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Separation of Origin Recognition Complex
Functions by Cross-Species Complementation
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Transcriptional silencing at the HMRa locus of Saccharomyces cerevisiae requires the
function of the origin recognition complex (ORC), the replication initiator of yeast. Ex-
pression of a Drosophila melanogaster Orc2 complementary DNA in the yeast orc2-1
strain, which is-defective for replication and silencing, complemented the silencing defect
but not the replication defect; this result indicated that the replication and silencing
functions of ORC were separable. The orc2-1 mutation mapped to the region of greatest
homology between the Drosophila and yeast proteins. The silent state mediated by
DmOrc2 was epigenetic; it was propagated during mitotic divisions in a relatively stable
way, whereas the nonsilent state was metastable. In contrast, the silent state was erased

during meiosis.

Position effects are influences on the ex-
pression of a gene as a function of its loca-
tion within the genome. Classical position
effects include the inactivation of X chro-
mosomes in female mammals (1) and posi-
tion effect variegation in Drosophila (2).
The inheritance of position effects in divid-
ing cells is epigenetic, that is, genetically
identical cells can display different pheno-
types. At present, the mechanism of estab-
lishing and maintaining epigenetic states of
gene expression is unknown. In S. cerevisiae,
a form of position effect occurs at the cryp-
tic mating-type loci HMR and HML (3).
These loci serve as donors of mating-type
information in mating-type interconver-
sion. Although the genes at HMR and
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HML are identical to the expressed se-
quences at the mating-type locus MAT,
they are kept silent throughout the cell
cycle. Silencing at HMR and HML requires
the combined action of nearby regulatory
sequences, called silencers, and multiple
proteins, at least some of which function at
the silencers. Interestingly, some silencers
also act as chromosomal origins of replica-
tion (4). Altering the autonomously repli-
cating sequence (ARS) consensus sites of
the HMR-E silencer results in a loss of
replication initiation at the silencer and a
concomitant loss of silencing at HMR (5).
Moreover, mutations in two subunits of
ORC decrease silencing at HMR and re-
duce replication initiation at HMR-E (6,
7). These observations have led to the hy-
pothesis of some link between replication
and silencing. We have challenged this hy-
pothesis by investigating the cross-species
complementation of ORC functions. If a
homolog is capable of complementing both
functions, the association between the two
processes must be ancient and conserved. In
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contrast, if heterologous ORC proteins
complement only the silencing function or
only the replication function, then the two
roles of ORC are experimentally separable
and may have been separate in evolution.

To test the cross-species complementa-
tion of ORC functions, we determined
whether the Drosophila Orc2 gene (DmOrc2)
(8) was able to complement the orc2-1 mu-
tation in the yeast ORC2 gene, which en-
codes the second largest subunit of ORC (9,
10). A complementary DNA (cDNA) en-
coding DmOrc2 was placed under the con-
trol of the strong constitutive yeast glyceral-
dehyde-3-phosphate dehydrogenase (GPD)
promoter and the phosphoglycerate kinase
terminator (PGK) (I1). The recombinant
gene was inserted into an integrative yeast—
Escherichia coli shuttle vector and then inte-
grated into the yeast genome (12). To test
whether the protein encoded by DmOrc2
was expressed in yeast, we prepared whole-
cell extracts from strains that either did or
did not contain the DmOrc2 overexpression
construct and analyzed them by immuno-
blotting with an antibody to DmOrc2 (Fig.
1). Immunoreactive DmOrc2 protein was
present in the extracts from strains contain-
ing the GPD-DmOrc2-PGK hybrid gene,
and it was not detected in strains lacking the
construct. The electrophoretic mobility of
the DmOrc2 protein expressed in yeast was
consistent with its predicted molecular mass
of 68.5 kD.

We next determined whether DmOrc2
was capable of complementing the defects
of the orc2-1 mutation. By cloning and
sequencing the orc2-1 allele, we found that
this mutation resulted in a change of a
proline to a leucine residue at position 603
of the Orc2 protein, a residue that was
conserved between Drosophila and yeast.
The orc2-1 mutation affects both the repli-
cation initiation function and the silencing
function of the Orc2 protein (6). The rep-
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lication defect causes a temperature-sensi-
tive cell-cycle defect, presumably because
essential parts of the genome fail to be
replicated at the nonpermissive tempera-
ture. Moreover, orc2-1 strains exhibit re-
duced replication initiation at chromosom-
al origins, and they have a defect in the
maintenance of both centromere-based and
2 plasmids, even at the permissive temper-
ature (6). The silencing defect of orc2-1 is
most evident at a sensitized HMRa allele
(HMR-SSAI) (6). In a MATa strain, this
defect leads to the simultaneous expression
of a and a information, which produces a
nonmating phenotype. This loss of silenc-
ing at HMRa correlates with a drastically
reduced ability of the HMR-E silencer to
act as a chromosomal origin of replication.

To assay the complementation of the
orc2-1 mutation by DmOrc2, we introduced
the GPD-DmOrc2-PGK vector into the
orc2-1 strain and compared the temperature
sensitivity and mating ability of these trans-
formants to that of the orc2-1 strain (Fig.
2). Two types of DmOrc2-expressing orc2-1
transformants were recovered. In some
transformants, the mating ability was re-
stored to nearly that of a wild-type strain,
indicating that DmOrc2 was able to restore
silencing at HMRa in these strains
(JRY5213; Fig. 2C, ¢). In other transfor-
mants, the mating ability was not restored
(JRY5212; Fig. 2C, d), indicating that
DmOrc2 was unable to restore silencing of
HMRa in these strains. However, neither of

the two types of transformants was able to
grow at the nonpermissive temperature
(Fig. 2B); this result indicated that DmOrc2
could not provide the essential replication
function that is missing in an orc2-1 mu-
tant. Therefore, DmOrc2 was capable of
complementing the silencing defect, but
not the replication defect, of orc2-1. The
sequence homology between the Drosophila
and yeast Orc2 proteins thus reflected a
functional homology. Moreover, this result
suggested that the roles of ORC in silencing
and in replication could be separated.

We performed several additional tests to
determine whether DmOrc2 was providing
any replication function in vyeast: (i)
DmOrc2-expressing orc2-1 strains had no
detectable growth advantage over orc2-1
strains at the permissive temperature or at
any semipermissive temperature tested, re-
gardless of whether the strains were re-
pressed or derepressed at HMR (13). (ii)
DmOrc2 was unable to relieve the plasmid
maintenance defect of orc2-1 (14). (iii)
DmOrc2 was unable to rescue the inviabil-
ity of a strain containing an orc2 null allele
(15). In principle, DmOrc2 could have re-
stored silencing at HMR by restoring repli-
cation initiation at HMR-E in orc2-1 strains
without restoring sufficient replication
function to allow viability. To test this pos-
sibility, we performed two-dimensional ori-
gin-mapping assays (Fig. 3). As observed
earlier (6), even at the permissive temper-
ature, the orc2-1 mutation caused a decrease

Fig. 1. Detection of DmOrc2 expressed in yeast. Cell extracts of the orc2-1 1 2 3 kD
strain JRY4475 (lane 1) and the DmOrc2-expressing strains JRY5212 (lane [—200
2) and JRY5213 (lane 3) were analyzed for the presence of DmOrc2. g7
JRY5212 and JRY5213, which are transformants of JRY4475 with DmMOre2»l wm |- 69
pJR1722, contained a derepressed and a repressed HMRa allele, respec- — 46
tively. The strains were grown to mid-log phase, and whole cell lysates were Ras2 » -

prepared by glass bead lysis [(22), except that phosphate-buffered saline Ras1 > -30
containing protease inhibitors was used as the lysis buffer]. The protein —21

equivalent of 0.5 ODgq, units of cells was separated on an 8% SDS-poly-

acrylamide gel and immunoblotted with a polyclonal antibody to DmOrc2 (8). A Ras monoclonal antibody
(Y13-259, Oncogene Science), which recognizes both Ras1p and Ras2p, was used as a loading control.
Immunocomplexes were visualized with the enhanced chemiluminescence system ECL (Amersham).

Fig. 2. DmOrc2 complemented the silencing defect, but not the temperature-sensitive growth defect, of
the yeast orc2-1 mutation. The MATa HMR-SSAI strains orc2-1 (JRY4475) [(a) in each panel], ORC2
(JRY4473) [(b) in each panel], and two DmQOrc2-expressing orc2-1 strains (JRY5213 and JRY5212,
respectively) [(c) and (d) in each panel] were assayed for their growth at the permissive temperature (23°C)
(A) and at the restrictive temperature (37°C) (B), as well as for their ability to mate with a MATa his4 tester

strain (JRY2726) at the permissive temperature (C).
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in replication initiation at the HMR-E si-
lencer relative to that of a wild-type ORC2
strain (Fig. 3, A and B). However, we were
unable to detect any appreciable increase in
replication initiation at the silencer in
orc2-1 strains containing the GPD-
DmOnrc2-PGK hybrid gene (Fig. 3C). As a
second measure of the silencer origin effi-
ciency, we determined the loss rate of plas-
mids that carried HMR-E as the sole origin.
The presence of DmOrc2 was unable to
stabilize the extreme plasmid loss in orc2-1
strains (14). Thus, these findings provided
genetic and physical evidence that the
DmOrc? protein did not support replication
initiation in yeast.

It was surprising that DmOrc2 comple-
mented the silencing defect of orc2-1 in
some transformants, but not in others (Fig.
2). These strains were genetically identical,
and yet they displayed different phenotypes.
Therefore, this complementation had an
epigenetic component, which prompted
further investigation. Testing whether the
two different classes of DmOrc2 transfor-
mants had different amounts of expression
of DmOrc2 (Fig. 1, lanes 2 and 3) revealed
no difference in the amounts of DmOrc2
expressed in strains in which HMRa was or
was not silenced. Thus, differences in
DmOrc2 expression were not the source of
the variation. Chromosomal replication ini-
tiation at the HMR-E silencer was also
compared in the two different cell types

Fig. 3. DmOrc2 did not increase replication initi-
ation at the HMR-E silencer in orc2-1 strains. A
Hind lII-Bgl Il HMR fragment was analyzed for the
presence of replication intermediates with the use
of two-dimensional origin-mapping gels (23), as
described (6). The MATa HMR-SSAI strains were
(A) a wild-type ORC2 strain (JRY4473), (B) an
orc2-1 strain (JRY4475), (C) a DmOrc2-express-
ing orc2-1 strain with a repressed HMR locus
(JRY5213), and (D) a DmQOrc2-expressing orc2-1
strain with a derepressed HMR locus (JRY5212).




(Fig. 3, C and D). However, regardless of
the amount of silencing at HMRa in these
strains, no difference in replication initia-
tion from the silencer was detected in either
cell type.

Because individual colonies could be iso-
lated that were either silenced or not si-
lenced at HMR, both of these states were
stable enough to form a colony of a single
type. However, from colonies of either type,
we were able to recover clonal isolates with
the characteristics of the opposite type. For
example, a transformant colony in which
HMRa was silenced contained a subset of
cells in which HMRa was not silenced.
Conversely, a transformant colony in which
HMRa was not silenced also harbored cells
in which HMRa was silenced. Prolonged
propagation of a strain in which HMRa was
not silenced led to an increase in the per-
centage of cells with a silenced HMR locus
(Fig. 4). This increase in silencing was
DmOrc2-dependent, because a similar in-
crease was not observed with the orc2-1
strain alone. The accumulation of clones
with a silenced HMR was not the result of a
selective growth advantage, because strains
with repressed or derepressed HMR had the
same growth rates. Moreover, the ratio of
cells with silenced versus nonsilenced HMR
loci in a transformant colony that was pre-
dominantly silenced at HMR varied only
slightly during mitotic growth. These results
indicated that the DmOrc2-dependent si-
lent state was more stably propagated in
mitosis than was the nonsilent state. The
nonsilent state was metastable in the pres-
ence of DmOrc2, such that the fraction of
cells silenced at HMR increased over time.
These data were consistent with a role of
the DmOrc2 protein in the establishment
of the silent state, the maintenance of the
silent state, or both.

The persistence of the silent state at
HMR mediated by DmOrc2 was tested dur-

Fig. 4. DmOrc2 increased the percentage of
orc2-1 clones with a repressed HVR locus. Three
independent MATa HMR-SSAI DmOrc2 orc2-1
strains that initially contained varying amounts of
derepressed HMR loci were analyzed for changes
in the number of clones within the culture that
were repressed at HMR. The DmOrc2 strains ini-
tially contained HMR loci that were (a) predomi-
nantly derepressed, (b) 65% repressed, or (c) pre-
dominantly repressed. The strains were grown in
liquid culture during 10 doubling times, samples
were plated on complete medium, and the repres-
sion state at HMR of individual colonies within the
culture was tested by determining their mating
ability. The colonies were rated either as mating-
competent (HMR repressed) or as mating-incom-
petent (HMR derepressed), and this rating is given
as the percentage of mating-competent colonies
among all colonies tested. The sample sizes were

ing meiosis. For this purpose, strains with
either a repressed or a derepressed HMR
locus were mated to an isogenic wild-type
strain, and the mating phenotype of the
orc2-1 progeny containing DmOrc2 was
evaluated. In a cross in which the DmOnrc2-
containing parent harbored a derepressed
HMR locus, the majority of the orc2-1 off-
spring carrying DmOnrc2 also were dere-
pressed at HMR (33 of 41). A cross with a
parent containing a repressed HMR locus
also yielded a majority of progeny in which
HMRa was derepressed (40 of 45). There-
fore, the DmOrc2-dependent silent pheno-
type was much less stable during meiosis
than it was during mitosis. These observa-
tions indicated an erasure of the silent phe-
notype during meiosis, and thus they sug-
gest that mitotic inheritance is mechanisti-
cally distinct from meiotic inheritance.

The ability of DmOrc2 to complement
the silencing defect provides the first evi-
dence that the structural similarity between
the Drosophila and yeast proteins reflects a
functional homology. However, as mea-
sured by genetic and physical methods,
DmOrc2 was unable to promote replication
in yeast. Nonetheless, Gossen et al. and
Gavin et al. (8, 16) strongly suggest that
DmOrc2 does play a role in replication in
Drosophila because of the highly conserved
structure of the ORC complex and the ex-
istence of homologs in a variety of eu-
karyotes. The inability of DmOrc2 to com-
plement the replication defect in yeast
could be explained in several ways. Perhaps
a yeast ORC complex containing DmOrc2
was unable to recognize enough yeast ori-
gins of replication to replicate the genome.
Alternatively, the DmOrc2-containing
complex may be unable to interact with
other key replication proteins, such as
Cdcp (17) or Cdc6p (18).

The apparent lack of replication function
provided by DmOrc2 in yeast indicated that
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JRY4473 served as controls.
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repression at the HMR locus could be re-
stored independently of replication initia-
tion at the HMR-E silencer. Thus, DmOrc2
can be considered an orc2 allele that sepa-
rates the replication and silencing functions
of ORC. The ability of DmOrc2 to provide
the silencing function indicates that ORC
complexes containing DmOrc2 are able to
communicate with other silencing proteins.
Could these data reflect a role of ORC in
silencing in Drosophila? It is possible that
ORC plays no role in silencing in Drosophila;
the ability of DmOrc2 to restore silencing in
yeast would then merely reflect the role of
the yeast ORC complex in silencing and the
ability of DmOnrc2 to stabilize or restore the
function of the complex in orc2-1 mutants.
Alternatively, at face value, the data are also
compatible with a role for Drosophila ORC in
the control of gene expression in Drosophila.
This model would imply an interaction be-
tween Drosophila ORC and regulatory pro-
teins in Drosophila that would be equivalent
to an interaction between yeast ORC and
silencing proteins. However, if Drosophila
ORC is involved in controlling gene expres-
sion, there must be at least some differences
in the silencing mechanism between yeast
and other eukaryotes, because a portion of
Orclp that is required for silencing in Sac-
charomyces is not conserved in other eu-
karyotes (16).

The epigenetic component of DmOrc2’s
silencing complementation in yeast bears
similarities to the variegated position effects
in Drosophila (19). Therefore, it will be of
interest to learn whether Drosophila ORC
plays a role in these position effects. The
epigenetic behavior of silencing conferred
by DmOrc2 might also reflect a decreased
ability of the DmOrc2-containing complex
to interact with the yeast silencing proteins,
in particular with the Sirl protein (20).
The erasure of the silent phenotype in cells
during meiosis suggests that such a multi-
protein complex dissociates during meiosis
or within a few mitotic divisions immedi-
ately after meiosis. The epigenetic inheri-
tance of silencing is not restricted to the
silencing brought about by DmOrc2, be-
cause sir] mutants behave in a similar way.
On the basis of these parallels, we predict
an intimate relation between ORC and the
Sirl protein in silencing.
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A Drosophila Homolog of the Yeast Origin
Recognition Complex

Manfred Gossen,” Daniel T. S. Pak,* Stig K. Hansen,
Jairaj K. Acharya, Michael R. Botchant

Genes from Drosophila melanogaster have been identified that encode proteins homol-
ogous to Orc2p and Orc5p of the Saccharomyces cerevisiae origin recognition complex
(ORC). The abundance of the Drosophila Orc2p homolog DmORC?2 is developmentally
regulated and is greatest during the earliest stages of embryogenesis, concomitant with
the highest rate of DNA replication. Fractionation of embryo nuclear extracts revealed that
DmORC2 is found in a tightly associated complex with five additional polypeptides, much
like the yeast ORC. These studies will enable direct testing of the initiator-based model

of replication in a metazoan.

Dxna replication in higher eukaryotes is
intricately regulated, both temporally and
spatially, within each cell cycle and
throughout development. The mechanisms
underlying this regulation remain largely
obscure, primarily because the sites and pro-
teins involved in initiation have not been
clearly identified. In the classic replicon
model (1), a positive-acting factor (the ini-
tiator) acts at a specific DNA sequence (the
replicator) to direct DNA synthesis to a
nearby start site, the origin of replication.
This concept has proven to be valid for
prokaryotes as well as for eukaryotic DNA
viruses (2). However, metazoan initiators
that recognize chromosomal DNA have not
been described. Moreover, the exact nature
of the metazoan replicon is subject to con-
troversy; start sites of DNA replication have
been mapped to relatively short DNA se-
quences or to widespread initiation zones,
depending on the origin region under in-
vestigation and on the techniques used (3).

The current state of knowledge concern-
ing the initiation of chromosomal DNA
replication in eukaryotes derives mainly
from studies in S. cerevisiae, for which both
an initiator and replicators have been iden-

tified. The ORC is a six-subunit assembly
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that binds in a site-specific, adenosine
triphosphate (ATP)-dependent manner to
autonomously replicating sequence (ARS)
consensus sites, which define budding yeast
origins of DNA replication (4). Despite the
large number of replicator sites in a yeast
chromosome and the sequence variations
within these sites, it appears as if one vital
initiator complex is central to the orches-
tration of the events that lead to DNA
synthesis. The ORC influences the rate of
firing at all active origins that have been
examined (5) and also participates in tran-
scriptional silencing at ARS elements of
the yeast mating type loci (6, 7). Three
ORC subunits (Orc2p, Orc5p, and Orc6p)
have been described; they have been shown
to be essential for viability and, in the case
of Orc2p and Orc5p, for plasmid mainte-
nance as well (6, 8, 9).

A genomic DNA sequence in the region
of the Drosophila genome proximal to the
inositol  polyphosphate-1-phosphatase  gene
(IPP) showed homology to S. cerevisiae
ORC2 (10). We used the initially defined
region of sequence homology to generate
hybridization probes, and we identified
complementary DNA (¢cDNA) clones in
two independent early embryonic libraries
(11). The sequences of these cDNAs pre-
dicted a protein that showed ~30% amino
acid identity and ~56% homology to the
COOH-terminus (residues 430 to 547) of S.
cerevisiae Orc2p (Fig. 1B). Because the ho-
mology was less pronounced at the NH,-
termini of the two proteins, the average ami-
no acid identity was 21% (37% homology).

Antibodies to this Drosophila Orc2p ho-
molog, DmORC?2 (12), were used to analyze
protein extracts from Drosophila embryos col-





