note that the linker
of Orc2 wrapping around Orc6 is traceable in the cryo-EM density map
but the model could not be built at atomic level.
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S. cerevisiae V| LV G MKTYLL
S.eubayanus V | LVGPRQSMKTYLL
K. saulgeensis A | MVGFPRNSMKSFL |
A. gossypii AILVSPRSWMKTS I |
K. lactis AITLIGPRSNRgKDMI |
S. pombe VIIVGPRGS[KSVLV
D. melanogaster. L L LGP RGS[E[KTTL |
X. laevis ALI IGPRGS[EKSML L
M. musculus VLIVGPRGS[EKTTLL
M. mulatta VLI IGPRGS[EKTML |
H. sapiens VLI IGPRGSIKTML |
Conserved Walker A motit: G X X X X GK &

Extended Data Fig. 4 | Configuration of the three ATPase centres

in the ORC-DNA complex. a, Zoomed-in view of the ATPase centre
formed between Orcl (O1) and Orc4 (04). Orcl, Orc4 and ATPAS-Mg?*
are coloured blue, cyan and green, respectively. The Walker A and B
motifs (WA and WB) of Orcl and the arginine finger of Orc4 (R267)

are highlighted in stick models. Inset, the stick model of ATP~S-Mg?*™
superimposed with the cryo-EM density. b, Zoomed-in view of the ATPase
centre formed between Orc4 and Orc5 (O5). Orc4, Orc5 and ATPA{S—Mg2+
are coloured cyan, dark green and green, respectively. The Walker A and

B motifs (WA and WB) of Orc4 and the equivalent arginine finger of Orc5
(R178) are highlighted in stick models. K151 of Orc5 within 4 A distance
from the ~-phosphate is shown. Inset, the stick model of ATP~S-Mg?*"
superimposed with the cryo-EM density. ¢, Zoomed-in view of the ATPase
centre formed between Orc5 and Orc3 (03). Orc5, Orc3 and ATP~S-Mg?™

are coloured dark green, orange and green, respectively. The Walker A and
B motifs of Orc5 are highlighted in stick models. Inset, the stick model
of ATP~S-Mg?* superimposed with the cryo-EM density. d, Comparison
between the ATPase centres of O1:04 and 04:05, highlighting the flip
of the base moiety of the bound ATP~S within the 04:05 centre. The flip
is forced by the replacement of a conserved glycine by a bulky tyrosine
residue (Y107) of the Walker A motif of Orc4. The Walker A motifs were
used as reference in the alignment. e, Comparison between the ATPase
centres of the yeast 04:05 and human 04:05 (PDB code 5U]J7),
highlighting the flip of the base moiety of the bound ATP~S within the
yeast 04:05 centre. The Walker A motifs were used as reference in the
alignment. f, Sequence alignment of the Walker-A motif of Orc4 from
different species.
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S.cerevisiae Orc6-TFIIB-B

Extended Data Fig. 5 | Orc6 interacts with Orc2, Orc3 and Orc5.

a, b, Overview of the interactions between Orc3, Orc2, Orc5 and Orcé.

¢, d, Zoomed-in views of the boxed regions in a and b to highlight their
relatively hydrophobic interfaces. Selected hydrophobic residues at the
interface are displayed in stick model. A short helix in the linker between
Orc6-CTD and Orc6-TFIIB-B packs with two helices from Orc2-AAA+
and Orc3-WHD (c). A long N-terminal linker of Orc2 (upstream the
AAA+ domain) wraps the TFIIB-B domain of Orc6. Note that the linker
of Orc2 (Orc2-NTD loop) is traceable in the cryo-EM density map but
the model could not be built at atomic level. e, Low-pass filtered map

of the ORC-DNA complex, highlighting the interactions (indicated

by the presence of extra density) between the linker sequence of Orc6

H.sapiens Orc6-TFIIB-B (PDB: 3M03)

. Low pass filtration
to 15 A

Extra density

1VOL: TFlIB-A

\ 1VOL: TFIIB-B
oY ScORC: Orc6

(between TFIIB domains A and B) and DNA. The N-terminal (N-ter) end
of the model built for Orc6 in our map is S217. f, Comparison between
the yeast Orc6-TFIIB-B and human ORC6-TFIIB-B. The structure of
human ORCS6 is from a crystallography study (PDB code 3M03)%. The
overall structure of the yeast ORC6-TFIIB-B is quite similar to its human
counterpart. g, Superimposition of the structure of TFIIB-DNA onto the
ORC-DNA complex. The crystal structure of a human TFIIB-TBP-DNA
(PDB code 1VOL)® was aligned using ORC6-TFIIB-B as reference. As
shown, ORC6-TFIIB-B has not established extensive interactions with
DNA. It is possible that further conformational change in Orc6 is required
to form extensive interactions with DNA as the TFIIB does, probably at a
later stage of replication licensing.
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ORC-DNA (36 bp) (Low-pass filtration to 15 A)

f
Orc3-Insertion

4
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Extended Data Fig. 6 | Flexibility of the ORC complexes.

a-c, Comparison of states I, IT and III of the ORC-DNA complex (36 bp).
Density maps of the three states are displayed in surface representation
and in the Orc1-Orc2 side-view. The model of Orc2-WHD is highlighted
in red cartoon. As shown, Orc2-WHD occupies different positions in the
three maps. In the map of state II, the density of Orc2-WHD is relatively
weak and it takes a position similar to that of the OCCM structure®. In
the map of state III, Orc2-WHD is in a similar position as in state I, but its
density is highly fragmented. Together, these indicate a floppy nature of
the Orc2-WHD. d, Superimposition of the models of states I and II. The
atomic model of state IT was derived by flexible fitting of the state I model
into the density map of state II. The alignment was done using Orc2 and
Orc3. Compared with state I, the opening of the gap in the structure of
state II is narrower. For clarity, the WHDs of Orc2 in the two states are
omitted. e, Superimposition of the models of states I and III. The atomic

(Low-pass filtration to 15 A)

XS) State 11:0rc2-AAA+

e

State 11:0rc1-AAA+ / 7
State 1:0rc1-AAA+ Zz

State |

I seewv

State 11:0rc2-WHD - State 111:0rc2-WHD

State Il State Il

(Low-pass filtration to 15 A)

) state lll:0rc2-AAA+
State 1:0rc2-AAA+

State 1:0rc2-AAA+

State I11:0rc1-AAA+¢~ ¢

5

State 1:0rc1-AAA+ ( g

Orc2-WHD

Orc1-AAA+

model of state III was derived by flexible fitting of the state I model into
the density map of state III. The alignment was done using Orc2 and Orc3.
Compared with state I, the opening of the gap in the structure of state

111 is slightly larger. For clarity, the WHDs of Orc2 in the two states are
omitted. f, g, Comparison of the density maps of states I and IV from the
ORC-DNA (72 bp) dataset. A major difference between the two maps is
the bending angle of the DNA. The extent of DNA bending correlates with
the stability of Orc6 and Orc3 (Insertion domain of the AAA+ module).
h, Top (left) and bottom (right) views of the cryo-EM map of the apoORC
complex with the atomic model superimposed, which was derived by
flexible fitting of the ORC-DNA model into the density map. ORC
subunits are colour-coded. The AAA+ domain of Orcl and the WHD

of Orc2 are highly flexible, resulting in a large opening between Orcl

and Orc2, as indicated by the reduced EM densities of the corresponding
regions.
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Extended Data Fig. 7 | Structural comparison between the S. cerevisiae
ORC-DNA and the Drosophila apoORC complexes. a, b, Side-by-side
comparison of the yeast ORC-DNA and the Drosophila apoORC (PDB
code 4XGC)?! complexes. a, The yeast ORC-DNA structure is shown in
cartoon representation, with Orc1-AAA+ and Orc2-WHD highlighted
in marine and blue, respectively. b, The Drosophila apoORC structure

is shown in cartoon representation, with Orc1-AAA+ and Orc2-WHD
highlighted in magenta and red, respectively. ¢, Superimposition of the

DmORC:Orc1-AAA+
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d

DmORC:Orc2-WHD

ScORC:Orc2-WHD

ScORC:Orc1-AAA+ / DmMORC:Orc1-AAA+

yeast ORC-DNA and the Drosophila apoORC structures using

Orc3-0rc5 as reference. Note that the positions and orientations of
Orcl-AAA+ and Orc2-WHD are markedly different in the two structures.
d, Superimposition of Orcl from the structures of the yeast ORC-DNA
and the Drosophila apoORC complexes using Orcl1-AAA+ as a reference.
Note that the Orc2-WHDs in two structures are in totally different
positions relative to Orc1-AAA+, highlighting the distinct interfaces
between Orc1-AAA+ and Orc2-WHD in the two structures.
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a Orc1-BP
S. cerevisiae 351 ANNTPVIRKETEKNVARAKKKMTFPFSKRFKS IAAIPD 387
S. eubayanus 363 ANNTPVIRK|FTIAKNVARIAKKKMTFPFSKRFKS IAAIPD 399
Z. rouxii 489 TVSSPAIRKETIARNVV[HAKKKMTFPFSKRFKSVDE | D 525
K. saulgeensis 376 QQYSTQVRR|ZTIARNVV[RAKKKMTFPFSKQYRS IKD | PD 412
C. glabrata 470 YTTGS IRKIFTIAKNVV[RIAKKGMTPFSKRYKS IDD | D 506
A. gossypii 458 SRLATPKRAMMTIAKNVSRAKKANMTPFSKLYKDPGE | PD 494
K. lactis 345 SAVHSSPRKI|FFIANN | VI[JAKKAMTFPFSKRYKNFPKD | D 381
S. pombe 284 HNSSNLASTP -[4R LPIRMLSLEEFQG 319
D. melanogaster 512 TATATPMTPEQ[EV -SMQQRTDLPAKD 546
X. laevis 475 SSRKTSSRTPN[4T -RIPERNQ-PVKK 509
M. musculus 428 RTRQTFPSKSPQ[YN -QIRDRNLAVQE 463
M. mulatta 446 SSLYTPTKMPK[Y4sS -QIRSRSLAAQE 481
H. sapiens 449 SSLHTLTKVPKE4S -QIRSRSLAAQE 484
b Orc4-H
S. cerevisiae 460 WENLVQLDF TMI|I PFD 500
S. eubayanus 460 WETLVQLDF TMI|I PFD 500
Z. rouxii 520 WETLQEFKF STIPFD 560
K. saulgeensis 477 WESLLSLGF NALPYD 517
C. glabrata 470 WETLIELEL SVMPYD 510
A. gossypii 492 WESLLALNF TTIPFD 532
K. lactis 479 WENLANQEL MKAPFD 519
S. pombe 912 WETLGSIGL -ALSRQ 937
D. melanogaster 397 FEHLRIAEL KVQKE 423
X. laevis 374 FEHLHQLELIKPMEGLSV - - -« - oo cmm oot RTQKE 396
M. musculus 373 FEHLQQLELIKPVERTSV - - - - - - - - oo oo oo oo NSQRE 395
M. mulatta 376 FEHLQQLELIKFPMERTSG - - ==~ ===« =« -~~~ NSQRE 398
H. sapiens 376 FEHLQQLELIKFPMERTSG - - === ===« =« - NSQRE 398
C  Orc5-BP
S. cerevisiae 349 | FSRKTRI | AMGRREKKKEVN 373
S. eubayanus 349 | FSRKTRI | AMGRIZRKKKE VN 373
Z. rouxii 347 VFSRKSHVK SMGR[KKME TN 371
K. saulgeensis 323 LFSRKSGIK SMGRIJKQLEEN 347
C. glabrata 346 | FSKR----GS[4A KEQN 366
A. gossypii 358 VFSKKSHLR MD TN 382
K. lactis 344 VFSKKSHLR ANN 368
S. pombe 326 FSFSKTSKR SAVKI 366
D. melanogaster 346 LFVKHHGKQ TTEKM 371
X. laevis 340 FFLKHHGK - KTSNH 363
M. musculus 327 FFLKHHGK - KTSNH 350
M. mulatta 327 FFLKHHGK - KTSNH 350
H. sapiens 327 FFLKHHGK - KTSNH 350
d Orc2-BP
S. cerevisiae 244 EGYFDQRE! VRAITNARSRHTMSMAPDVTREEFSLVSNFFNEN 284
S. eubayanus 245 EGYFDQR[MVVITGA[dSRHTMSMAPDVTREEFSLVSNFFNDN 285
Z. rouxii 233 EGYFDQR[MQLIQGSQISKNTMSMATDVTREEFALISNTFHGK 273
K. saulgeensis 275 EGYFDQR[4TLIY- - -[RSKNTMAMAPS I VREEFATITNLFNKK 312
C. glabrata 132 EGYFEQK[QSVIRGVKWISKNS | TMAPHVTREEFGLISNIFHRN 172
A. gossypii 206 EGY I DQK[H” I[}AHK SVSRDEFRLLSGALNGF 246
K. lactis 218 EGFIDQT[4! L[4TDK SISRDEYNILSQLSNDI| 258
S. pombe 194 DEYFDKFEQR[4TSS NQVYLDTVKEICTETEQ 234
D. melanogaster 281 DGYFHSHINSS[QI LT RLAADRVFSLLSEIKT 321
X. laevis 222 EEYFEAHESS[QVLT KLDQETLRKLLDQTPS 262
M. musculus 240 EEYFEAHEISS[QVLT ARVDQKTLHNLLRKFV 280
M. mulatta 241 EEYFEAHESS[QVLT AKLDQQTLRNLLSKVS 281
H. sapiens 241 EEYFEAHESSIQVLT AKLDQQTLRNLLSKVS 281
e Basic patches
KKE I KRGPQKKDK 229
= 306 RKRGRKIKLGKDD 318
s°°’°1‘-_|_|'l'?|_-‘ 328 KKRGRKPKDPSKP 340 ScOret
358 RKFTKKNVARAKK 370
. 352 KIKLRLSERRRSV 364
ELH 483 KKSVQKTPTRTRR 495
519 TPSQKMKKIRAGE 531
v 244 RKPNTRWSKKSSC 256
e 435 KSPQKNPKPRTPH 447
e 210 KRIESRHSASKSR 222
Hsorct — (NSRRI S A B os: <PENIKKRDAKEA 366 HsOret
e 456 KVPKKSLKPRTPR 468

Extended Data Fig. 8 | Multiple sequence alignment of Orc1-BP,
Orc4-1H, Orc5-BP and Orc2-BP. a-d, Multi-sequence alignment of Orcl
N-terminal basic patches (a), Orc4 insertion helixes (b), Orc5 WHD basic
patches (c¢) and Orc2 N-terminal basic patches (d) from various species as
indicated. e, Multiple basic patches found between the BAH and AAA+
domains of Orcl from yeast to human. The criteria for basic patches are

a stretch of 10 to 14 amino acids flanked by either lysine or arginine with
at least three basic (K or R) residues in between and a pair of them are
spaced 34 residues apart as found in Orcl (R367 and K362). £, Sequence
information of the Orc1 basic patches in d from various species are listed
as indicated.
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+
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Extended Data Fig. 9 | Structural comparison between the yeast
ORC-DNA and OCCM complexes. a, b, AAA-+ (a) and side (b) views of
the ORC-DNA complex. ORC subunits and DNA are shown in cartoon
representation and colour-coded. ¢, d, AAA+ (c) and side (d) views of the
ORC in the context of the OCCM complex. ORC subunits and DNA are
shown in cartoon representation and colour-coded. The OCCM structure
(PDB code 5UDB) is from previous cryo-EM work®. Compared with

the OCCM structure, ORC subunits of Orcl and Orc2 in the structure of
ORC-DNA are more compact around the DNA. Cdcé6 (grey) is included

ARTICLE

in the side view. e, Relative orientation of the origin DNA with Orcl in
the ORC-DNA complex. Orcl-BP is inserted into the minor groove of
ACS DNA. f, Same as in e, but for the DNA and Orcl in OCCM complex.
The distance between the AAA+ domain and DNA is considerably larger,
resulting in the loss of DNA contact. g-i, Superimposition of the ORC-
DNA (72 bp) and OCCM (PDB code 5UDB)* structures. For clarity, ORC
subunits from the OCCM is not shown. The Mcm2-Mcm?7 subunits from
the OCCM are shown in grey. Only Mcm2 and Mcmb5 are labelled and
colour-coded as indicated.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics

ORC-72bp DNA
(EMDB-6941)

ORC-36bp DNA
(EMDB-6942)

apoORC
(EMDB-6943)

(PDB 5ZR1)
Data collection and processing
Magnification 130,000 130,000 22,500
Voltage (kV) 300 300 300
Electron exposure (e—/A2) 52.3/dose weighting 52.3/dose weighting ~ 50/dose weighting
Defocus range (um) 1.3-2.3 1.3-23 1.5-2.5
Pixel size (A) 1.052 1.052 1.32
Symmetry imposed Cl Cl Cl
Initial particle images (no.) 427K 464K 189K
Final particle images (no.) 164K 102K 45K
Map resolution (A) 3.0 3.6 8.2
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 24-49 3.4-49 5.8-10.8
Refinement
Initial model used (PDB code) Built based on atom Built based on atom
model of OCCM model of OCCM
(5UDB) or de novo (5UDB) or de novo
Map sharpening B factor (A?) -94 -142 -167
Model composition
Non-hydrogen atoms 22260 21850
Protein and DNA residues 2479 2448
Ligands (ATPyS and Mg*") 6 6
R.m.s. deviations
Bond lengths (A) 0.0069 0.0098
Bond angles (°) 1.29 1.50
Validation
MolProbity score 1.49 1.79
Clashscore 4.10 4.46
Poor rotamers (%) 0.65 1.49
Ramachandran plot
Favored (%) 95.68 92.65
Allowed (%) 432 7.36
Disallowed (%) 0.00 0.29
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Data collection Leginon and UCSF-Image4 were used for data collection.

Data analysis MotionCor2, CTFFIND4, Relion2.0.3, CryoSPARC, Pymol, UCSF Chimera, COOT, PSIPRED, Phenix, MolProbity, ResMap.
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Cryo-EM maps of the ApoORC, ORC-36bp, ORC-72bp complexes have been deposited in the EM databank with accession codes EMD-6943, EMD-6942, and
EMD-6941, respectively. Coordinates of ORC-72bp have been deposited in the Protein Data Bank with accession code 5ZR1.
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Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Biochemical experiments, including protein purification, GraFix and SDS-PAGE were done in biological replicates (N>10)
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Data exclusions  Regarding the cryo-EM raw micrograph screening, exclusion was done based on the quality of
the images and the presence of ice contamination. Regarding the particle selection, 2D and
3D classification were used and criterion is based on the quality of resulting 2D class average
and 3D maps.

Replication all attempts of replication was succesful.
Randomization  No randomization.

Blinding No blinding.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

D Unique biological materials IXI D ChlIP-seq

D Antibodies IXI D Flow cytometry
Eukaryotic cell lines IZ D MRI-based neuroimaging
D Palaeontology

D Animals and other organisms

XNXXLIX X

D Human research participants

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Yeast strain ySD-ORC (a gift from John Diffley, Francis Crick Institute, UK) was used for protein purification.
Authentication The ySD-ORC was used only for protein purification, and not further authenticated.
Mycoplasma contamination Cell lines for purification were not tested.

Commonly misidentified lines  No cell lines used in this study were commonly misidentified lines.
(See ICLAC register)
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