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Introduction

Propagation of genetic material is central to the survival and fitness of multicellular 

organisms. To efficiently duplicate eukaryotic genomes of sizes between ~107 bp (yeast) to 

~1011 bp (plants), replication initiates from multiple start sites called “replication origins” 

distributed on multiple chromosomes [1]. This strategy imposes a need for cellular controls 

to ensure complete DNA replication while also preventing re-replication, which can cause 

genomic instability, leading to developmental diseases (e.g. Meier-Gorlin Syndrome) and 

cancer [2,3]. Once-per-cell-cycle replication requires the oscillation of cyclin-dependent-

kinases (CDKs) and ubiquitin-mediated proteolysis activities [4], establishing two discrete 

time periods during which origin licensing (assembly of replicative helicases onto origins) 

and origin firing (activation of helicases) occur in a mutually exclusive manner. Recent 

progress in acquiring structural information on origin licensing has advanced our 

mechanistic understanding and regulation of this process. This review discusses current 

knowledge of origin licensing and compares the origin recognition machinery with other 

multi-subunit, ATP-driven cellular motors that are required for later stages of DNA 

replication.

The Function of Initiators at Replication Origins

Replicators and Initiators

In 1963, a dual-element replication initiation model was proposed to describe the 

Escherichia coli replicon. In this model, a cis-acting replicator acts as the genetic element 

(DNA sequence) that is specifically recognized by a trans-acting initiator [5]. This model 

was confirmed by the identification of the E. coli replicator (oriC) and initiator (DnaA) 

respectively [6,7]. Bacteria tend to have a single origin of replication per chromosome, but 

in eukaryotes, the necessity of multiple origins on each chromosome creates a more 

complicated mechanism for origin licensing and regulation. The eukaryotic initiator is a 

complex of the six-subunit Origin Recognition Complex (ORC) and the related Cdc6 
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ATPase [8-10]. The nature of the eukaryotic cis-acting origins, however, is variable and 

depends on the species studied. Initiator proteins play multiple roles: they recognize or 

define the start sites within the DNA/chromatin for the initiation of DNA replication, they 

promote the recruitment of the helicase that unwinds the double helix and they ensure that 

the process is highly regulated (Fig 1). In viral replication systems, the helicase itself often 

functions as the initiator.

Origin Recognition in Different Domains of Life

Bacterial Origin Recognition—Genome replication in bacteria initiates from a single 

origin called oriC, which contains a highly AT-rich sequence required for initial melting of 

the DNA-unwinding element (DUE) [11]. In E. coli, the best characterized prokaryotic 

replication system, replication initiation involves the recognition of a 9-bp consensus 

sequence within the oriC by the initiator protein DnaA, a sequence-specific DNA binding 

protein that is also an AAA+ family ATPase. The consensus sequence [5’-TTAT(C/A)CA(C/

A)A-3’] essential for initiation is called the DnaA-box [12]. Surrounded by weaker binding 

sites, the R1, R2 and R4 DnaA-boxes are recognized by multiple ATP-bound DnaA subunits 

with high-binding affinity [13]. The crystal structure of E. coli DnaA domain IV bound to 

the 9-bp DnaA-box showed the insertion of the highly conserved recognition helix from the 

helix-turn-helix (HTH) motif within DnaA into the major groove of the DnaA-box [14]. 

After the initial interaction of DnaA with high-affinity binding sites on oriC, multiple DnaA 

are then recruited to weak sites in an ATP-dependent manner. Oligomerization of multiple 

DnaA monomers leads to the formation of a high-order nucleoprotein assembly [13,15]. 

Subsequently, this ATP-bound DnaA assembly facilitates melting at the DUE region and 

allows for recruitment of the bacterial replicative helicase DnaB onto single-stranded DNA 

[16]. The ATPase activity of DnaA is activated by its interaction with a complex consisting 

of the Hda protein and the β-clamp of DNA polymerase that are loaded as DNA synthesis 

begins at oriC, limiting initiation of replication to once per cell cycle [17,18].

Archaeal Origin Recognition—Replication initiation in archaea combines features from 

bacteria and eukaryotes. Most archaeal genomes contain one origin, while others have 

several [1]. In the archaeal oriC, DNA sequences called the “origin recognition boxes” 

(ORBs) are the target sites recognized and bound by an initiator called the Cdc6/Orc1 

protein, a AAA+ protein with a primary structure similar to the Orc1 and Cdc6 proteins of 

the eukaryotic initiator [19]. ORBs, which are clustered within the origin, can be categorized 

into two main types: long ORB motifs (22-35 bp) [20-22], and short ORB motifs (also 

called miniORBs) (12-13 bp) [1].

A crystal structure of Cdc6/Orc1 in complex with an ORB showed the main DNA contacts 

occur through the insertion of a helix from the C-terminal winged-helix domain (WHD) into 

the major groove, while the wing forms an unusually deep insertion into the adjacent minor 

groove [20,21]. The AAA+ domain makes another contact with an adjacent G-rich sequence 

[20,21]. These three binding events result in significant widening of both major and minor 

grooves, resulting in a bend of the DNA of up to 35°. This deformation may induce local 

unwinding of the duplex DNA, setting the stage for subsequent helicase loading onto single-

stranded DNA [20,21].
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Although Cdc6/Orc1 shows sequence homology to the eukaryotic ORC-Cdc6, data for 

Cdc6/Orc1 forming a higher order assembly are limited. However, the presence of multiple 

miniORBs as direct repeats suggest an interesting possibility of some degree of Cdc6/Orc1 

oligomerization during origin recruitment, analogous to DnaA. Co-crystallization of an 

Orc1-1/Orc1-3 heterodimer bound to a miniORB supported this notion [20].

Origins and Origin Recognition in Eukaryotes—The most well-studied eukaryotic 

replication origins are those in the yeast Saccharomyces cerevisiae, which include a key 

element called the Autonomously Replicating Sequence (ARS). All ARS contain multiple 

sequence elements including a conserved ARS Consensus Sequence, ACS [23]. The A and 

B1 elements within the origin bind to ORC [8].

Although the origin sequences are not conserved, ORC, comprised of six proteins (Orc1-6) 

(Fig 2), and Cdc6 are found in all eukaryotes [10]. While ORC regulatory controls are 

species-specific [4], the general architecture and functions of ORC are similar across 

species. Five of the ORC subunits (Orc1-5) and Cdc6 show sequence homology to AAA+ 

proteins [24], while only four (Orc1, Orc4, Orc5 and Cdc6) contain the motifs (Walker-A, 

Walker-B and Arginine finger) necessary for ATPase activity [25,26]. Mutational analysis of 

ATPase motifs in ORC demonstrated that the ORC1/ORC4 ATPase site is responsible for 

the majority, if not all, of the ATPase activity observed in vitro [26,27]. Cdc6 is also an 

ATPase that controls the initiation of DNA replication [28-31]. Metazoan ORC6, the 

smallest subunit in ORC, shares partial structural similarity with RNA Polymerase II 

auxiliary factor TFIIB [32]. Apart from the AAA+ domains, ORC1-5 and CDC6 all possess 

C-terminal winged-helix domains (WHD) that contribute to the oligomerization of the five 

ORC subunits by docking onto the RecA-fold domain of a neighboring subunit [25,26]. 

ORC1, the largest ORC subunit, contains a bromo-adjacent homology (BAH) domain on the 

N-terminus implicated in gene silencing and origin recruitment via interaction with 

H4K20me2 [33]. Although crystal structures of the yeast and mouse ORC1 BAH-domains 

and part of human ORC6 were determined [32-35], structural information of the full ORC is 

warranted to further our understanding on how origin recognition works in eukaryotes.

Recently, three high-resolution ORC structures from different species and in different states 

have been reported, advancing our understanding of the helicase loading reaction. While the 

crystal structure of the Drosophila melanogaster ORC (DmORC) represents an interesting 

inactive state of ORC [25], both the HsORC [26], determined by a combination of X-ray 

crystallography and cryoEM, and the cryoEM structure of ScORC are in an ATP hydrolysis-

competent state. In addition, ScORC is bound to Cdc6 and the MCM-Cdt1 complex, 

together referred to as the “OCCM” complex [36]. While the fly and human ORC structures 

are N-terminal truncations of ORC1 and ORC2, these regions are disordered in the ScORC 

that is part of the OCCM structure. In addition, fly ORC also includes a C-terminal 

truncation of ORC6 and the human ORC is missing this smallest subunit. However, the 

general arrangement of all three ORCs is very similar but some key differences distinguish 

them from one another.

All three structures revealed ORC as having a two-tiered configuration with the AAA+ 

domains forming one tier and the WHDs a second tier arranged in a right-handed helical 
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architecture. The WHDs of each subunit interact with the AAA+-fold of the neighboring 

subunit. Nucleotides are nestled at the subunit interfaces between the RecA domains of 

ORC1 and 4, ORC4 and 5 and ORC5 and 3 [26,36] as would be expected for AAA+ 

ATPases. A central channel for DNA binding in ORC is clearly visible in the human and 

yeast structures (Figure 2b,d). In the case of DmORC – ORC1 is rotated away from the 

interface with ORC4, disrupting that important ATP-binding site, rendering DmORC 

inactive for ATP hydrolysis (Figure 2c,f). ORC1 as well as ORC2 would have to rearrange 

considerably to reform the ATP-binding site and open the central channel for DNA binding. 

This state of ORC may represent an inactive conformation to prevent futile ATPase activity 

or premature DNA replication initiation prior to Drosophila egg fertilization [25]. The 

presence of ATP might promote the transition from this inactive to an ATP-hydrolysis 

competent state [37].

The HsORC structure appears to be in an active conformation poised for ATP hydrolysis 

[26]. A homology model of HsCDC6 was built based on the HsORC1 structure, leading to a 

structural model of ORC1-5-CDC6 to explain the enhanced ORC DNA-binding activity 

upon associating with CDC6 [26,30,38]. Importantly, this model was consistent with the 

ScORC-Cdc6 structure [36]. The interface between ORC1 and CDC6 indeed constitutes an 

additional ATP-binding site, with residues poised for ATP hydrolysis [36]. The Cdc6-Orc2 

interface on the other side of Cdc6 appears to be somewhat open compared to other subunit 

interfaces [36]. The absence of the lid domain in Orc2 may contribute to this more open 

interface. Notably, the disordered N-terminus of Orc2 also emanates from that region. Since 

the Cdc6-Orc2 interface of the ORC tier nearly lines up with the Mcm2-5 interface on the 

MCM tier, it raises an interesting possibility that this more open interface plays a role in 

MCM docking onto DNA and Mcm2-5 gate opening during MCM loading (see below) [39].

The initiator-specific motif (ISM) and the WHD of ScCdc6 (and Orc2) were observed to 

contact DNA, thus contributing to DNA-binding directly apart from forming a topological 

linkage with ORC [36]. In all structures, ORC1, ORC3, ORC4, ORC5, and CDC6 contain 

hairpin loops in their WHDs that face the core cavity [25], and in the case of ScORC, they 

appear to contact DNA. In ScOrc4, a helix is positioned in the major groove of the DNA and 

may have an important role in DNA recognition and specificity (Fig 3). This helix 

corresponds to an insertion in the sequence of ScOrc4 compared to the metazoan complexes. 

Coincidentally, Orc4 in Schizosaccharomyces pombe is also the determinant factor in origin 

recognition. In this case, the helix is missing and instead, nine AT-hook motifs in Orc4 

interact with the AT-rich sequence at origins [40]. Together with Orc1, Orc4 is part of the 

major active ATPase interface in ORC [26,27]. Since addition of a replication origin (ARS1) 

was shown to inhibit ORC ATPase activity in vitro [27], it is possible that ORC4 acts as a 

switch to monitor DNA-binding status of ORC by regulating its ATPase activity. Finally, the 

relative positions of Orc3-Orc6 and the Cdt1 moieties in the “OCCM” structure are almost 

aligned, suggesting the possibility that Orc6 might act as a scaffold to bridge Orc3 and Cdt1 

during the MCM loading process and stabilize this reaction intermediate. This notion is 

consistent with the absolute requirement of Orc6-Cdt1 interaction for MCM loading [41].

In metazoans, replication origins are more challenging to identify because the cis-acting 

origins show very loose sequence requirements [42]. Metazoan ORC was shown to bind 
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DNA without sequence specificity [43,44]. As mentioned, neither the α-helix insertion in 

budding yeast Orc4 nor the AT-hook motifs in fission yeast Orc4 exist in metazoan ORC4 

(Fig 3). Parts of the WHDs of ORC1, ORC4 and ORC5 oriented towards the central cavity 

of the ORC1-5 complex, implicating these WHDs in non-specific DNA interactions during 

origin recognition [26]. Genome-wide identification of initiation sites suggests other 

potential determinants for ORC-DNA binding. For example, negative supercoiling of DNA 

might be a feature that ORC recognizes [43]. Another feature involves the BAH domain at 

the N-terminus of ORC1, which interacts with modified histones [33]. Metazoan ORCs were 

also shown to be enriched in nucleosome-free regions (NFRs) in the genome [45], 

implicating CpG islands and G-rich sequences in origin recognition [10]. Further 

investigations are warranted to verify these predictions.

Helicase loading

General strategies of helicase assembly in various species appear to be conserved. The main 

approach is to employ the origin-recruited helicase loader to pry open the helicase ring, hold 

it in a conformation compatible with being assembled onto either single-stranded or double-

stranded DNA, and release upon completing the reaction.

In bacteria, the helicase loading reaction begins with initial melting of the duplex DNA by 

DnaA. The initial melting at the origin by DnaA oligomerization results in the formation of 

a bubble containing two ssDNA strands onto which two DnaB hexameric complexes are 

loaded respectively. This molecular event is dependent on a direct interaction between DnaA 

and DnaB [46]. Structural studies revealed details of how DnaB loading is accomplished by 

the DnaA and DnaC loaders. The crystal structure of DnaC AAA+-ATPase domain showed 

that it is a close paralog of DnaA and can form a helical assembly in a similar manner to 

DnaA [47]. The EM structure of the DnaBC complex showed that the N-terminal region of 

hexameric DnaC associates with hexameric DnaB’s RecA domains, implicating DnaC as a 

ring-breaker in the helicase loading reaction [48]. Critically, this DnaBC complex is in an 

open-ring conformation with a right-handed spiral, allowing ssDNA entry into the central 

channel of DnaB [48]. Association of DnaC with DnaB also induces structural changes at 

the N-terminal tier of DnaB, which might be important to keep DnaB in the open-ring 

conformation during the helicase loading process.

Recently, an archaeal MCM in vitro assembly system demonstrated that Orc1/Cdc6 loads 

MCM onto DNA by directly interacting with both the DNA and the MCM in an ATP-

dependent manner [49]. Interestingly, the loaded MCM was found to be in open-ring 

conformation, raising the possibility that other factors are required to turn the open-ring 

structure into the closed ring observed in structural studies. The archaeal MCM complexes 

exist in a double-hexameric architecture, reminiscent of the Simian Virus 40 T antigen and 

papillomavirus E1 proteins that function as both origin recognition proteins and DNA 

helicases [50-52], and the eukaryotic Mcm2-7 double hexamer complexes after loading 

[53-56].

Most of our knowledge of eukaryotic MCM loading comes from S. cerevisiae. Structural 

and biochemical studies indicated that MCM complexes are assembled as inactive double 

hexamers around dsDNA at origins [57-59]. Loaded MCM complexes are closed rings, 
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while soluble MCMs exist in an equilibrium between closed and open rings. This 

phenomenon is attributed to the presence of a “gate” at the Mcm2/Mcm5 interface [60]. 

Both ATP- and Cdt1-binding contribute to modulate these two MCM conformations, 

particularly at the loading step [61-63].

In vitro MCM loading requires only three other factors: ORC, Cdc6 and Cdt1 [57,59]. 

However, the helicase loading reaction is very complex, involving a multitude of 

interactions, attachments and release factors at different reaction stages. The process begins 

with initial recruitment of an ORC-Cdc6 complex to the origin in an ATP-dependent manner 

[10]. Then, the MCM-Cdt1 complex is recruited to the ORC-Cdc6 complex via direct 

interaction, forming the OCCM intermediate complex [36]. The recent cryoEM structure of 

the OCCM complex revealed important molecular details of the MCM loading reaction. 

ORC-Cdc6, which showed a near-planar arrangement encircling dsDNA, was engaged with 

four C-terminal WHDs from MCM: Mcm3, Mcm4, Mcm6 and Mcm7, forming a right-

handed spiral. The structure also explains the absolute requirement of the Mcm3 C-terminus 

during MCM loading [64]. Interestingly, this arrangement is similar to that observed in the 

DnaBC complex (see above) and clamp-loading reaction (see below) [65]. Another feature 

of the OCCM is the partial opening of the NTD-tier of the MCM ring. Whereas the CTD-tier 

(in contact with ORC-Cdc6) is closed, the NTD tier was partially open at the Mcm2/5 gate 

interface [36]. This arrangement is consistent with the notion that dsDNA would pass 

through this gate during the loading reaction. This OCCM intermediate was in complex with 

the slowly-hydrolyzable ATPγS, implying that ATP hydrolysis is not required for the partial 

engagement of MCM with dsDNA. This notion correlates with previous observations that 

ATP hydrolysis by ORC-Cdc6 is not required for loading of MCM, but rather for release of 

loading factors upon reaction completion, as in the clamp-loading situation (see below) 

[31,64,66].

Replicative Helicase Loaders and Clamp Loaders

Both ORC-Cdc6 and the DNA polymerase clamp loaders are AAA+-ATPases complexes 

responsible for assembling ring-shaped molecules onto DNA in the cells. Whether the 

helicase loader and the clamp loader employ similar ring-loading mechanisms has been 

controversial. Here, we describe a number of similarities in mechanics shared by both of 

these machineries, suggesting a conservation of mechanisms in these pathways.

The subunits of both loaders are structurally very similar and when combined, they are 

arranged in a helical fashion, facilitating the loading of ring-shaped proteins onto DNA (Fig 

4) [26,67,68]. This is especially apparent when considering the motor module of ORC 

comprised of the AAA+ ORC1, ORC4 and ORC5 subunits. Interestingly, the helical 

parameters for the various clamp loaders whose structures are available more closely match 

those of duplex DNA, while ORC appears somewhat shallower [26,68]. The substrates to be 

loaded are either homooligomers (e.g. PCNA is a homotrimer; DnaB and archaeal MCM are 

homohexamers) or heterooligomers (eukaryotic Mcm2-7 is a hetero-hexamer), with their 

final state on DNA that of a closed ring. The presence of a gap (e.g. in RFC: between RFC1 

and RFC5 and in ORC: between ORC1 and ORC2) allows DNA to enter the ring [26,67]. 
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However, the gap in ORC is essentially closed by Cdc6 during the loading reaction [36], 

whereas the gap in the clamp loader remains open throughout the reaction.

Although both loaders are AAA+ family proteins, not all subunits can hydrolyze ATP. In 

fact, among the four potential ATP sites in RFC, only three are needed for PCNA loading 

[69]. In ORC, the main ATP site required for MCM loading was proposed to be between 

ORC1 and ORC4 [26,27]. The ScORC in the “OCCM” structure was shown to be in the 

ATP-bound state. Normally, upon completion of helicase recruitment, ATP hydrolysis by the 

ORC-Cdc6 complex is believed to trigger release of the loaded MCM complex [31,36,64]. 

For instance, when the loading reaction could not be completed, e.g. when ORC is 

phosphorylated by CDK, this event also helps to ensure that the loading machinery does not 

get stuck on chromosomes [64]. Importantly, ATP hydrolysis by ORC-Cdc6 was suggested 

to trigger a conformational change on both the MCM N-terminal tier and Cdt1, thus 

allowing the second MCM complex to be recruited and form a double hexamer with the first 

loaded MCM complex [31,36,70]. In both cases, the conversion of ATP to ADP is expected 

to trigger conformational changes, allowing the reaction to proceed to the next stage. 

Similarly, the clamp loader is in an ATP-bound state when bound to the opened clamp. ATP 

hydrolysis by the clamp loader results in the ejection of the loaded clamp [66]. This is a 

critical step in the loading pathway because both the clamp loader and DNA polymerase 

bind at the same surface of the clamp [65]. Thus, ATP hydrolysis is mainly required during 

the final step rather than the beginning step of both reactions. Finally, the stoichiometry of 

these reactions is also different. For the clamp-loading reaction, one clamp loader assembles 

one clamp in each reaction. As for MCM loading, one hypothesis is that two ORC-Cdc6 

complexes are required to load the two Mcm2-7 hexamers [71].

RFC interacts with the DNA backbone rather than a specific nucleotide sequence [65]. This 

is of particular importance because the clamp loader assembles clamps at the primer-

template junctions of replication forks. Bacterial, archaeal and yeast ORC display sequence 

specificity for DNA binding (see above). As for ORC in metazoans, little is known about 

how it recognizes origins. The involvement of direct binding to histone modifications [33] 

suggests possible mechanisms for origin definition. However, the general theme of DNA 

binding is the same: manipulating a central channel to encircle DNA. In this respect, key 

differences exist between the two loaders. The clamp loader associates with DNA after it 

binds to and pries open the clamp, thus it is the reaction intermediate that associates with the 

DNA [68]. By contrast, ORC-Cdc6 associates with the DNA before binding to MCM. 

Although MCM was reported to exist in an equilibrium of open (lockwasher) and closed 

rings in the cell [60], it is only after being bound by ORC-Cdc6 that the MCM ring would be 

stabilized in the open conformation to be loaded onto the DNA [36,57,59]. Interestingly, the 

T4 bacterial clamp frequently exists in an open conformation in solution (and PCNA to a 

lesser extent) [72], which is similar to the MCM in its lockwasher state.

Concluding Remarks

It is clear that the mechanisms of origin recognition and recruitment of the helicase core 

subunits is substantially different between bacteria and eukaryotes. But even within 

eukaryotes, origin recognition has rapidly evolved and there is still much research needed to 
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understand the cis-determinates for origin specification in mammalian and plant genomes 

and how the initiators license these origins. The structural conservation of ORC-Cdc6 and 

Mcm2-7 suggests that although origin recognition varies between species, helicase loading 

and its regulation are remarkably similar.

Note

A paper appeared after acceptance of this review describing the structure of S. cerevisiae 

ORC bound to origin DNA [73]. The paper confirms previous findings about the evolution 

of origin specificity and describes new details about how ORC binds specific nucleotide. It 

also reports on additional DNA interactions with the Orc1 and Orc6 subunits that are absent 

in the ORC present in the OCCM complex [36].
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Fig. 1. 
Models for origin recognition and helicase loading in the three domains of life and in 

viruses. In eukaryotes, bacteria and archaea, the origin is first recognized by the origin 

recognition machinery, with concomitant DNA remodeling occurring in bacteria and 

archaea. The replicative helicase is then recruited and directly interacts with the origin 

recognition complex. ATP binding but not hydrolysis is required for this interaction (see 

text). In eukaryotes, multiple origin recognition proteins may be required for loading a 

double hexameric form of the helicase. After helicase loading, ATP hydrolysis allows for 

reiterate assembly of helicases on other locations on the DNA. In viruses (human 

papillomavirus is shown as an example in this case), the viral helicase often serves the 

function of both origin recognition and self-assembly onto DNA into the mature helicase. In 

papillomavirus, a double-trimeric assembly of the helicase complex, linked to origin 

melting, is a prerequisite for the fully functional helicase complexes to be formed in 

subsequent steps in an ATP hydrolysis-dependent manner (for simplicity, other auxiliary 

factors are omitted in the diagram).
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Fig. 2. 
Overall structures of ORC from different species.

(a) Schematic alignment of ORC subunits and CDC6. The RecA (or RecA-like) and Lid 

domains are part of the AAA+ domain common in this clade of AAA+ ATPases. A winged 

helix (WH) domain is at the C-terminus in all subunits except for ORC6.

Structures of (b, e) Saccharomyces cerevisiae ORC, (c, f) Drosophila melanogaster ORC 

and (d, g and h) human ORC shown in perpendicular views.
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Fig. 3. 
Comparison of the ORC4 subunit from S. cerevisiae, D. melanogaster, and H. sapiens. 
ScOrc4 contains an α-helix insertion located in the major groove of DNA. This α-helix is 

missing in human and Drosophila ORC4.
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Fig. 4. 
Comparison of loaders of ring-shaped proteins from bacteriophage T4 and S. cerevisiae.
(a) Schematic of the T4 DNA polymerase clamp loader (gp44 and gp62) bound to the gp45 

clamp [an analogue of the eukaryotic PCNA]. (b) Surface representation of the structure of 

the T4 clamp loader bound to the clamp. (c) Cartoon representation of gp44 subunits A,B,C 

bound to primer-template DNA (red and blue strands) (d) Schematic of the S. cerevisiae 
helicase loader (ScORC+Cdc6) and pre-helicase complex (MCM+Cdt1). (e) Surface 

representation of the structure of ScOrc-Cdc6 bound to the MCM complex and Cdt1 on 

double strand origin DNA (f) Cartoon representation of ScORC subunits 1,4,5 bound to 

double-stranded DNA [red and blue strands]. (c) and (f) illustrate the corkscrew orientation 

of the subunits in the clamp loader and in ORC, both of which surround dsDNA.
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