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Origin-recognition complex (ORC), a candidate initiator of
chromosomal DNA replication in eukaryotes, shares certain
biochemical characteristics with DnaA, the initiator of chromo-
somal DNA replication in prokaryotes. These similarities include
origin-specific DNA binding, ATP binding and ATPase activity.
DnaA interacts with acidic phospholipids, such as cardiolipin,
and its activity is regulated by these phospholipids. In this study,
we examined whether Saccharomyces cerevisiae ORC also inter-
acts with phospholipids. Among the various phospholipids
tested, ORC was found to bind specifically to cardiolipin. This
binding was inhibited by excess concentrations of salts but
unaffected by ATP, adenosine 5’-[y-thio]triphosphate or the

origin DNA. Cardiolipin weakly inhibited the ATP-binding
activity of ORC, whereas it strongly inhibited ORC binding to
origin DNA. Acidic phospholipids other than cardiolipin (phos-
phatidylglycerol and phosphatidylinositol) weakly inhibited
ORC binding to origin DNA. Furthermore, total phospholipids
extracted from yeast nuclear membranes inhibited ORC binding
to origin DNA. We consider that phospholipids may modulate
initiation of DNA replication in eukaryotes in a similar manner
to that found in prokaryotes.

Key words: ATP binding, cardiolipin, DnaA, DNA replication,
origin binding.

INTRODUCTION

Regulation of the activity of initiator proteins is a key step for the
control of chromosomal DNA replication in both prokaryotic
and eukaryotic cells. DnaA is the initiator of chromosomal DNA
replication in Escherichia coli [1]. DnaA specifically binds to the
origin of chromosomal DNA (oriC), forms oligomers to ‘open
up’ the duplex DNA, and recruits DnaB, a replication DNA
helicase [1]. The activity of DnaA is regulated by adenine
nucleotides bound to the protein. DnaA has a high affinity for
both ATP and ADP, but whereas the ATP-binding form is
active, the ADP-binding form is inactive during DNA replication
[2-4]. ATP bound to DnaA is hydrolysed to ADP by its intrinsic
ATPase activity, and this hydrolysis is responsible for inactivating
DnaA in order to suppress re-replication [5,6].

The origin-recognition complex (ORC) is a possible initiator
of eukaryotic chromosomal DNA replication [7]. ORC was
originally identified as a six-protein complex that bound speci-
fically to Saccharomyces cerevisiae origins of DNA replication [8]
and its homologues have been found in various eukaryotic
species, including human cells [9]. Eukaryotic chromosomal
DNA replication is initiated by the binding of Cdc6p to ORC
followed by recruitment of mini-chromosome maintenance pro-
tein (MCM), a replication DNA helicase, by the ORC—Cdc6p
complex, which was recently reconstituted in vitro [10]. ORC has
ATP-binding and ATPase activities [8,11]. ATP binding to Orclp,
one of the two ORC subunits (the other is Orc5p), is essential for
ORC binding to origin DNA [11]. The ATPase activity of ORC
appears to be involved in disrupting the ORC-Cdc6p complex in
order to suppress re-replication [12]. Therefore, adenine nucleo-

tides bound to ORC may regulate the initiation of chromosomal
DNA replication in eukaryotic cells, as seen for DnaA.

Acidic phospholipids, in particular cardiolipin (CL), decrease
DnaA'’s affinity for adenine nucleotides and convert the ADP-
bound DnaA into the ATP-bound form in the presence of high
concentrations of ATP by stimulating the exchange reaction of
ADP with ATP [13-16]. It has been suggested that DnaA is
regulated by acidic phospholipids in vivo [17-19]. CL also inhibits
the DNA-binding activity of DnaA [20]. We have previously
identified basic amino acid residues of DnaA that are essential
for its binding to CL [21-24] and proposed that the ionic
interaction between DnaA and CL changes the conformation of
DnaA, resulting in decreased affinity of DnaA for adenine
nucleotides [24].

As described above, ORC and DnaA share common bio-
chemical characteristics, such as sequence-specific binding to
origin DNA, and ATP-binding and ATPase activities. Therefore,
we predict that ORC also binds to acidic phospholipids and
that acidic phospholipids affect certain biochemical attributes
of ORC. Here, this hypothesis is tested using purified S. cerevisiae
ORC. We found that ORC binds CL and that CL strongly
inhibits ORC binding to origin DNA.

MATERIALS AND METHODS
Materials

The ORC from S. cereviseae was expressed in Sf9 cells infected
with a recombinant baculovirus and purified as described
previously [25]. [«¢-**P]ATP (3000 Ci/mmol) and [y-*?P]JATP
(6000 Ci/mmol) were obtained from Amersham Bioscience. T4

Abbreviations used: ORC, origin-recognition complex; MCM, mini-chromosome maintenance protein; CL, cardiolipin; PC, phosphatidylcholine; PG,
phosphatidylglycerol; PE, phosphatidylethanolamine; PI, phosphatidylinositol.
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polynucleotide kinase was purchased from Takara Co. CL (from
bovine heart), phosphatidylcholine (PC), phosphatidylglycerol
(PG) and phosphatidylethanolamine (PE) from egg yolk, and
phosphatidylinositol (PI) from bovine liver were purchased from
Sigma.

Origin DNA fragments (4RS/; 294 bp) were synthesized by
PCR as described previously [10]. DNA fragments were radio-
labelled with [y-*P]ATP mediated by T4 polynucleotide kinase.
The specific activity of each probe was 4000—7000 c.p.m./fmol of
DNA.

Co-precipitation assay for determining the interaction between
phospholipids and ORC

The binding of ORC to phospholipids was examined by applying
the assay system for DnaA and phospholipid interactions [26].
Phospholipid liposomes were prepared from dried phospholipids
on the bottoms of glass tubes through vigorous vortex mixing in
water except for PE, which was suspended in 0.05 9, Triton X-
100. The amount of phosphorus in the phospholipid fraction was
determined using the method of Chen et al. [27].

ORC and phospholipids were incubated in 30 xl of buffer H,
containing 50 mM Hepes/KOH (pH 7.5), 0.1 M KCl, 1 mM
EDTA, I mM EGTA, 5SmM magnesium acetate, 0.0002 9%,
Nonidet P-40, 109, glycerol, 1 mg/ml BSA and 1 mM ATP, at
4 °C for 5 min followed by centrifugation. After washing, precipi-
tates were resuspended in SDS sample buffer, loaded on to 109
polyacrylamide gels containing SDS, and electrophoresed. The
proteins were then immunoblotted with anti-Orclp monoclonal
antibodies (SB16 and SB35) [10].

Filter-binding assays

ATP-binding activity of ORC was determined by a filter-binding
assay [2]. ORC (0.15 pmol) was incubated with 0.2 uM [a-
32PJATP at 4°C for 10 min in 25 ul of buffer H. Samples
were passed through nitrocellulose membranes (Millipore HA ;
0.45 ym) and washed with ice-cold buffer H. The radioactivity
remaining on the filter was measured with a liquid scintillation
counter.

To monitor DNA binding to ORC, ORC (0.15 pmol) was
incubated with radiolabelled 4RS! DNA fragments at 30 °C for
10 min in 25 ul of buffer H. Samples were passed through
nitrocellulose membranes (Millipore HA; 0.45 gm) and washed
with ice-cold buffer H. The radioactivity remaining on the filter
was monitored with a liquid scintillation counter.

Gel electrophoretic mobility-shift assay for DNA binding to ORC

A gel electrophoretic mobility-shift assay was performed as
described in [10]. ORC was incubated with radiolabelled ARSI
DNA fragments (90 fmol) for 10 min at 30 °C in 10 xl of buffer
T [25mM Tris/HCl (pH 7.8), 5SmM MgCl,, 70mM KCl,
2 mg/ml BSA, 5 mM dithiothreitol, 5% (v/v) glycerol, ] mM
ATP and 1.2 ug/ml poly(dl)/poly(dC) as non-specific competi-
tors]. The reaction sample was loaded on to a 3.5 9, polyacryla-
mide gel containing 0.5 x TBE [0.045 M Tris/borate (pH 8.3)
and 1 mM EDTA]. The gel was electrophoresed for 1.5h at a
constant 200 V at 4 °C, dried and autoradiographed.

Preparation of nuclear membranes

Nuclear membranes were prepared from the wild-type S. cere-
visiae cells as described in [28]. For preparation of liposomes
from nuclear membranes, the membranes were extracted with
100 9%, chloroform and the liposomes were prepared. The amount
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of phosphorus in the phospholipid fraction was determined using
the method of Chen et al. [27], and the amounts of phospholipids
were estimated by assuming that the average molecular mass of
phospholipids is 700 Da.

RESULTS AND DISCUSSION
Direct interaction between ORC and phospholipids

We applied a co-precipitation assay to examine the direct
interaction of ORC with various phospholipids [10]. Major
phospholipid components of eukaryotic cell membranes (CL,
PE, PI, PC and PG) were used. As shown in Figure 1, Orclp co-
precipitated with CL in a dose-dependent manner. Immuno-
blotting experiments using antibodies against ORC subunits
other than Orclp showed that all ORC subunits co-precipitated
equally with CL, confirming that the whole ORC has some
interaction with CL. We did not observe significant co-pre-
cipitation of ORC with phospholipids other than CL, even at
higher concentrations of these phospholipids (Figure 1).

Next we examined mechanisms for the interaction between
ORC and CL. We have reported previously that conserved basic
amino acid residues of DnaA are responsible for its interaction
with CL, suggesting that the interaction is mediated by ionic
interaction between these basic amino acid residues and the
acidic moiety of CL [21-24]. In support of this finding, it was
reported that this interaction is inhibited by high concentrations
of salt [29]. Therefore, we hypothesized that the association
between ORC and CL is mediated by an ionic interaction and
that this interaction may be inhibited by high concentrations of
salt. As shown in Figure 2(A), the co-precipitation of ORC with
CL was inhibited by KCl in a dose-dependent manner. Similar
results were also obtained with NaCl (results not shown).
These results showed that the binding of ORC and CL is mediated
by ionic interaction.

Effect of adenine nucleotides and origin DNA on the interaction
between ORC and CL

ORC binds to ATP and hydrolyses it to ADP [8,11]. Here, we
examined the effect of adenine nucleotides on the interaction of
ORC with CL. As shown in Figure 2(B), adenosine 5-[y-
thio]triphosphate, an analogue of ATP that is difficult to hy-
drolyse, did not affect the interaction of ORC with CL, suggesting
that ATP hydrolysis is not involved in the interaction. Fur-
thermore, ATP was shown to be dispensable for the interaction.
Even in the absence of any adenine nucleotides, the efficient
interaction between ORC and CL was observed (Figure 2B).
These results suggest that CL can interact with any form of ORC
(ATP-bound, ADP-bound and nucleotide-free).

We also examined the effect of origin DNA on the interaction
of ORC with CL. Since ORC can bind to origin DNA in an
ATP-dependent manner [8], we performed experiments in the
presence of | mM ATP. As shown in Figure 2(C), origin DNA
did not affect the interaction of ORC with CL. These results
suggest that CL can interact with both DNA-bound and DNA-
unbound forms of ORC.

Effect of CL on ATP binding to ORC

Asdescribed above, ATP binding to DnaA was inhibited strongly
by CL [12-15]. We here tested whether or not CL inhibits ATP
binding to ORC, using a filter-binding assay. ORC comprises
two subunits (Orclp and Orc5p) that bind to ATP. ATP binding
to Orclp, but not to OrcSp, requires the presence of origin DNA
[11]. Thus we examined the effect of CL on ATP binding to ORC
in the presence or absence of origin DNA. In the absence of CL
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ORC (0.15 pmol) was incubated with the indicated amounts of CL, PE, PI, PC or PG in the presence of 1 mM ATP. After centrifugation, Orc1p in precipitates was visualized by immunoblotting

with anti-Orc1p antibodies (SB16 and SB35).
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Figure 2 Mechanism of the interaction between ORC and CL

(A) ORC (0.15 pmol) was incubated with the indicated amounts of CL in the presence of KCI,
as indicated, and 1 mM ATP. (B) ORC (0.15 pmol) was incubated with CL in the presence of
the indicated concentrations of adenosine 5’-[-y-thio]triphosphate (ATP-y-S) or ATP. (€) ORC
(0.15 pmol) was incubated with 10 «g of CL in the presence of the indicated amounts of ARS?
origin DNA fragments. (A—C) After centrifugation, Orc1p in precipitates was visualized by
immunoblotting with anti-Orc1p antibodies (SB16 and SB35).

the amount of ATP bound to ORC was higher when origin DNA
was supplied in the assay. This may be due to a lack of ATP
binding to Orclp in the absence of origin DNA. As shown in
Figure 3, CL partially inhibited ATP binding to ORC in the
absence of origin DNA, suggesting that CL partially inhibited
the ATP binding to OrcS5p. Similar results were obtained in the
presence of origin DNA (Figure 3), suggesting that ATP binding
to Orclp was also partially inhibited by CL. Higher amounts of
CL (up to 10 pg) did not result in the complete inhibition of ATP
binding to ORC in either the presence or absence of origin DNA
(results not shown).

Effect of CL on the interaction between ORC and origin DNA

The binding of origin DNA to DnaA is also inhibited by CL [20].
We examined the effect of CL on ORC binding to origin DNA,
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Figure 3 Effect of CL on the ATP-binding capability of ORC

ORC (0.15 pmol) was pre-incubated with the indicated amounts of GL for 10 min at 4 °C and
incubated further with or without ARS7 origin DNA fragments (0.2 pmol) in the presence of
0.2 M [o-3*P]ATP. The amount of bound ATP was determined by a filter-binding assay.

using a gel electrophoretic mobility-shift assay. As shown in
Figure 4(A), CL strongly inhibited ORC binding to the origin
DNA. Other acidic phospholipids (PG and PI) also partially
inhibited this binding, in a dose-dependent manner (Figure 4A).
On the other hand, neutral phospholipids (PC and PE) did not
significantly affect ORC binding to origin DNA (Figure 4A). We
also examined the effect of various phospholipids on the DNA-
binding activity of ORC, using a filter-binding assay. This assay
yielded similar results to those observed in the gel electrophoretic
mobility-shift analysis (Figure 4B). CL exhibited strong in-
hibitory effects whereas PG and PI showed weak inhibitory
effects on ORC binding to DNA. Taken together, these results
suggest that the acidic moiety of phospholipids is important for
the inhibitory effect of phospholipids on ORC binding to DNA.
However, the results shown in Figure 4 are not consistent with
those seen in Figure 1. Neither PG nor PI co-precipitated
with ORC (Figure 1), but they were responsible for partial
inhibition of the ORC binding to DNA (Figure 4). This may be
due to the fact that the interaction between ORC and these
phospholipids was so weak that it could not co-precipitate ORC.
In other words, an assay of the inhibition of ORC binding to
DNA is more sensitive than the co-precipitation assay for the
detection of interactions between ORC and phospholipids.

To address the issue of whether or not these results in vitro
reflect the situation in vivo, we examined the localization of ORC
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Figure 4 Effect of various phospholipids on the DNA binding of ORC

ORC (0.15 pmol) was pre-incubated with the indicated amounts of CL, PE, PI, PC or PG (A,
B), or total phospholipids of the nuclear membrane (C) for 10 min at 4 °C and incubated further
with radiolabelled ARS7 DNA fragments (90 fmol) in the presence of 1 mM ATP and 5 pg/ml
poly(dl)/poly(dC). A gel electrophoretic mobility-shift assay was performed and autoradiographed
(A, C). The amount of bound ATP was determined by a filter-binding assay (B).
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in nuclear membranes. According to a previous study [28],
nuclear-membrane fractions were prepared from wild-type yeast
cells and the amount of ORC in the fraction determined by
immunoblotting. Approx. 10 %, of the total ORCs were recovered
in the nuclear-membrane fraction. However, we consider that
this may have been due to contamination of the nuclear-
membrane fraction by the nuclear soluble fraction, since about
109, of total Mcm2p (one of the subunits of MCM) was also
recovered in the nuclear-membrane fraction. Employing the co-
precipitation assay, we also examined whether liposomes pre-
pared from total phospholipids of the nuclear membrane could
bind to ORC. However, no co-precipitation with ORC was
noted in this case (results not shown).

As described above, an assay of inhibition of ORC binding to
DNA is more sensitive than the co-precipitation assay for the
assessment of interactions between ORC and phospholipids. We
examined the effect of total nuclear-membrane phospholipids on
ORC binding to DNA. Figure 4(C) shows that total phospho-
lipids inhibited ORC binding to DNA in a dose-dependent
manner. We consider, therefore, that the activity of ORC may be
modulated by nuclear-membrane phospholipids in vivo.
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