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Conserved Initiator Proteins in Eukaryotes

Kimberley A. Gavin, Masumi Hidaka, Bruce Stillman*

The origin recognition complex (ORC), a multisubunit protein identified in Saccharomyces
cerevisiae, binds to chromosomal replicators and is required for the initiation of cellular
DNA replication. Complementary DNAs (cDNAs) encoding proteins related to the two
largest subunits of ORC were cloned from various eukaryotes. The cDNAs encoding
proteins related to S. cerevisiae Orc1p were cloned from the budding yeast Kluyvero-
myces lactis, the fission yeast Schizosaccharomyces pombe, and human cells. These
proteins show similarity to regulators of the S and M phases of the cell cycle. Genetic
analysis of orc1* from S. pombe reveals that it is essential for cell viability. The cDNAs
encoding proteins related to S. cerevisiae Orc2p were cloned from Arabidopsis thaliana,
Caenorhabditis elegans, and human cells. The human ORC-related proteins interact in
vivo to form a complex. These studies suggest that ORC subunits are conserved and that
the role of ORC is a general feature of eukaryotic DNA replication.

The replicon model for the initiation of
DNA replication postulates that for DNA
synthesis to occur, an initiator protein is
required for recognition of a specific repli-
cator sequence in the chromosome (I). In
this model, recognition of the replicator by
the initiator protein determines the loca-
tion of an origin of DNA replication. Data
from studies of prokaryotes and eukaryotic
viruses support this hypothesis and suggest
that the mechanism of initiation of DNA
replication is conserved in eukaryotes. The
initiation of DNA replication in eukaryotic
cells is tightly controlled during the cell
cycle and throughout development to-en-
sure that duplication of the genome occurs
only once per cell cycle. Thus, initiation is
a key regulatory step in DNA replication.
In eukaryotes, the nature of initiator
proteins and replicator elements remains
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unclear (2). Attempts to define precisely
the origins of DNA replication have been
largely unsuccessful. A notable exception is
the yeast Saccharomyces cerevisiae, in which
the origins of DNA replication have been
physically mapped (3). Autonomously rep-
licating sequences (ARS) have been char-
acterized at the molecular level, revealing a
modular structure (4, 5). All ARS elements
contain an essential ARS consensus se-
quence (ACS) and other elements that to-
gether are required for ARS function. In
addition to characterized replication ori-
gins, an initiator protein complex has been
isolated (6). ORC was identified by its abil-
ity to recognize and bind to the ACS in an
adenosine triphosphate (ATP)-dependent
manner. ORC recognizes a bipartite se-
quence within the replicator (6, 7) and is
bound to the DNA throughout the cell
cycle (8). In cooperation with other cell
cycle proteins, ORC determines the fre-
quency of initiation in the S. cerevisiae ge-
nome (9-12).

ORC is a multisubunit protein complex
consisting of six polypeptides with apparent
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molecular mass ranging from 50 to 120 kD.
The genes encoding all the subunits have
been cloned (11-14) and all are essential for
cell viability. All six genes encode novel pro-
teins, although ORCI and ORCS5 encode pro-
teins that have regions of sequence similarity
that are present in previously identified pro-
teins. ORCI encodes the largest subunit of
ORC, and its protein product is related to two
other known yeast proteins (13). The protein
most related to Orclp is Sir3p, a protein
involved in transcriptional silencing (15). Al-
though these proteins are related over their
entire length, the most striking similarity is
found in the first 220 amino acids. A pairwise
comparison shows that the proteins are 50%
identical and 63% similar over this region.
Orclp is also related to two cell division cycle
(CDC) regulators of initiation of DNA repli-
cation and control of the G,- to M-phase
transition, S. cerevisiae Cdc6p and Schizosac-
charomyces pombe Cdc18p (16). A 270—amino
acid region in Orclp (residues 449 to 717)
contains a purine nucleotide-binding motif
(17) that is present in both Cdc6p and
Cdc18p. In addition to the canonical P-loop
and A-loop necessary for nucleotide metabo-
lism (17), there are sequences flanking these
nucleotide-binding motifs that are present
only in Orclp, Cdcbp, and Cdcl8p (13).
Orclp is 50% identical to Cdc6p and Cdc18p
across this region. We refer to this domain as
the CDC-nucleoside triphosphate-binding
(CDC-NTP) domain. Although Sir3p shares
sequence homology with” Orclp across this
domain, key residues essential for nucleotide
binding are absent from Sir3p (13).

The nature of replicators in metazoan spe-
cies is not clear, and in Xenopus early embryos
their very existence has been questioned (18).
To begin to address whether the replicon
model applies to cell chromosome replication
in higher eukaryotes, we identified genes re-
lated to ORCI in humans and other organ-
isms (Fig. 1). We used a polymerase chain
reaction (PCR) strategy, with primers based
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on regions conserved between Orclp and
Sir3p, and identified a gene in the related
budding yeast Kluyveromyces lactis whose
product KlOrclp is related to Orclp (19).
KlOrclp is 50% identical and 68% similar to
S. cerevisiae Orclp (ScOrclp) overall (Fig.
1B). Within KlOrc1p are two regions that are
highly related to ScOrclp. The NH,-terminal
domain (NTD), with high identity between
Sir3p and Orclp, is conserved in KlOrclp;
the proteins are 32% identical and 43% sim-
ilar over residues 1 to 220. However, the
conservation between KlOrclp and ScOrclp
is most striking in the CDC-NTP domain
(69% identical and 81% similar; Fig. 1A). To
identify other ORCI-related genes, we used a
DNA probe from S. cerevisiae ORCI contain-
ing the CDC-NTP domain and isolated a
related gene from S. pombe by low-stringency

A

KlOrcl 441
ScOrcl 449
HsOrcl 504
SpOrcl 338
Cdclg8 169
Cdcé 78

KlOrcl 494
ScOrcl 502
HsOrcl 557
SpOrecl 391
Cdcl8 219

Cdc6é 153 SWFELPDGREESVAVTSHRC

Box 3 (A-loop)
—

KlOrcl 558 [ L\
ScOrcl 666
HsOrcl 620
SpOrcl 454
Cdcl8 286

Cdcé6 223

Klorcl 626
ScOrcl 634
HsOrcl 688
SpOrcl 522
Ccdcl8 354

Cdcé 298

KlOrecl 701
ScOrcl 705
HsOrcl 721
SpOrcl 558
Cdcl8 421

Cdc6 333

Fig. 1. Orc1-related proteins in di- B
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hybridization (20). Sequence analysis re-
vealed that S. pombe Orclp (SpOrclp) and
ScOrclp are 30% identical overall (Fig. 1B).
Like KlOrclp, SpOrclp is most related to
ScOrclp across the CDC-NTP domain; this
region is 46% identical and 61% similar to
ScOrclp (Fig. 1A). In contrast with KlOrclp,
the NTD of Orclp and of Sir3p is absent in
SpOrclp. Indeed, the first 200 amino acids of
S. cerevisiae Orclp are not essential for viabil-
ity but are required for mating type gene
repression (13). The absence of this domain
in a species that has evolutionarily diverged
from the budding yeasts suggests that special-
ized mating type control and silencing are not
conserved.

The identification of ORClI-related
genes in both budding and fission yeasts
suggests that Orclp is conserved in higher
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i R R T e

verse organisms (33). (A) Multiple Sre | P A ] 1111
alignment of Orc1 proteins with  scortp 7 7 [ sl B
Cdc6p and Cde18p across the CDC-  gorers,

NTP region. KlOrc1, ScOrc1, Hs-  (885aa) % 7z l BT so
Orc1, and SpOrc1 indicate Orcl pro-  Soraip [ T EE 0T 1 s
teins from K. lactis, S. cerevisiae, hu- '?Sgif) I B [T 1 27
man cells, and S. pombe, respective-  cacisp (N s b |

ly, and Cdc18 and Cdc6 are Cdc18p éﬁ:;a’

from S. pombe, and Cdcép from S.  (si42a) N G N

cerevisiae, respectively. Identical

amino acids conserved among three or more seguences are in black; identical amino acids conserved
among two sequences, or similar amino acids conserved among three or more sequences, are shaded
gray. Amino acid numbers are shown on the left. Boxes 1 through 6 show regions of high similarity in
Orc1p, Cdc18, and Cdcé. (B) Comparison of Sir3p; Orc1 proteins from S. cerevisiae, K. lactis, S. pombe,
and human cells; Cdc6p; and Cdc18p. The NTD conserved among Sir3p, ScOrcip, and KiOrcip is
indicated by a hatched box. The CDC-NTP motif is indicated by a shaded box, with the integral nucleotide
binding site represented by a dark, shaded box. The percent identity of Orc1-related proteins with respect
to ScOrc1p is shown on the right. Regions of conservation among Ore1 proteins and Sir3p or Cdc6 and
Cdc18p at the COOH-terminus are indicated by black lines; conservation among Orc1 proteins is

indicated by gray lines. aa, amino acid.
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eukaryotes. To investigate this, we again
used PCR to identify a human ORC]I-relat-
ed gene. The PCR primers were designed
based on conserved residues in the CDC-
NTP domain that is present in ScOrclp,
KlOrclp, and SpOrclp; and reverse tran-
scription PCR (RT-PCR) reactions were
then carried out on human RNA. An am-
plified DNA fragment similar to ORC1 was
generated and used as a probe to isolate
full-length ¢cDNAs (21). Sequence analysis
revealed that this gene product was related
to Orclp, Cdc6p, and Cdc18p (Fig. 1A). A
BLAST database search comparing the hu-
man gene product with both Orclp and
Cdc6p or Cdc18p showed the protein to be
more closely related to Orclp (P = 7.4 X
10752 for Orclp, compared with P = 3.6 X
1071 for Cdc6p) (21). Homo sapiens Orclp
(HsOrclp) is 27% identical to ScOrclp
overall, but is 44% identical and 60% sim-
ilar to ScOrclp across the CDC-NTP do-
main (Fig. 1A). The Orcl proteins can be
distinguished from Cdc6p and Cdcl8p by
sequences in the CDC-NTP domain that
are conserved among Orcl proteins but not
among Cdc18p or Cdc6p (for example, res-
idues upstream and downstream of CDC-
NTP box 4). In addition, there are shorter
stretches of conserved residues both up-
stteam of the CDC-NTP domain and
downstream, extending to the end of the
proteins (Fig. 1B).

Genetic analysis of SCORCI shows that
the gene is essential for cell viability (13).
To test whether S. pombe orcl™ is essential,
we created a null allele of orcl™* by replac-
ing a 1.4-kb fragment of the coding se-
quence with the ura4™* gene (22). Southern
(DNA) blot analysis confirmed that stable
Ura™ transformants carried one wild-type
allele and one disrupted allele. Sporulation
of the heterozygous diploid produced two
viable ura”spores and two nonviable spores,
demonstrating that orcl™ is essential (23).
The lethal phenotype of the disruption
could be rescued by a plasmid containing a
genomic fragment of orcl™ or an influenza

- Thiamine + Thiamine

Fig. 2. Schizosaccharomyces pombe orc1* is
essential for viability. Wild-type cells (top right
quadrant), orc1::ura4* cells containing either a
genomic orc1* under its native promoter (top left
quadrant), or a plasmid containing the orc7*
cDNA under the control of the nmt7 promoter
(bottom) were grown in the absence (—) or pres-
ence (+) of thiamine at 30°C. Two independent
colonies containing nmt7-orc1* were tested.



virus hemagglutinin epitope-polyhistidine—
tagged orcl* ¢cDNA under the control of
the inducible nmtl promoter (24). The orcl
gene disrupted mutant cells carrying orcl™
on a plasmid were grown in the absence or
presence of thiamine (25). Under nonre-
pressing conditions (in the absence of thi-
amine), nmtl-orcl cells were viable, but in
the presence of thiamine, no viable cells
were recovered (Fig. 2). The presence or
absence of thiamine had no effect on cells
that contained a genomic orcl™ under the
control of its own promoter. Although
KIORCI and SpORCI are related to
ScORCI, neither can functionally substi-
tute for SCORCI (23). Analysis of S. pombe
orcl™ is in preparation (26).

As Orclp in S. cerevisiae is part of a
multiprotein complex, the identification of
related proteins in diverse eukaryotes sug-
gests that additional ORC proteins are con-
served. Database searches revealed expressed
sequence tags of partial cDNAs from A.
thaliana and C. elegans that encoded amino
acids related to S. cerevisiae Orc2p. The par-
tial gene fragments were used as probes to
isolate full-length cDNAs from both A. thali-
ana (27) and C. elegans. (28). Comparison of
the full-length proteins with S. cerevisiae
Orc2p revealed short stretches of conserva-

tion (Fig. 3). To identify an ORC2-related
gene in human cells, primers based on these
conserved amino acids were used in RT-PCR
reactions containing human RNA. DNA
fragments that were related to ORC2 were
obtained and used as probes to isolate a
full-length cDNA (29). Alignment of
AtOrc2p, HsOrc2p, CeOrc2p, and ScOrc2p
shows that the proteins are 23 to 31% iden-
tical overall (Fig. 3). We and others have
also isolated a full-length cDNA encoding
Drosophila Orc2p and shown it to be similar
to those we describe here (23, 30). The sizes
of the Orc2 proteins are highly variable, and
this variability is seen predominantly in the
NH,-termini. The region conserved among
the four species is localized to the COOH-
terminus. The Orc2 proteins lack any se-
quence characteristics that are shared with
other previously identified proteins. Unlike
Orcl proteins, in which the similarity across
the CDC-NTP motif spans 270 amino acids,
the regions conserved among the Orc2-relat-
ed proteins are short and are separated by less
well-conserved sequences.

The S. cerevisiae Orclp and Orc2p interact
with four additional subunits in vivo to form a
functional initiator complex, suggesting that
HsOrclp and HsOrc2p would similarly asso-
ciate with each other as part of a multiprotein

Atorc2 (T e o SO 1 e B S S s P P e D GO D e AR e
HsOrc2 1 MSKPELKEDKMLEVHFVGDDDVLNHILDREGGAKLKKERAHVLVNPKKIIKKPEYDLEEDDQEVLKDONYVEIMG
Scorc2 R P o it MLNGEDFVEHNDILSSPAKSRN. .. ... VTPKRVDPHGERQLRRTHSSKKNLLERISLVG
CeOrc2 L T T e T T e T e e e
AtOrc2 e e e e e e I ity e o b
HsOrc2 76 RDVQESLKNGSATGGGNKVYSFQNRKHSEKMAKLASELAKTPQKSVSFSLKNDPEITINVPQSSKGHSASDKVQP
ScOrc2 55 NERKNTSPDPALKPKTPSKAPRKRGRPRKIQEELTDRIKKDEKDTISSKKKRKLDKDTSGNVNEESKTSNNKQVM
CeOrc2 L e e e P e e S P e e Ot e R S s ety S bt U i e PRt e A | i
Atorc2 e e ey et aeite o o b JEVGFBRNYFLA. .. ........ KEL.
HsOrc2 151 KNNDKSEFLSTAPRSLRKRLIVPRSHSDSESEYSASN VAQ [HEEDBNAVIFS. .. ........ QKIQAQ
ScOorc2 130 EKTGIKEKREREKIQVATTTYEDNVTPQTDDNFVSNS PATPSKKSLETNHDFTSPLKQI IMNNLKEYKDS
CeOrc2 Yl inaillen MERPK1LKRATVQPSAAVPVKKSTPEKEGSRQKKTNGKQNASRNLQSNLEEDLEQLGFEDETVSMAQ
AtOrc2 LR I S e - . [ R S KLSPIHI............ SEQEERETABTEEMKHSKEESE
HsOrc2 215 NRWSAP%GKET SDLVEEYF sSSKVLTSDRTLQKLKRAK%QQT&VLLﬁx PSFSAELKQ
ScOrc2 205 TSPGKLTESRNFTPTP) P LYQTSETKSfiss FEGYFDQRKIV‘RTNAKSRH”'MSMAP EEFSL¥SN
CeOrc2 68 SATENYFMOGKSAN SRRGRRAGNGNTEE ............... gnon%s*mp‘km@](cnm N
AtOrc2

HsOrc2

Scorc2

CeOrc2

AtOrc2 110 PS s FEHGPQSGDK . DCF
HsOrc2 336 .....HVMIMERFECHSVISSHS SETREVLDOEM, . .. ... ....... DWIVNKFKEDS . SLE
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AtOrc2 178 &t

HsOre2 388

ScOrc2 420

CeOrc2 236
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HsOrc2 462 QS . . PLS R TKYREDNQDNPSY. ... ...... ]
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CeOrcz 309 LDARENOQ) TMS%LDVFW Q FPROMYFDTRK. . /ol v ) PUKF

atorcz 310 E DENO. L b

HsOre2z 522 B EXEEEEA

ScOrc2 565 TULNTL . . ... .

ceOrc2z 369 § SKNMPLDEKKDE

Fig. 3. Multlple alignment of Orc2 proteins in various organisms (33). AtOrc2, HsOrc2, ScOrc2, and
CeOrc2 represent Orc2 polypeptides of A. thaliana, humans, S. cerevisiae, and C. elegans, respectively.
Identical amino acids conserved among three or more species are in black; gray shading indicates similar
amino acids conserved among three or more sequences. Amino acid numbers are shown on the left.
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complex. To test this, a T7 epitope—tagged
HsOrclp was transiently overexpressed in hu-
man 293 cells (31). Rabbit polyclonal antisera
raised to glutathione-S-transferase (GST)-
fused HsOrc2p were used to immunoprecipi-
tate endogenous HsOrc2p from extracts pre-
pared from transfected cells (31). Immunoblot
analysis with a monoclonal antibody specific
for the epitope detected HsOrclp in samples
containing HsOrc2p antisera (Fig. 4, lanes 5
and 6) but not from immunoprecipitations
using preimmune sera (Fig. 4, lane 4) or from
extracts of mock-transfected cells (Fig. 4, lane
3). The stronger signals between 30 and 50
kD represent cross-reactivity to immuno-
globulins. These data demonstrate that
HsOrclp and HsOrc2p are part of a complex
in vivo. Moreover, the endogenous HsOrclp
and HsOrc2p cofractionate during column
chromatography (23).

Our data demonstrate that two subunits
of the yeast initiator complex are conserved
in different eukaryotes, including complex
vertebrates. Thus, it is likely that other sub-
units of the protein complex are conserved.
Recent identification of a multiprotein com-
plex from Drosophila that contains two
ORC-related proteins (30) further supports
this hypothesis. The high degree of conser-
vation of the CDC-NTP domain among the
Orcl-related proteins also suggests that the
nucleotide requirement for DNA binding is
also conserved. Data from S. cerevisiae ORC1
show that an intact nucleotide-binding mo-

=
= P )T A Serm
- + - + + + Plasmid

«T7-HsOrc1p

152, 354670
Fig. 4. Association of HsOrc1p and HsOrc2p in
vivo. Human 293 cells were transiently transfected
with a plasmid expressing T7-HsORC1 under the
cytomegalovirus promoter or were mock-trans-
fected. Whole-cell extracts of mock-transfected
(lane 1) or transfected (lane 2) cells were prepared

and used for immunoprecipitations. Immune
complexes were collected, separated by SDS-
PAGE, and transferred to nitrocellulose mem-
brane. Immunoblot analysis was done with a
monoclonal antibody to the T7 epitope. Lane 3,
mock-transfected extract incubated with 4 ul of
immune (l) sera. T7-HsORC1 extracts were incu-
bated with 4 ul of preimmune (P) sera (lane 4) or
with increasing amounts of antibodies to HsOrc2p
(1 pl, lane 5; 4 pl, lane 6), as indicated by the
triangle. T7-HsOrc1p is indicated by an arrow.

1669



tif is essential for cell viability (13). More-
over, initiator proteins in bacteria, bacterio-
phages, and viruses commonly show a de-
pendence on nucleo- tide binding for func-
tion (32). Although the exact role of ATP or
GTP in Orclp function has not yet been
determined, the finding that the nucleotide-
binding motif is conserved through evolu-
tion suggests that its role is important.

Genetic data support the idea that ORC in
association with other replication proteins de-
termines the frequency of origin firing in the
genome (10). These data suggest that the
ORC complex is conserved [our data and
(30)] and that initiation of replication in
metazoan species is likely to be DNA se-
quence—specific. This sequence specificity for
establishment of replication origins may be
subject to developmental regulation. For in-
stance, the replication of foreign DNAs in
Xenopus early embryos or extracts is subject to
cell cycle regulation; however, initiation oc-
curs in an apparently sequence-independent
manner (18). If ORC is required for replica-
tion in the early embryo, how might this be
reconciled with an apparent lack of DNA
sequence specificity? Under stringent binding
conditions, ORC binds to and requires a bi-
partite sequence element in yeast replicators
(7). In contrast, the stringency of ORC bind-
ing to the origin DNA is relaxed as the com-
petitor DNA concentration is decreased. By
analogy, a high concentration of ORC rela-
tive to origin DNA present in an early em-
bryonic cell (30) could cause sequence-specif-
ic initiation to be relaxed, because ORC
would bind to only one of the two recognition
sites in the replicator. As the genome repli-
cates and the stockpile of ORC is reduced,
this would cause an increased specificity of
ORC for high-affinity, bipartite replicator se-
quences, and consequently cause a decrease in
the frequency of initiation of DNA replica-
tion in the genome. The isolation of ORC
from metazoan species should facilitate the
identification of these replicator sequences
and further understanding of the regulation of
replication initiation.
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Separation of Origin Recognition Complex
Functions by Cross-Species Complementation

Ann E. Ehrenhofer-Murray, Manfred Gossen, Daniel T. S. Pak,
Michael R. Botchan, Jasper Rine*

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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