
permeabllzed in 0 5% Nonidet P-40 in phosphate- 
buffered salne, and labeled with mouse mAb 12CA5 
followed by FTC-labeled goat antbody to mouse IgG 
(Jackson ImmunoResearch Labs). DNA was stalned 
wlth DAPI (0 2 yg/ml) Images of nterphase nuclel 
were obtained with a Zelss Axioplan microscope 

equipped wlth a Kodak DCS-200 digital camera, m -  
ages were nose-filtered with a 3 x 3 tnedian filter, 
corrected for background wlth nontransfected cells 
as a reference, and merged to obtaln trlple abellng 
images using Adobe Photoshop Chro~nosome 
spreads were photographed on Kodak Gold I 400 
IS0 f m  and converted to dlgital Images wlth a Nkon 
slde scanner, after whch FTC and DAPI images were 
corrected for background and superimposed 
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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 Orcl p 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 orcl' 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. 

T h e  replicon model for the initiation of 
DNA replicat~on postulates that for DNA 
synthesis to occur, an initiator protein is 
required for recognition of a specific repli- 
cator sequence in the chro~nosome ( 1  ). In 
this model, recognltlon of the repl~cator by 
the initiator protein determ~nes the loca- 
tion of an or~gin of DNA replication. Data 
from studies of prokaryotes and eukaryotic 
viruses support this hypothesis and suggest 
that the ~nechanisln of initiation of DNA 
replication is conserved in eukaryotes. The 
initiat~on 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 ele~nents remains 

~ ~ n c l e a r  (2) .  Attempts to define precisely 
the origins of DNA repl~cat~on have been 
largely unsuccessf~~l. A notable exception 1s 
the yeast Saccharomyces cerevisine, in which 
the origins of DNA replicat~on have been 
physically mapped (3). Autonomously rep- 
licating sequences (ARS) have heen char- 
acterized at the molecular level, revealmg a 
modular structure 14. 5) .  All ARS ele~nents , , 

contain an essent~al ARS consensus se- 
quence (ACS) and other elements that to- 
gether are required for ARS f ~ ~ n c t i o n .  In 
addition to characterized rel3lication ori- 
gins, an initiator protein complex has been 
isolated (6) .  O R C  was identifled hy its ahil- 
~ t y  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 
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molecular mass rallelne from 50 to 120 kD. " " 
The genes e11coding all the subunits have 
been cloned (1 1-14) and all are essential for 
cell viability. All six genes encode novel pro- 
teins, although ORCl and ORC5 encode pro- 
teins that have regions of seauence sim~laritv 
that are present in previously ~dent~fied pro- 
teins. ORCl encodes the largest subunit of 
ORC, and its protein product is related to two 
other known yeast proteins (13). The protein 
lllost related to Orclp is Slr3p, a protein 
~nvolved in transcriptional silencing (15). Al- 
though these proteins are related over their 
entire length, the most striking similar~ty is 
found in the first 220 amino acids. A pair~vise 
cornparlson shows that the proteins are 50% 
identical and 63% similar over this region. 
Orclp 1s also related to two cell division cycle 
(CDC) regulators of init~atioli of DNA repli- 
cation and control of the G2- to M-phase 
trans~tion, S. ceree'isiae Cdc6p and Schizosac- 

charomyces pornbe Cdcl8p (1 6). A 270-amino 
acid region III Orclp (residues 449 to 717) 
contains a purlne nucleotide-binding ~llotif 
(17) that is present in hot11 Cdc6p and 
CdclSp. In add~tion to the cano~lical P-loop 
and A-loop necessary for nucleotide metabo- 
lislll (17), there are sequences flanking these 
nucleotide-binding motifs that are present 
only In Orclp, Cdcbp, and Cdcl8p (13). 
Orclp 1s 50% identical to Cdc6p and CdclSp 
across this region. LVe refer to this domain as 
the CDC-nucleoside triphospl~ate-bindillg 
ICDC-NTP) domain. Althouel~ Sir3n shares 
sequence homology with Orclp across t111s 
domain, key residues essential for nucleotide 
binding are absent from Sir3n 113). 

L , ,  

The mature of replicators in metazoan spe- 
cies is not clear, and in Xenopus early embryos 
their very existence has been questioned (18). 
To  hegin to address ~vhether the replicon 
nlodel appl~es to cell chromosome replication 
in higher eukaryotes, we identified genes re- 
lated to ORCl 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 factis whose 
product KlOrclp is related to Orclp (19). 
KlOrclp is 50% identical and 68% similar to 
S. cerevisiae Orclp (ScOrclp) overall (Fig. 
1B). Within KlOrclp are two regions that are 
highly related to ScOrclp. The NH2-terminal 
domain (NTD), with high identity between 
Sidp 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 ORCJ contain- 
ing the CDC-NTP domain and isolated a 
related gene from S. pmbe by low-stringency 

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 ORCJ -related 
genes in both budding and fission yeasts 
suggests that Orclp is conserved in higher 

Box 2 
KlOrcl 494  . . . . .  .Q 

. . .  
.... 

Box 3 (A-loop) Box 4 Box 5 
KlOrcl 558 
ScOrcl 666 
HsOrcl 620 
SpOrcl 454 

Cdcl8 286 
Cdc6 223 - Box 6 

KlOrcl 626  S ~ P  SSY~~ISPDSSTIETDEEEKRKDFSNYKRLKER 
ScOrcl  634 Fr F Y V D T ~  NAILIDAAGN .... MTVKQTLPEDVRKVRLFMS 
HsOrc1 688 t lij.... ?.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  E 
SpOrcl 522 tV' -ASrFDDDVF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  s . . . . . . . .  c d c i a  354 VS- .~.A?TSEICNNP~PIKSISEVSDDSINWSQHADETP ~m 

Cdc6 298 I :~Ic~?J*I . I . '~? '? .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I IFQFI  

K l o r c l  7 0 1  
ScOrcl  705  
HsOrcl 721  
SpOrcl 5 5 8  

Cdcl8 4 2 1  
Cdc6 3 3 3  . 

Fig. 1. Orcl-related proteins in di- 
verse organisms (33). (A) Multiple Y/////////A I 
alignment of Orcl proteins with $cord; 

(914aa) CdcBp and Cdcl8p across the CDC- ,,,,,, 
NTP region. KlOrcl, ScOrcl, Hs- ("5aa) 

Orcl , and SpOrcl indicate Orcl pro- %,"?:$ - . . 
teins from K. lactis, S. cerevisiae, hu- 
man cells, and S. pombe, respective- &,&' 
ly, and Cdcl8 and Cdc6 are Cdcl8p Elpaa) 
from S. pombe, and Cdc6p from S. 1514aal 

cerevisiae, respectively. Identical 
amino acids conserved among three or more sequences 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 
Orcl p, Cdcl8, and Cdc6. (B) Comparison of Sir3p; Orcl proteinsfrom S, cerevisiae, K. lactis, S. pombe. 
and human cells; Cdc6p; and Cdcl8p. The NlD conserved among Sir3p. ScOrclp, and KlOrclp 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 Orcl -related proteins with respect 
to ScOrcl p is shown on the right. Regions of conservation among Orcl proteins and Sir3p or Cdc6 and 
Cdcl8p at the COOH-terminus are indicated by black lines; conservation among Orcl proteins is 
indicated by gray lines. aa, amino acid. 

eukaryotes. To investigate this, we again 
used PCR to identify a human ORCJ -relat- 
ed gene. The PCR primers were designed 
based on conserved residues in the CDC- 
NTP domain that is present in ScOrclp, 
KlOrcl p, and SpOrc 1 p; and reverse tran- 
scription PCR (RT-PCR) reactions were 
then carried out on human RNA. An am- 
plified DNA fragment similar to ORCJ was 
generated and used as a probe to isolate 
full-length cDNAs (2 1 ). Sequence analysis 
revealed that this gene product was related 
to Orclp, Cdc6p, and Cdcl8p (Fig. 1A). A 
BLAST database search comparing the hu- 
man gene product with both Orclp and 
Cdc6p or Cdcl8p showed the protein to be 
more closely related to Orclp (P = 7.4 x 

for Orclp, compared with P = 3.6 X 
lo-'' for Cdc6p) (2 1). 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 Cdcl8p 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- 
stream of the CDC-NTP domain and 
downstream, extending to the end of the 
proteins (Fig. 1B). 

Genetic analysis of ScORCJ shows that 
the gene is essential for cell viability (13). 
To test whether S. pombe orcJ + is essential, 
we created a null allele of orcJ+ 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 
UraC 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 orcJ+ is essential (23). 
The lethal phenotype of the disruption 
could be rescued by a plasmid containing a 
genomic fragment of orcJC or an influenza 

-Thiamine + Thiamine 

Fig. 2. Schizosaccharomyces pombe orcl+ is 
essential for viability. Wild-type cells (top right 
quadrant), orcl::ura4+ cells containing either a 
genomic orcl+ under its native promoter (top left 
quadrant), or a plasmid containing the orcl+ 
cDNA under the control of the nmtl promoter 
(bottom) were grown in the absence (-) or pres- 
ence (+) of thiamine at 30°C. Two independent 
colonies containing nrntl-orcl + were tested. 
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virus hemagglutinin epi tope-polyhis t idine-
tagged orcl + c D N A under the control of 
the inducible nmtl promoter (24). T h e ore I 
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). T h e presence or 
absence of thiamine had no effect on cells 
that contained a genomic orcl+ under the 
control of its own promoter. Al though 
KlORCl and SpORCl are related to 
ScORCl, nei ther can functionally substi
tute for ScORCl (23). Analysis of S. pombe 
orcl+ is in preparation (26). 

As O r c l p in S. cerevisiae is part of a 
multiprotein complex, the identification of 
related proteins in diverse eukaryotes sug
gests that additional O R C 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. T h e 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. D N A 
fragments that were related to ORC2 were 
obtained and used as probes to isolate a 
full-length c D N A (29). Alignment of 
AtOrc2p, HsOrc2p, CeOrc2p, and ScOrc2p 
shows that the proteins are 23 to 3 1 % iden
tical overall (Fig. 3). W e and others have 
also isolated a full-length c D N A 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 2- termini . T h e region conserved among 
the four species is localized to the C O O H -
terminus. The Orc2 proteins lack any se
quence characteristics that are shared with 
other previously identified proteins. Unlike 
Orc l proteins, in which the similarity across 
the C D C - N T P 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 Orc lp 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 0 
HsOrc2 1 MSKPELKEDKMLEVHFVGDDDVLNHILDREGGAKLKKERAHVLVNPKKIIKKPEYDLEEDDQEVLKDQNYVEIMG 
ScOrc2 1 MLNGEDFVEHNDILSSPAKSKN VTPKRVDPHGERQLRRIHSSKKNLLERISLVG 
CeOrc2 0 ,,.,..•..........,...,. 

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 ( G S T ) -
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 pre immune 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 C D C - N T P domain among the 
Orcl-related proteins also suggests that the 
nucleotide requirement for D N A binding is 
also conserved. Data from S. cerevisiae ORC I 
show that an intact nucleotide-binding mo-

AtOrc2 0 
HsOrc2 7 6 RDVQESLKNGSATGGGNKVYSFQNRKHSEKMAKLASELAKTPQKSVSFSLKNDPEITrKVPQSSKGHSASDKVQP 
ScOrc2 55 NERKNTSPDPALKPKTPSKAPRKRGRPRKIQEELTDRIKKDEKDTISSKKKRKLDKDTSGNVNEESKTSNNKQVK 
CeOrc2 0 

AtOrc2 1 MflDlBNIEEJEYGFiRNYFLA KEL . . . 
HsOrc2 151 KNNDKSEFLSTAPRSLRKRLlVPRSHSDSESEYSASNsfcDfcvAQJHEEMBJAVIFS QKIQAQ 
ScQrc2 130 EKTGIKEKREREKIQVATTTYEDNVTPQTDDNFVSNSpfPPJPATPSKKSIi|rNHDFTSPLKQIIMKNLKEYKOS 
ceorc2 i MPRPKILKRATVQPSAAVPVKKSTPEKEGSRQKKTNGKINASRNLQSNLEEDLEQLGFEDETVSMAQ 

AtOrc2 25 .GGA KKLSilHI VJJEQEfRET, 
HsOrc2 215 NRVVSAPfcKETplKB^RDfcSDLVEEYFEfesSSKVLTSDRTLQKLKRAKLHQQTBRNL-^ 
ScOrc2 205 TSPGKLTJSRJJPTPTPJPKH|KLYQTSETKsfcSFijfr1FEGYFDQRKIVRTNAKSRHTMSMAF 
CeOrc2 68 S A I E N Y F | Q G K S A | E J •SRRGRRAGNGNT E E 

jEMKHSKEBSE 
IPSFSAEJKQ 

EEFSLBSN 

AtOrc2 64 LMSDY K1 

Hs0rc2 290 LNQQY E] 
Sc0rc2 280 FFNENFQKRPRQKLFEIQK3 
CeOrc2 127 YITKKDNTEFEKRLEHLADN1 

AtOrc2 110 
Hs0rc2 336 H ^ H 
ScOrc2 355 V N S I P C L I I . _ 
CeOrc2 1B1 . SDYTYpi|DARKDG 

AtOrc2 178 ^C 
HsOrc2 388 
ScOrc2 420 
CeOrc2 23 6 1 

DYS 
DSI 
PKIAYSQLAYENELQQNKP 

SFIHGPQSGDK.DCF 
DWVNKFKEDS . SLE 
QKJIDFYKNQPLDIK 

-SQQ 

[AK . QS:.FfflWLWY E : T H S 1 Y T E 1 T S | E 

SRQLSS . L S J B H I T I I ^ E I P L J L M T G 

AtOrc2 2 53 P 
Hs0rc2 4 62 Hi 
ScOrc2 494 D' 
Ce0rc2 309 DSR 

.QGS - . . .§AQTAK1AAI| 
QS. . . .GJLPLS]LTI 

KSD....19SGAEGAK 
•LDARSNQSJH TM S|L DVFW 

SHPDED 
DNQDNPSY 
JQNMGNLSANTGPKRGTQR1 

fFFQMYFDTKK 

AtOrc2 310 
HsOre2 522 
ScOrc2 565 
CeOrc2 3 69 VI.KV.r TRG :"jfflf,lX:'Bs GIVE L R L | T E F 

LDLNQ 
EKEEEEA 
KTVLNTL 
ESKNMPLDEKKDE 

:PTF 
JSFQ 
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ĝ: F::AAK 

Fig. 3. Multiple 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. 

I p I I Serum 
- + + + Plasmid 

**• <-T7-HsOrc1p 

1 2 3 4 5 6 

Fig. 4. Association of HsOrd p 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 |xl of 
immune (I) sera. T7-HsORC1 extracts were incu
bated with 4 |xl of preimmune (P) sera (lane 4) or 
with increasing amounts of antibodies to HsOrc2p 
(1 |xl, lane 5; 4 |xl, lane 6), as indicated by the 
triangle. T7-HsOrc1 p is indicated by an arrow. 
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tif is essential'for cell viability (13).  More- 
over, initiator proteins in bacteria, hacterio- 
vhaees, and viruses c o ~ n ~ n o n l v  show a de- " 

pendence o n  nucleo- tide hinhing for func- 
tion (32).  Although the exact role of A T P  or 
G T P  in O r c l v  function has not vet been 
determined, tge finding that the  nukleotide- 
binding motif is conserved through evolu- 
tion suggests that its role is important. 

Genetic data support the idea that O R C  111 
association with other revlication nroteins de- 
termines the frequency of origin firing in the 
genome (10). These data suggest that the 
O R C  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 
estahlish~ne~lt  of replication origins may be 
s ~ b j e c t  to develop~nental regulation. For in- 
stance, the replication of foreign DNAs in 
Xenopus early e~nbryos or extracts is subject to 
cell cycle regulation; however, initiation oc- 
curs in an  apparently sequence-independent 
manner 118). If O R C  is reauired for revlica- . . 
tion in the early embryo, how  night this he 
reconciled with an  apparent lack of DNA 
sequence specificity! Under stringent hinding 
conditions, O R C  binds to and requires a bi- 
partite sequence element in yeast replicators 
(7). In contrast, the stringency of O R C  hind- 
ing to the origin DNA is relaxed as the corn- 
netltor D N A  concentration is decreased. Bv 
analogy, a high concentration of O R C  rela- 
tive to origin DNA present in an  early em- 
bryonic cell (30) could cause sequence-specif- 
ic initiation to he relaxed, because O R C  
would hind to onlv one of the two recognition 
sites in the replicator. As the genonli  repli- 
cates and the stockpile of O R C  is reduced, 
this would cause an  increased specificity of 
O R C  for high-affinity, bipartite replicator se- 
quences, and consequently cause a decrease in 
the frequency of initiation of D N A  replica- 
tion in the genome. The  isolation of O R C  
fro111 metazoan soecies 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 contrast, if heterologous ORC proteins 
complement only the  silencing f~lnct ion or 

FU ll~ti0nS by C ~ O S S - S ~ ~ C ~ ~ S  Complementation only the  replication function, then the two 

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 m~totic divisions in a relatively stable 
way, whereas the nonsilent state was metastable. In contrast, the silent state was erased 
during meiosis. 

Pos i t ion  effects are influeilces o n  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 ~ n a ~ n m a l s  (1)  and posi- 
tion effect variegation in Drosophih (2).  
T h e  inheritance of position effects in divid- 
ing cells is epigenetic, that is, genetically 
identical cells can display different pheno- 
types. A t  present, the  mechanism of estab- 
lishing and maintaining epigenetic states of 
gene expression is unknown. 111 S. cereuisine, 
a form of position effect occurs a t  the  cryp- 
tic mating-type loci H M R  and H M L  ( 3 ) .  
These loci serve as donors of mating-type 
information in mating-type interconver- 
sion. Although the  genes a t  H M R  and 

H M L  are identical to  the expressed se- 
quences a t  the mating-type locus M A T ,  
they are kept silent throughout the cell 
cycle. Silencing at H M R  and H M L  requires 
the  combined action of nearby regulatory 
sequences, called silencers, and multiple 
 rotei ins, a t  least some of which function at 
the silencers. Interestingly, some silencers 
also act as chro~nosomal 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 a t  the  silencer and a 
conco~ni tant  loss of silencing at H M R  (5). 
Moreover, mutations in two subunits of 
O R C  decrease silencing a t  H M R  and re- 
duce re~ l i ca t ion  initiation a t  HMR-E ( 6 ,  

roles of ORC are experimentally separable 
and may have been separate in evolution. 

T o  test the cross-species complementa- 
tion of O R C  f~~nc t ions ,  we determined 
whether the Drosophila Orc2 gene (DmOrc2) 
(8) was able to co~nplement the orc2-1 mu- 
tation in the yeast ORC2 gene, which en- 
codes the second largest subunit of O R C  (9, 
10). A complementary D N A  (cDNA) en- 
coding DinOrc2 was placed under the con- 
trol of the strong constitutive yeast glyceral- 
dehyde-3-phosphate dehydrogenase (GPD) 
promoter and the phosphoglycerate kinase 
terminator (PGK) (1 1 ). T h e  recombinant 
gene was inserted into an  integrative yeast- 
Escherichia coli shuttle vector and then inte- 
grated into the yeast genome (12). T o  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 thein by iininuno- 
blotting with an  antibody to DmOrc2 (Fig. 
1).  Irnin~~noreactive 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. T h e  electrophoretic mobility of 
the DinOrc2 protein expressed in yeast was 
consistent with its predicted molecular Inass 
of 68.5 kD. 

W e  next determined whether DmOrc2 
was capable of complementing the  defects 
of the  orc2-1 mutation. By cloning and - 

7). These observations have led to  the hy- sequencing the  orc2-1 allele, we found that 
A E Ehrenhofer-Murray and J. Rine, Dlvison of Genet- 
ics, Department of Molecular and Cell Biology, University pothesis of some link between replication this mutation resulted in a change of a 
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Bochemistry and Molecular Biology, Department of Mo- 
lecular and Cell Biology, 401 Barker Hall, University of complementation of O R C  f~~nc t ions .  If a conserved between Drosophiln and yeast. 
California, Berkeley, CA 94720, USA. homolog is capable of complementing both T h e  orc2-l mutation affects both the  repli- 
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