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Abstract In eukaryotes, binding of the six-subunit origin

recognition complex (ORC) to DNA provides an interac-

tive platform for the sequential assembly of pre-replicative

complexes. This process licenses replication origins com-

petent for the subsequent initiation step. Here, we analyze

the contribution of human Orc6, the smallest subunit of

ORC, to DNA binding and pre-replicative complex for-

mation. We show that Orc6 not only interacts with Orc1–

Orc5 but also with the initiation factor Cdc6. Biochemical

and imaging experiments reveal that this interaction is

required for licensing DNA replication competent. Fur-

thermore, we demonstrate that Orc6 contributes to the

interaction of ORC with the chaperone protein HMGA1a

(high mobility group protein A1a). Binding of human ORC

to replication origins is not specified at the level of DNA

sequence and the functional organization of origins is

poorly understood. We have identified HMGA1a as one

factor that might direct ORC to AT-rich heterochromatic

regions. The systematic analysis of the interaction between

ORC and HMGA1a revealed that Orc6 interacts with the

acidic C-terminus of HMGA1a and also with its AT-hooks.

Both domains support autonomous replication if targeted to

DNA templates. As such, Orc6 functions at different stages

of the replication initiation process. Orc6 can interact with

ORC chaperone proteins such as HMGA1a to facilitate

chromatin binding of ORC and is also an essential factor

for pre-RC formation.
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Abbreviations

BiFC Bimolecular fluorescent complementation

ChIP Chromatin immunoprecipitation

DS Dyad symmetry element

EBV Epstein–Barr virus

FR Family of repeats

HMG High mobility group

ORC Origin recognition complex

pre-RC Prereplicative complex

tetR Tetracyclin repressor

Introduction

The origin recognition complex (ORC) plays a central role

in the initiation of DNA replication in all eukaryotic sys-

tems. However, the different eukaryotes have apparently

developed multiple mechanisms by which ORC interacts

with DNA and promotes replication initiation. In S. cere-

visiae, replication origins are genetically defined. ScORC
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binds sequence-specifically to a consensus motif within the

autonomous replicating sequences (ARS) [1]. In contrast,

replication origins in higher eukaryotes are poorly defined.

Besides epigenetic features, a permissive local chromatin

structure, DNA topology, and DNA sequence motifs con-

tribute to origin formation. ORC interacting proteins like

Ku80, AlF-C, c-Myc, Trf2, EBNA1, and the architectural

chromatin protein HMGA1a were shown to function as

ORC-chaperones targeting ORC to chromatin regions and

contributing to origin formation [2, 15, 16, 27, 37, 40, 44].

A coherent picture of a replication origin in metazoans has

not yet emerged. HMGA1a is the first example that chro-

matin constituents can contribute to ORC DNA-binding.

The HMGA-family is characterized by AT-hook motifs,

which are required for chromatin association [20]. Co-

immunoprecipitation and bimolecular fluorescence com-

plementation (BiFC) experiments indicated that HMGA1a

interacts with the hexameric ORC including Orc6 via direct

protein–protein interactions [44]. Moreover, HMGA1a can

recruit ORC to AT-rich heterochromatin and promote DNA

replication in a site-specific manner if it is specifically

tethered to DNA. Altering the molecular ratio between

ORC and HMGA1a after overexpression of HMGA1a

causes relocalization of ORC to AT-rich chromatin regions

[44]. Conversely, displacement of HMGA1a from hetero-

chromatin results in relocation of ORC (R. Hock, personal

communication; [44]). HMGA1a is a very mobile

chromatin component. Fluorescence recovery after photo-

bleaching (FRAP) studies displayed recovery times of less

than 1 s for euchromatin and 3.3 s for heterochromatin in

interphase cells [20]. Similarly, ORC is a highly dynamic

chromatin binding complex with FRAP kinetics compara-

ble to those of the family of HMGA proteins [26]. These

very high motilities hamper ChIP-experiments to map

chromosomal origins characterized by the co-localization

of HMGA1a and ORC [36].

Orc6 is the smallest subunit of ORC and the evolu-

tionarily least conserved between budding yeast and

metazoans [14, 18]. S. cerevisiae Orc6 (ScOrc6) is not

essential for DNA binding of ORC [14, 18, 24, 25], but the

interaction between ScOrc6 and ScCdt1 is required for

Mcm2–7 loading and for the maintenance of pre-replica-

tive complexes (pre-RC) [7, 39]. In contrast to ScOrc6,

Drosophila Orc6 plays an important role in DNA recog-

nition [3]. The unique position of Orc6 is also becoming

evident in siRNA depletion experiments. A very recent

study demonstrates that protein levels of Orc2–Orc5 are

reduced after RNAi depletion of individual Orc2–5 sub-

units, whereas Orc6 levels are not affected [31].

Furthermore, it is still under debate whether a stoichiom-

etric human Orc1–Orc6 complex exists in vivo [41] and

how Orc6 contributes to the function of human ORC,

because the physical association of Orc6 with the Orc1–5

complex is weak and biochemically less reproducible in

vitro [3, 13, 32, 41, 46]. Orc6 RNAi-mediated depletion in

human cells indicated a vital role of Orc6 in cytokinesis

and caused reduced BrdU incorporation into newly repli-

cated DNA indicating a smaller number of active

replication origins [30]. This finding provides evidence for

a replicative function for human Orc6, but its exact con-

tribution to replication initiation has yet to be elucidated.

Our previous findings suggested that HMGA1a might

play a role in defining origins rather than replication ini-

tiation. We build this model on our observation that

HMGA1a functions as ORC chaperone and mediates rep-

lication competence [44]. Our experiments aim at

deciphering the domains of HMGA1a that contribute to

DNA replication. By mutational analysis of HMGA1a, we

show that ORC interacts with two different domains of

HMGA1a. The bipartite binding surface consists of the

acidic C-terminus, which interacts with the hexameric

complex, and the AT-hook domains of HMGA1a, which

might preferentially interact with Orc6. Both domains

support the extrachromosomal replication of plasmids

independently from each other. Replication competence

strongly correlates with the mutant forms’ potential to

cooperate with human ORC, arguing for an active role of

human Orc6 in origin activation. Our experiments suggest

that Orc6, which is abundantly expressed in relation to

Orc2, also contributes to the replication initiation process.

Gel shift experiments indicate that human Orc1–5 and

Orc6 can bind independently to DNA, but Orc6 is an

integral part of ORC. Employing a binding assay with

immobilized plasmid DNA and replication competent

nuclear extracts as previously reported [38, 47, 48], we

demonstrate that Orc6 contributes to pre-RC formation.

Biochemical and imaging data indicate that Orc6 and Cdc6

interact. We conclude from these data that human Orc6 is

essential for the recruitment of Cdc6 to origins and there-

fore crucial for pre-RC formation to provide replication

competence.

Materials and methods

DNA transfection, HIRT extract and Southern blotting

Plasmid DNAs were transfected with Polyfect into HEK293

cells stably expressing EBNA1 and scTetR:HMGA1a

derivatives, which were selected with 80 lg/ml hygromy-

cin, 250 lg/ml puromycin, or 200 lg/ml neomycin. For

Southern blotting, 6 lg of Hirt extracted and purified DNA

was digested with DpnI and HindIII, separated on agarose

gels, transferred onto nylon membranes (Amersham) and

probed with a radiolabeled prokaryotic probe. To control

the integrity of the extrachromosomal plasmids, 500 ng of

3742 A. W. Thomae et al.

123



Hirt-extracted DNA was transfected into electrocompetent

DH10B (Invitrogen) and a representative number of plas-

mids recovered from the transformants were analyzed by

restriction enzyme analysis.

Chromatin-immunoprecipitation and real-time PCR

analysis

ChIP experiments were performed as described [37]. For

each sample, 1 9 107 nuclei were isolated, cross-linked

with formaldehyde for 10 min at 37�C, washed, and lysed

by adding N-Laurylsarcosine (2% final concentration).

Chromatin was washed with PBS, centrifuged, resuspended

in 2 ml TE and sonicated. For immunoprecipitation,

500 lg nucleoprotein and 10 lg polyclonal (Orc2) or

monoclonal (Orc6) antibodies were incubated in NET

(50 mM Tris, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40).

Co-precipitated DNA was isolated, purified and quantita-

tive real-time PCR was performed as described [37].

Primer pairs are listed in Supplementary Table 1.

Immunofluorescence and live cell microscopy

Bimolecular fluorescence complementation was analyzed

with a Leica TCS-SP2/AOBS instrument 22–26 h post

transfection of 1 lg of the indicated expression plasmids as

described [44].

Co-immunoprecipitation assays and western blot

Chromatin-bound proteins were isolated by 450 mM salt

extraction from 2.5 9 107 cells and, after dialysis to

125 mM salt, incubated with 5–10 lg antibodies coupled

to protein A or G Sepharose. Co-precipitated proteins were

eluted, separated on SDS-PAGE, blotted, and detected with

the indicated antibodies.

Plasmid binding assay

pEPI-UPR was biotinylated by UV-cross-linking at a molar

ratio of 1:18 according to the manufacturers instructions

[Photoprobe (S-S Biotin); Vector Laboratories]. 10 lg of

biotinylated plasmid were bound to 500 lg of Streptavidin

beads using the Dynabeads kilobaseBINDER kit (Dynal).

For each binding reaction, 32 lg of HeLa high salt nuclear

extract [4] were incubated with an equivalent of 90 ng

bead-bound plasmid DNA as described [47]. Where indi-

cated, 2 mM ATP and an ATP regenerating system

(20 mM creatine phosphate, 6.3 lg/ml creatine phospho-

kinase, 2 mM ATP) were added to the binding reaction.

Analysis of plasmid-bound proteins was performed by

immunoblotting using the indicated antibodies.

Recombinant protein expression

Recombinant human Orc1–5 expression was performed as

described [32]. Semi-confluent 15-cm dishes of High Five

cells were co-infected with human Orc1–Orc5 baculovi-

ruses coding for the different human ORC subunits. The

Orc1 subunit was C-terminal His-tagged to facilitate

affinity purification of the complex using Ni–NTA–Aga-

rose beads (Qiagen). Wild-type and mutant N-terminal

His6-tagged Orc6 proteins were expressed and purified

from BL21 [Rosetta (DE3) pLysS] and purified via

Ni–NTA–Agarose beads (Qiagen). GST-tagged Cdc6 was

expressed using a baculovirus system and affinity purified

using Glutathione–Sepharose 4 FAST flow beads accord-

ing to the manufacturer’s instructions (GE Healthcare)

[21].

Results

Orc6 is part of the ORC holocomplex and mediates

replication competence

The molecular basis of the replicative function of human

Orc6 is still unknown and its contribution to DNA repli-

cation differs between species [18]. This led us to study

different aspects of the replicative functions of human Orc6

in detail. First, we aimed at confirming the integrity of

human ORC as a six-subunit complex. Bimolecular fluo-

rescence complementation (BiFC) experiments visualized

the Orc1–Orc6 complex in vivo [44]. The holocomplex

was difficult to reconstitute in vitro with recombinant

proteins because Orc6 dynamically associates with the

ORC core complex resulting in a biochemically weak

interaction [32, 41]. We started with co-immunoprecipita-

tion experiments from HeLaS3 nuclear extracts with a

polyclonal Orc2 and a monoclonal Orc6-specific antibody

to further confirm the existence of the heterohexameric

complex Orc1–6 [37]. Rabbit IgG and a rat monoclonal

antibody of the same isotype the Orc6 antibody (IgG2a)

were used as controls to identify non-specific interactions.

Co-immunoprecipitation experiments were performed from

a 450-mM potassium acetate nuclear extract that was dia-

lyzed against 100 mM potassium acetate constantly

measuring the conductivity. The extract preparation pro-

cedure was crucial for the detection of the heterohexameric

complex, because prolonged dialysis resulted in the pre-

cipitation of ORC-subunits and in the disintegration of the

holocomplex. Also, a high protein concentration of the

nuclear extracts is crucial to maintain the Orc1–Orc6

interaction. Our co-immunoprecipitation with a polyclonal

Orc2 antibody revealed the efficient co-precipitation of

Orc1, Orc4 and Orc6 with Orc2 (Fig. 1a, upper panel).
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Conversely, the Orc6 antibody co-precipitated Orc2 and

Orc4 with lower efficiency (Fig. 1a, lower panel). Orc6

being abundantly expressed relative to other ORC subunits

could explain this result and therefore only a fraction of

Orc6 is constantly associated with Orc1–Orc5 [9]. Alter-

natively, the binding of the monoclonal antibody to Orc6

might interfere with its association with other ORC sub-

units. Quantitative western blot experiments from whole

cell extracts indicate that Orc6 is in different cell lines

abundantly expressed in comparison to Orc2 (Supplemen-

tary Fig. 1A).

To assess whether Orc6 can mediate replication com-

petence, we made use of a plasmid reporter assay. To target

Orc6 to plasmid DNA, we constructed a fusion of Orc6 and

the single-chain tetracycline repressor to generate a scTe-

tR:Orc6 fusion protein (Fig. 1b). The reporter system is

based on the extrachromosomal maintenance of plasmids

containing a modified plasmid origin of Epstein–Barr virus,

oriP. The family of repeats of oriP (FR; Fig. 1b) is bound

by the EBV-protein EBNA1, which tethers oriP to chro-

matin and confers long-term nuclear retention and

segregation. The replicator element of oriP, the EBNA1-

bound dyad symmetry (DS) element, was replaced by four

(FRwttetO4; Fig. 1b) or 32 tetO-sites (FRwttetO32),

respectively. This strategy separates the plasmid mainte-

nance and replication functions of oriP and allowed us to

determine the long-term replication competence of the

protein of interest [44].

scTetR:Orc6 was stably integrated into HEK293/

EBNA1? cells and single cell clones were identified that

co-express EBNA1 and scTetR:Orc6 (Supplemntary

Fig. 1B). HEK293/EBNA1?/scTetR:Orc6? cells were

Fig. 1 Orc6 is part of the ORC holocomplex and mediates replication

competence. a Co-immunoprecipitation experiments with HeLa

nuclear extracts were performed with the indicated antibodies.

Immunoblot analysis confirmed the co-precipitation of ORC subunits.

For comparison 0.5% of the input material (NE) is shown. The

asterisks mark an unspecific interaction of the antibody with the

protein marker. b Schematics of the single-chain tetracycline

repressor Orc6 fusion protein (scTetR:Orc6) and the reporter

plasmids. The four or 32 tet-operator (tetO) sites are illustrated as

red circles and the EBNA1 binding sites within the nuclear retention

element FR as black circles. An oriP control plasmid and the reporter

plasmids were transfected into HEK293 EBNA1?/scTetR:Orc6?

cells, selected and assessed for their replication competence by

Southern blotting. Two independent experiments are shown. c ChIP

analysis of HEK293 EBNA1?/scTetR:Orc6? carrying either

FRwttetO4 or FRwttetO32 plasmid DNAs indicated the site-specific

recruitment of the Orc2 subunit via scTetR:Orc6. The locations of the

primer pairs are indicated by black bars in (b). The GFP gene (green
rectangle) served as a reference site and is located 3.5 kbp from the

tetO cluster. The histogram indicates the relative enrichment values

and standard deviations of three independent experiments on a

logarithmic scale expressed as difference between PCR values (Cp)

obtained with the Orc6 and Orc2 specific antibodies versus controls

obtained with the corresponding IgG (Orc6) and pre-immune

serum (Orc2). Student’s t test was used to analyze the statistical

significance
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transfected with three different reporter plasmids: oriP as a

positive control as well as FRwttetO4 and FRwttetO32 as two

reporter plasmids to analyze their replication competence.

Two weeks after transfection and selection, low molecular

weight DNA was isolated and digested with DpnI to

eliminate non-replicated plasmid DNA. After restriction

with HindIII, replicated DNA was detected by Southern

blot hybridization with a plasmid-specific prokaryotic

probe. The results indicated that scTetR:Orc6 efficiently

supports extrachromosomal replication of FRwttetOn plas-

mids (Fig. 1b). The negative control scTetR alone did not

allow replication of plasmids FRwttetO4 and FRwttetO32

(Fig. 1b).

Next, we asked whether scTetR:Orc6 mediates replica-

tion by associating additional ORC-subunits to plasmid

DNA. As expected, ChIP with an Orc6-specific antibody

showed a significant enrichment at the tetO-plasmid locus

as compared to a reference site located in the GFP gene 3.5

kbp apart (P B 0.01; Fig. 1c). A similar specific binding

was observed with an Orc2-specific antibody representative

for the ORC holocomplex (P = 0.01; Fig. 1c). This finding

indicates the site-specific recruitment of the entire ORC

complex via Orc6 to DNA, which is in agreement with the

co-immunoprecipitation experiments (Fig. 1a). Reporter

plasmids bearing 4 or 32 tetO-sites did not differ in this

respect. Similar to a previous report that analyzed targeted

Orc2- and Cdc6-proteins, our results clearly indicated that

site-specific targeting of Orc6 to plasmid DNA generated a

functional origin of replication and mediated replication

competence, probably by co-associating the other ORC-

subunits [42].

Human Orc6 and Orc1–Orc5 bind independently

to DNA

The molecular contribution of Orc6 to DNA binding of

ORC and to replication initiation is unclear and differs

between species. S. cerevisiae, Orc6 is dispensable for

origin recognition and for progression through mitosis and

cytokinesis, but it is essential for viability, formation and

maintenance of pre-RCs and cell cycle progression [24, 25,

39]. In contrast, DmOrc6 is required for DNA binding of

DmORC, and HsOrc6 depletion results in severe mitotic

defects [3, 30]. To determine the role of human Orc6 in

DNA replication in more detail, we first studied the DNA

binding characteristics of Orc1–Orc5 and Orc6 alone as

well as in combination. To this end, we used recombinant

proteins in in vitro DNA binding assays. High FiveTM cells

(BTI-TN-5B1-4) were co-infected with baculoviruses

expressing Orc1 C-terminally tagged with 3xHA-His; Orc2,

Orc3, Orc4, and Orc5 [32]. Nuclear extracts from these cells

were subjected to affinity-purification using a Nickel-resin

(Supplementary Fig. 2A). After extensive washes, the

complex was eluted and separated on a denaturing SDS-

PAGE and visualized using silver staining (Fig. 2a, left).

Recombinant His6-Orc6 was expressed in E. coli and

affinity purified (Supplemntary Fig. 2B). We determined

the DNA binding abilities of human Orc6 and Orc1–Orc5 in

gel shift experiments in 4.5% native polyacrylamide gels

(EMSA). For our EMSA experiments, we chose an AT-rich

sequence, because HsORC preferentially binds to synthetic

AT-rich DNA [45]. Furthermore, DmOrc6, which has DNA

binding activity, preferentially binds to poly(dA) sequences

[3]. Recombinant wild-type Orc6 formed distinct com-

plexes, which competed with increasing amounts of

poly(dI-dC) (Fig. 2a right, lanes 2–4). HsOrc1–5 formed

one distinct complex. Orc1–Orc5 was competed with

excess of poly(dI-dC) (lanes 8–10). Previous experiments

suggested that ORC contacts the minor grooves of AT-rich

DNA and poly (dI-dC), which are structurally similar

between these two sequences [45]. Co-incubation of Orc6

and Orc1–Orc5 resulted in one complex that migrated

slightly slower than the Orc1–Orc5-DNA complex. The

small size of the probe does not allow the binding of mul-

tiple separately associated origin recognition complexes as

suggested by recent structural information on metazoan

ORC [11, 12]. This implies that the observed slower

migrating species reflects an Orc1–Orc6 holocomplex that

bound to the probe. In accordance with our quantification

experiments, we used a fivefold molar excess of Orc6 rel-

ative to Orc1–Orc5. Orc1–Orc6 was competed with low

amounts of poly(dI-dC), whereas the competition of excess

Orc6 required larger concentrations of competitor DNA

(lanes 6 and 7). This observation might indicate that

poly(dI-dC) is a less efficient competitor for Orc6, which

has higher affinity to AT-rich DNA by analogy with

DmOrc6 [3]. In summary, the EMSA experiments demon-

strate that Orc1–Orc5 and Orc6 are able to bind DNA

independently from each other, but also form a DNA-bound

heterohexameric complex if co-incubated with DNA.

Orc6 is essential for pre-RC formation

The data presented above demonstrated that human Orc6 is

part of the heterohexameric ORC, and that its specific

targeting to DNA can recruit ORC to support efficient

replication initiation. Even though we observed DNA

binding ability for the smallest ORC subunit, Orc6 does not

seem to be essential for DNA binding of the human origin

recognition complex. We therefore wanted to investigate

whether Orc6 contributes to pre-RC formation. To address

this question, we made use of immobilized plasmid DNA

that is incubated with in vitro replication competent

HeLaS3 nuclear extracts (Supplementary Fig. 3A; [4]). We

took advantage of a pEPI-1-based plasmid, pEPI-UPR, that

replicates as an extrachromosomal plasmid faithfully in

Replicative functions of human Orc6 3745
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Fig. 2 Human Orc6 is required for pre-RC formation but not for

ORC DNA-binding. a Left Silver-stained SDS-PAGE of affinity-

purified human Orc1–5 after baculovirus mediated overexpression.

Right HsOrc1–HsOrc5 and bacterially expressed HsOrc6 were

employed to monitor DNA binding activities in EMSA experiments;

150 fmol of a Cy5-labeled double-stranded AT-rich oligonucleotide

[41] was incubated with 5 pmol Orc6 (lanes 2–4), 1 pmol Orc1–Orc5

(lanes 8–10), and Orc1–Orc6 (lanes 5–7). Increasing amounts of

poly(dI-dC) were used as competitor (lanes 3, 6, and 9 50 ng, lanes 4,
7, and 10 250 ng). Control lane 1 no protein. b Outline of the cell-free

plasmid-binding assay to study the assembly of pre-RCs in vitro.

Biotinylated supercoiled pEPI-UPR was immobilized to paramagnetic

beads and incubated with nuclear extract [4]. Proteins bound to the

beads were detected by immunoblotting. c ATP is required for

Mcm2–Mcm7 protein loading and induces phosphorylation of DNA-

bound Cdc6. Lane 1 beads only control. The binding reaction was

performed with DNA without adding further ATP (lane 2) or in the

presence of an ATP-regenerating system (lane 3). The putative

phosphorylation of Cdc6 was addressed in an independent experiment

(lanes 4–6) by k-phosphatase treatment (PPase, lane 6) of the bead-

bound material before the SDS-PAGE. A k-PPase-untreated reaction

is shown for comparison (lane 5). Lane 4 beads only control.

d Depletion of ORC subunits reduces pre-RC formation. Orc2- but

not Orc6-specific antibodies co-deplete Orc1–Orc5 proteins (lanes
1–3). Immobilized plasmid DNA was incubated with nuclear extract

either depleted with control (a-IgG, lanes 6, 10), Orc2- (lane 7) or

Orc6-specific antibodies (lane 11). For complementation, 120 ng of

recombinant Orc6 protein was added to the Orc6-depleted nuclear

extract (lane 12). Lanes 5–7 DNA binding of Orc1, 2, 4, 6 and Cdc6

was quantified in relation to the amount of protein bound to DNA

(lane 5). Lanes 9–12 Plasmid binding of Orc1, -2, -4 and -6 proteins,

as well as Mcm7 and Cdc6 was monitored and quantified in relation

to lane 9. All experiments were performed in the presence of 1 mM

ATP and an ATP regenerating system
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human cells in an ORC-dependent manner similar to

experiments published earlier [35]. Plasmid DNA-bound

proteins were analyzed by Western blotting [38, 47, 48].

This cell-free experimental system allowed us to investi-

gate individual steps of pre-RC formation in vitro

(Fig. 2b).

Replication competent nuclear extracts of HeLaS3-cells

were generated in the presence of 1 mM ATP according to

a protocol that allowed plasmid replication in vitro in a

cell-free system [4]. We had previously used the same

extracts for the co-immunoprecipitation experiments with

Orc2- and Orc6-specific antibodies (Fig. 1a). Binding

experiments without supplementing additional ATP

revealed the loading of only ORC-components to immo-

bilized circular plasmid DNA (Fig. 2c, lane 2). Cdc6

showed some unspecific bead-binding that varied between

experiments (lane 1). With an ATP-regenerating system,

the entire pre-RC assembled to the immobilized DNA as

indicated by the specific association of Cdt1, Mcm3 and

Mcm7 proteins (lane 3). Quantification of these proteins in

relation to lane 2 indicates an at least threefold increase of

Mcm2–Mcm7 and Cdt1 protein binding. We also observed

that Cdc6 migrated slightly slower in the presence of cre-

atine phosphokinase/creatine phosphate, probably due to a

Fig. 2 continued
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DNA-dependent phosphorylation (lanes 3 and 5). Treat-

ment of the plasmid-bound proteins with k-phosphatase

resulted in a faster migrating form of Cdc6 (lane 6), con-

firming that this modification is indeed caused by

phosphorylation of Cdc6. Our findings indicated that pre-

RCs are successfully assembled on plasmid DNA. Pre-RC

assembly requires ATP for efficient Cdc6 recruitment,

whose DNA-bound form is phosphorylated during the

assembly. These findings are in line with reports of the S.

cerevisiae in vitro assembly system [38], but phosphory-

lation of Cdc6 does not seem to have a direct functional

relevance for pre-RC assembly [33].

To investigate the contribution of Orc6 to pre-RC

assembly, we depleted Orc6 with a specific monoclonal

antibody and, for comparison, Orc2 [34]. Orc2-depletion of

the nuclear extract co-depleted Orc1 and 4, whereas

depletion of Orc6 does not co-deplete Orc1–Orc5 con-

firming our results that Orc1–Orc5 is able to bind DNA

independently from Orc6 (Figs. 1 and 2d, lanes 1–3).

Consequently, after Orc2 depletion, Orc1–Orc5 plasmid-

binding was drastically reduced in comparison to non-

depleted nuclear extracts and to extracts incubated with

unspecific control antibodies (lanes 5–7). Plasmid-binding

of Cdc6 was slightly reduced in Orc2-depleted extracts

(lane 7). Complementation experiments with recombinant

Orc1–Orc5 proteins have been unsuccessful in in vitro

replication studies and have not been tested in this context

[4]. Binding of Orc1, -2 and -4 proteins to immobilized

plasmid DNA was unaffected by Orc6 depletion as their

abundance was comparable to mock depleted extracts

(Fig. 2d, lanes 9 and 10), which is consistent with our

EMSA experiments (Fig. 2a). Interestingly, Orc6 depletion

impaired Cdc6 and Mcm7 association with the immobi-

lized plasmid (Fig. 2d, lane 11). Complementation of the

Orc6-depleted extract with bacterially expressed Orc6

partially restored Cdc6 and Mcm7 binding (Fig. 2d, lane

12) as judged by the quantification of the western blot

signals. These data suggest that human Orc6 is important

for pre-RC assembly.

Orc6 and Cdc6 interact

Our EMSA and plasmid binding data indicated that human

Orc6 and Orc1–Orc5 bind DNA independently, which is

different to DmORC [3]. The plasmid binding experiments

further demonstrated that human Orc6 is essential for pre-

RC formation. To elaborate whether human Orc6 is

directly involved in pre-RC formation, we performed co-

immunoprecipitation experiments from nuclear extracts

with an Orc6-specific antibody. Cdc6 co-precipitated with

the Orc6-specific antibody, but not with a control IgG

(Fig. 3a). The Orc2-specific antibody efficiently co-pre-

cipitated Orc1, Orc4 and Cdc6. However, Cdc6 co-

precipitation was more efficient using an Orc6-specific

antibody. This finding is confirmed in Cdc6 co-immuno-

precipitation experiments, which indicate that Orc6 co-

precipitates more efficiently than the other ORC-subunits.

This intrinsic DNA-binding activity of Cdc6 might mask

smaller effects in the plasmid-binding assay, which might

explain, why DNA-binding of Cdc6 is less efficient in

Orc6-depleted extracts than in Orc2-depleted.

The co-immunoprecipitation of Cdc6 suggested that

Orc6 and Cdc6 form a stable complex in nuclear cell

extracts. However, this observation does not reveal whether

this interaction is direct or indirect or whether Orc6 is

directly involved in Cdc6 association. To test this

hypothesis, we performed pull-down experiments with

purified proteins. Recombinant GST-Cdc6 but not GST co-

precipitated His6-Orc6, which points to a direct interaction

that is independent of DNA (Fig. 3b and Supplementary

Fig. 3B). To verify the existence of a Cdc6:Orc6 complex

in cells, we again employed BiFC that visualizes protein–

protein interactions in vivo [22]. As positive controls, we

monitored the localization of ORC via BiFC between Orc6/

Orc4 and Orc6/Orc5 (Fig. 3c). The diffuse nuclear distri-

bution is characteristic for interphase cells as previously

shown [44]. To corroborate the interaction between Orc6

and Cdc6, we fused Cdc6 to the C-terminal part of YFP and

Orc6 to the N-terminal fragment. Fluorescence comple-

mentation was also observed for Cdc6 and Orc6 in all cells

that co-expressed both proteins (Fig. 3c). The HA- and

FLAG-tags allow the detection of the individual fusion-

proteins. Both, the co-immunoprecipitation and the BiFC

experiments clearly argue for the existence of a Cdc6:Orc6

complex in the nucleus of human cells.

Taken together, the experiments presented so far indi-

cate that Orc6 might be involved in several steps of

replication initiation. First, Orc6, as an integral part of the

ORC holocomplex, mediates replication competence.

Second, Orc6 interacts with Cdc6 and is essential for pre-

RC formation.

Orc6 interacts with the AT-hooks of HMGA1a

In a previous study, we have shown that different subunits

of ORC including Orc6 interact with the ORC chaperone

HMGA1a suggesting that this interaction might specify

replication origins in HMGA1a-rich chromatin regions

[44]. The family of HMGA proteins consists of an acidic

C-terminal domain and an unstructured domain containing

three AT-hook motifs, which bind dynamically to minor

grooves of AT-rich DNA [6, 20]. While this manuscript

was under revision, Eilebrecht et al. [19] reported that the

non-coding 7SK RNA can compete with DNA for the

binding to AT-hooks and thereby influences the regulatory

functions of this chromatin factor. Here we addressed the
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question whether a specific domain of HMGA1a physically

interacts with ORC and also mediates replication compe-

tence. In particular, we wanted to know whether the

Orc6:HMGA1a interaction is relevant for HMGA1a’s

ability to support replication.

As HMGA1a interacts with ORC in pull-down and

imaging experiments, it most likely mediates replication

competence through this interaction setting the stage

for pre-RC assembly [44]. To determine whether the

AT-hooks and the acidic C-terminal patch of HMGA1a

interact with the same subunits of ORC, we performed

pull-down experiments with different affinity-purified

recombinant HMGA1a mutant proteins (Fig. 4a) and

HeLaS3-derived nuclear extracts (Figs 1, 3). Full-length

Fig. 3 Cdc6 and Orc6 interact to support pre-RC formation. a Co-

immunoprecipitation experiments with HeLa nuclear extracts were

performed with the indicated antibodies. Immunoblot analysis

confirmed the co-precipitation of Cdc6 and Orc subunits. 0.5% of

the input material is shown for comparison (NE). b Purified GST-

tagged Cdc6 or GST were co-precipitated with affinity-purified His-

tagged Orc6. Glutathione–Sepharose beads were blocked with BSA to

reduce unspecific binding of Orc6. The complexes were analyzed by

SDS-PAGE followed by Coomassie staining. An immunoblot with

Cdc6 and Orc6 specific antibodies confirmed the identity of the

recombinant proteins (Supplementary Fig. 3). c Cdc6 associates with

Orc6 in vivo. BiFC analysis of Orc6 and Orc4 (top row), Orc6 and

Orc5 (middle row) and Orc6 and Cdc6 confirm that Orc6 is part of the

heterohexameric ORC and of the pre-RC in vivo (lower row).

Immunofluorescence with HA- and FLAG-specific antibodies mon-

itored the transfection of the individual constructs as indicated. BIFC

efficiencies were calculated from double transfected HepG2 cells

only. Differential interference contrast images of analyzed cells are

shown (left). (Scale bars 10 lm)
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HMGA1a co-precipitated the entire ORC as indicated by

the detection of Orc1, -2 and -4 including Orc6 (Fig. 4b).

A C-terminal deletion mutant of HMGA1a (DC15) inter-

acted with Orc6 with similar efficiency as wild-type

HMGA1a, whereas Orc1, Orc2 and Orc4 co-precipitated to

a slightly lower efficiency indicating that the C-terminus

stabilizes the interaction between Orc1–Orc5 (Fig. 4b). To

test whether the AT-hook function mediates ORC binding,

we constructed a mutant called R6A/DC15. In this mutant,

all six arginines in the AT-hook RGRP motifs were replaced

by alanines. The acidic C-terminus has been truncated to

study the contribution of the AT-hooks only. We could not

detect any interaction of this mutant HMGA1a protein with

any of the ORC subunits tested (Fig. 4b).

The co-precipitation experiments indicate that two

domains of HMGA1a might interact independently with

Fig. 4 Replicative domains of HMGA1a interact with ORC.

a Recombinant STREP-tagged full-length HMGA1a (wild-type), the

mutant lacking the acidic C-terminal 15 amino acids (DC15) and the

R6A/DC15 mutant were expressed in E. coli and affinity-purified. The

Coomassie gel shows the purified proteins. The schemes of the

mutants are depicted on the right. b Pull-down experiments were

performed with HeLa nuclear extracts and 7 nmol of each

recombinant HMGA1a protein. Co-precipitated ORC-proteins were

detected by immunoblot analysis. Orc6 also interacted with the DC15

mutant but this interaction was abrogated with the AT-hook mutant

R6A/DC15 (right). Left lane beads only control. c Affinity-purified

HMGA1a and HMGA1aDC15 incubated with HeLaS3 nuclear

extracts and then treated with 75U RNase A and buffer control. Co-

precipitated ORC components were monitored by immunoblotting

with anti-ORC1, Orc2, Orc4 and Orc6 antibodies. d BiFC analysis of

Orc1 or Orc6 with HMGA1a mutant proteins. Orc1 and Orc6 were

fused to the HA-tagged N-terminal fragment of YFP. Full-length

HMGA1a (top row), HMGA1a containing amino acid (aa) residues

1–92 (DC15, middle row), or only the C-terminal acidic domain

aa93–107 (C15, lower row) of HMGA1a were linked to the Flag-

tagged C-terminal fragment of YFP. Single HMGA1a variants and an

ORC BiFC construct were co-transfected into HepG2 cells and

fluorescence images were acquired 24 h post-transfection. Expression

of ORC-fusion proteins was controlled using monoclonal rat

antibodies directed against HA-tag; expression of HMGA1a-fusion

proteins was controlled using mouse antibodies directed against the

Flag-tag. The frequencies of BIFC signals in cells that co-expressed

both YFP-fusion proteins are indicated (%). Scale bars 10 lm.

e Model of the HMGA1a interaction. The acidic C-terminal domain

of HMGA1a and the AT-hook motifs interact with ORC. The

interaction between ORC and the AT-hooks is mediated by RNA

(blue line)
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ORC. Previously, we have shown that the ORC interaction

of HMGA1a is partially disrupted by RNase and that the

complex between the AT-hook motifs and ORC might be

RNA-dependent [29]. To assess whether the AT-hook

mediated interaction is indeed RNA-dependent, recombi-

nant full-length HMGA1a (Fig. 4c, lanes 2 and 3) and a

mutant HMGA1a lacking the acidic C-terminus

(HMGA1aDC15; lanes 4 and 5), respectively, were incu-

bated with HeLa nuclear extract as above and then treated

with a control buffer (lanes 2 and 4) or RNase A (lanes 3

and 5). In the absence of RNase, both HMGA1a proteins

efficiently co-precipitated Orc1, -2, -4 and -6 as above.

RNase A treatment of the deletion mutant abolished the

ORC interaction, indicating that the AT-hook requires

RNA for their interaction with ORC. The observation that

the full-length protein does require RNA for the ORC-

interaction suggests that the C-terminal part interacts in an

RNA-independent manner. The importance of this RNA-

dependent interaction in the context of the full-length

protein is unclear and requires further investigation

(Fig. 4c, lane 3).

Our findings suggest that the AT-hooks as well as the

acidic C-terminus of HMGA1a interact with ORC. To

verify these HMGA1a:ORC interactions in cells, we again

used bimolecular fluorescent complementation (Fig. 4d).

To this end, different HMGA1a mutants were fused to the

Fig. 4 continued
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Flag-tagged C-terminal fragment of YFP, whereas Orc1

and Orc6 were fused to YFP’s HA-tagged N-terminal part.

As in previous experiments, fluorescence complementation

indicated the interaction between HMGA1a and both ORC

subunits (Fig. 4c; [44]). The AT-hook domains of

HMGA1a localized the HMGA1a:ORC complex to AT-

rich heterochromatic domains [44]. BiFC assays with only

the last 15 amino acids of HMGA1a (C15) or an HMGA1a

mutant lacking its acidic C-terminus (DC15) confirmed that

this small domain is crucial for the interaction with ORC.

Only 1.2% of cells transfected with DC15 and Orc1 dis-

played BiFC signals, whereas 93.1% scored positively

when Orc1 was co-expressed with C15 of HMGA1a. BiFC

assays with Orc6 and HMGA1a confirmed our in vitro data

indicating that Orc6 interacts with different domains of

HMGA1a but Orc6 interaction with the AT-hook motifs

might be less efficient (48.2%) than the interaction with the

C-terminus of HMGA1a (96.4%). However, the BiFC

analysis might be interpreted as such that the AT-hooks of

HMGA1a mainly confer Orc6 binding and that Orc1–Orc5

association with the DC15 mutant in pull-downs is indirect

via Orc6.

The model in Fig. 4e summarizes the results of the pull-

down experiments with recombinant HMGA1a-mutants

and HeLaS3-nuclear extracts combined with the BiFC. Our

results suggest two modes of HMGA1a binding to ORC. On

the one hand, the ORC interaction is mediated via the acidic

C-terminal 15 amino acids of HMGA1a that associate with

Orc1 and Orc6. On the other hand, an RNA-dependent

association with ORC is mediated by HMGA1a’s AT-hook

motifs that contact Orc6 (Fig. 4b lower panel).

Acidic domain and AT-hooks of HMGA1a support

replication of plasmid DNA

The biochemical and imaging experiments presented above

indicate that HMGA1a provides a dual interface for its

Interaction with ORC. Next, we addressed whether these

interactions have functional relevance with respect to

HMGA1a’s replicative function.

To resolve whether both the AT-hook domains and the

acidic C-Terminal domain support replication, we made

use of the plasmid assay as described above [44]. By fusing

HMGA1a to the single-chain tetracycline repressor

(scTetR:HMGA1a) we demonstrated that scTetR:HMGA1a

can target ORC to cognate tetracycline-operator (tetO) sites

generating functional origins of DNA replication [44]. We

introduced mutations into the N-terminus and the C-ter-

minal acidic patch of scTetR:HMGA1a as shown in Fig. 5.

We constructed four deletion mutants and also tested the

6RA/DC15 mutant, which did not interact with ORC in

pull-down assays (Fig. 5b). The different HMGA1a

mutants were stably introduced into HEK293/EBNA1?

cells (Supplemntary Fig. 4). Again, replication competence

of the HMGA1a mutants was determined in the plasmid

propagation system that is based on the bipartite structure

of EBV’s oriP (Fig. 5a). The replicator element of the test

plasmids consists of four (FRwttetO4) or 32 tetO sites

(FRwttetO32, Fig. 5a), respectively [44].

Transient replication assays with the two FRwttetOn

reporter plasmids and a wild-type oriP control plasmid

were performed in HEK293/EBNA1? cell lines expressing

the different scTetR:HMGA1a-fusion proteins. The cells

were drug-selected for 2 weeks and extrachromosomally

replicating plasmids were visualized by Southern blot

hybridization using a plasmid-specific probe. Full-length

HMGA1a supported plasmid replication as reported pre-

viously [44] (Fig. 5b, I). Neither scTetR alone nor scTetR

fused to the HMGA1a’s 20 amino-terminal residues were

functional in this assay (Fig. 5b, II and IV). Interestingly,

the acidic C-terminal domain and the AT-hook motifs of

HMGA1a supported replication independently from each

other (Fig. 5b, III, V and VI). This result is consistent with

our findings from biochemical and BiFC analysis, showing

that these domains can bind ORC and thereby may gen-

erate replication origins on the test plasmids. In agreement

with this hypothesis, the 6RA/DC15 mutant that did not

interact with ORC in pull-down assays was drastically

impaired in its ability to support replication of extrachro-

mosomal plasmids (Fig. 5b, VII). This result confirms the

functional relevance of the AT-hooks for DNA replication.

Assuming that the DC15 mutant mainly confers Orc6

binding this assay implies that recruiting Orc6 is sufficient

to create a replication origin. This model is supported by

the fact that a single-chain TetR:Orc6 fusion protein also

mediates replication competence (Fig. 1b). In conclusion,

the plasmid replication experiments demonstrate the

functional relevance of the identified dual ORC binding

interface of HMGA1a.

In summary, we demonstrate that the human Orc6 pro-

tein fulfils different functions as replication factor. It may

contribute to ORC targeting through its interaction with

chaperone proteins like HMGA1a and, although Orc6 is

not required for DNA binding of ORC, this subunit is

essential for pre-RC assembly.

Discussion

In this study, we focused on the role of the human Orc6

protein in DNA replication. Orc6 is the most divergent and

evolutionarily least conserved subunit among all ORC

proteins. As other ORC subunits, Orc6 is involved in dif-

ferent cellular processes and our data argue for different

functional roles of the smallest subunit of human ORC in

DNA replication. On the one hand, the Orc6 interaction
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with chaperone proteins such as HMGA1a might contribute

to the targeting of ORC to specific chromatin regions. On

the other hand, Orc6 also functions in the assembly of pre-

RCs.

In previous studies, we have shown that RNA is required

for the interaction between ORC and the conserved AT-

hook motifs of EBNA1 and that RNase treatment also

partially interferes with the HMGA1a–ORC interaction

[29]. Here, we provide evidence for a dual ORC binding

interface within HMGA1a. ORC interacts independently of

RNA with the acidic C-terminus of HMGA1a and, in

addition, with the AT-hook domains of HMGA1a in an

RNA-dependent manner (Fig. 4e). Our bimolecular fluo-

rescence complementation experiments indicate that the

Fig. 5 AT-hooks and C-terminal domain of HMGA1a contribute to

replication competence of HMGA1a. a Schematics of the single-chain

tet-repressor HMGA1a fusion protein (scTetR:HMGA1a, left). Indi-

cated are the single-chain dimer (dark red), the AT-hook domains

(yellow boxes) and the acidic domain (red box). A scheme of the

reporter plasmids FRwttetO4 and FRwttetO32 is shown for clarity. The

6RA/DC15 mutant lacks the last 15 amino acid residues and carries

point mutations changing the six arginines of the three AT-hook

RGRP-motifs to alanines. b Both reporter constructs were transfected

into HEK293 cells expressing EBNA1 and scTetR:HMGA1a

(HEK293/EBNA1?/scTetR:HMGA1a?), the indicated mutants of

HMGA1a (III–VII), or scTetR only (II). Southern blot analysis was

used to visualize extrachromosomally maintained and replicated

plasmid DNA using the prokaryotic backbone as plasmid-specific

probe. The oriP plasmid was used as a positive experimental control

for EBNA1, scTetR:HMGA1a (I) and scTetR:Ø (II) as positive and

negative controls, respectively. One representative result out of three

or more independent experiments is shown
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latter interaction occurs via the Orc6 subunit. Interestingly,

both domains of HMGA1a that interact with ORC provide

replication competence in plasmid replication experiments.

This implies that Orc6 recruitment should be sufficient for

specifying replication start sites. In agreement with this

model, we find that artificial targeting of Orc6 to plasmids

provides replication competence in replication assays,

which extends a previous report by Takeda et al. [43]

(Fig. 1). Takeda et al. created functional artificial origins

by tethering Gal4 DNA binding domain-HsOrc2 and Gal4-

HsCdc6 fusion proteins to plasmid containing Gal4-bind-

ing sites. However, these experiments failed when fusing

human Orc6 to Gal4. The authors argue that this negative

result might also be due to sterical problems with the fusion

proteins. Gal4 needs to dimerize in order to bind to its

cognate DNA sequences, which could interfere with origin

recognition complex formation. Our tethering system is

based on the single-chain TetR system, which recruits a

single fusion protein per binding site. Furthermore, Takeda

et al. [43] used transient transfections and short-term

experiments to test the replicative potential of the factors.

We used an oriP-background that allows separation of

plasmid retention and replication functions. Nuclear

retention of plasmid is supported by EBNA1 binding to the

family of repeats of EBV. With respect to its cytokinetic

function that is reflected in Orc6 localization to the mid-

body, Orc6 is very likely less potent in conferring nuclear

retention than Orc2 and therefore Orc6-tethered plasmids

might get lost during mitosis [30]. In our experimental

setup, the single-chain tet-repressor:Orc6 protein promoted

efficient plasmid replication that seemed independent of

the number of tetO-binding sites (Fig. 1b). This dose-

independency indicates that a single or few Orc6 molecules

are sufficient to create a functional replication origin that

supports replication for at least 2 weeks.

Whether or not human Orc6 is an integral part of the

human origin recognition complex was controversial for a

long time as purifications of recombinant ORC expressed

via the baculovirus system lack the Orc6 subunit [46]. In

this respect, human Orc6 differs from the corresponding

Drosophila melanogaster and S. cerevisiae ORC subunits,

which are tightly bound to the ORC core complex [5, 8,

18]. Our in vitro as well as in vivo data demonstrated here

support previous reports that Orc6 is an integral ORC

component. We do find that the extract concentration and

presumably also the salt concentration are critical deter-

minants for co-immunoprecipitations of Orc6 with the

other ORC subunits (Fig. 1). In cells, Orc6 efficiently

associates with ORC1–Orc5 as judged from our bimolec-

ular fluorescence-complementation data (Fig. 4c). In

addition, as demonstrated by our ChIP experiments, arti-

ficial targeting of Orc6 also leads to the recruitment of

other ORC subunits confirming that Orc6 forms a complex

with Orc1–Orc5 (Fig. 1b). It is likely that the Orc6 inter-

action with Orc1–Orc5 is in vivo not only stabilized by the

relative abundance of Orc6 but also by additional factors

such as pre-RC components or proteins like HMGA1a that

interact with Orc6 and the other ORC subunits. At least

HMGA1a stabilizes the chromatin association of ORC,

probably in a cell-cycle dependent manner from late

mitosis and during G1, suggesting that pre-RC formation

might be facilitated in heterochromatic regions by the

presence of HMGA1a (R. Hock, personal communication).

Several lines of evidence suggest that RNAs might sta-

bilize the heterohexameric human ORC or contribute to

origin recognition. Tetrahymena ORC was shown to contain

a ribosomal RNA fragment that participates in rDNA origin

recognition [28]. In BiFC experiments, we also observe that

human Orc6 interacts with the Pescadillo protein, a factor

that is involved in rRNA processing (data not shown).

A preferred nucleolar localization of a HMGA1a/Orc6

complex was also observed in Hoechst 33342 competition

experiments and with an HMGA1a(R3xG)-mutant with

impaired chromatin binding activities [44]. This provides

another link between the ribosome biogenesis pathway and

DNA replication as has already been postulated for S. ce-

revisiae [17, 23]. Given that the interaction between Orc6

and the HMGA1a AT-hooks is RNA dependent, it is

tempting to speculate that Orc6 not only binds DNA but also

RNA, and that this may either contribute to origin recog-

nition or to the stabilization of the heterohexameric

complex. Eilebrecht et al. recently proposed a molecular

switch model for HMGA1a, which proposes that the

HMGA1a bound by 7SK snRNA has reduced DNA binding

activity and, therefore, reduced oncogenic potential [19].

The 7SK RNA-bound form functions as regulator of RNA

Pol II transcription elongation. As such, the equilibrium

between 7SK and HMGA1a affects the chromatin function

and RNA Pol II-regulator function. We suggest that snRNAs

other than 7SK might bind to HMGA1a, which specifies the

interaction with other proteins. However, such RNAs still

need to be identified.

Our EMSA experiments with recombinant proteins

demonstrate that human Orc6 is dispensable for DNA

binding of Orc1–Orc5. In this respect, HsOrc6 differs from

DmOrc6, whose Orc6 subunit is essential for ORC-DNA

binding [10]. Our data provide evidence that HsOrc6 has

DNA binding activity on its own. In DmOrc6, this activity

maps to a helix-turn-helix motif that is shared by metazoan

Orc6 proteins and also mediates DNA binding of TFIIB [3]

(Supplementary Fig. 2B–D). Future experiments will have

to clarify the functional importance of the HsOrc6 DNA-

binding domain, for example, whether it is crucial for pre-

RC formation.

We used a plasmid binding system to analyze the role of

Orc6 in pre-RC formation. This system is based on
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450 mM salt nuclear extracts that contain all proteins

required for replication initiation to support plasmid rep-

lication in vitro (Supplementary Fig. 3) [4]. Our

biochemical and imaging analyses indicated that Orc6 is

essential for pre-RC assembly (Figs. 2 and 3). Depletion of

Orc6 impairs pre-RC formation in vitro, which can be

partially rescued by adding recombinant Orc6 (Fig. 2).

Currently, we cannot rule out that the HsOrc6 DNA-

binding activity contributes to pre-RC formation. We find

that Cdc6 is phosphorylated when associated with DNA;

however, the functional significance of this modification is

unclear. A recent study by Remus et al. [33] in S. cerevi-

siae suggested that ScCdc6 phosphorylation is not required

for Mcm2–Mcm7 loading, and that regulation of Cdc6

function depended on SCFCDC4 function. Co-immunopre-

cipitation experiments show that Cdc6 and ORC interact,

but the precipitation efficiency was higher between Orc6

and Cdc6 compared to Orc1–Orc5 and Cdc6. In our

experiments, the direct interaction between Orc6 and Cdc6

further suggests that Cdc6 might also stabilize the dynamic

interaction between Orc1–Orc5 and Orc6, possibly in a

cell-cycle dependent manner. Complex formation of Cdc6

and ORC specifically stabilizes the ORC:origin interaction

to facilitate pre-RC formation [42]. In S. cerevisiae, Orc6

interacts with Cdt1 and is required for pre-RC assembly

and its maintenance [7, 39]. These and our observations

provide a mechanistic explanation for a replication defect

after siRNA depletion of human Orc6 [30] and argue for a

conserved replicative function of Orc6 in recruiting Cdc6.

However, further experiments are required to elucidate

whether or not human Orc6 is also essential for the

maintenance of pre-RCs.

In conclusion, the human Orc6 protein qualifies as a

regulatory subunit of ORC that seems to fulfil integrating

functions at different stages of the replication initiation

process and the cell cycle. It supports DNA association of

ORC with the help of chaperone proteins before licensing

DNA, it is essential for the formation of pre-RCs, and vital

for executing mitosis. Our co-immunoprecipitation exper-

iments suggested that Orc6 is part of the Orc1–Orc6

complex. The interaction between Orc6 and Orc1–Orc5

might be regulated by additional factors such as Cdc6 and

HMGA1a that could stabilize ORC or by post-translational

modifications. This evolutionary adaption to a dynamic

association of Orc6 with the Orc1–Orc5 core complex

might play a role in regulating and specifying pro-

tein:protein interactions of Orc6 allowing a flexible

regulation of the association of this protein with different

partners to conduct its diverse cellular functions.
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