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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.

Dx~a 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 wvalid 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 Orcbp, 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
(I1). 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-



lected at various time points during develop-
ment. DmORC2 was most abundant in em-
bryos O to 4 hours old (Fig. 2) and constitut-
ed ~0.01% of total protein at this stage.
Fractionation of embryos into nuclear and
cytosolic extracts (13) and protein immuno-
blotting of equal amounts of protein from
these extracts with antibodies to DmORC2
(anti-DmORC2) showed that DmORC2
was localized predominantly in the nucleus.
Accordingly, we processed embryo nuclear
extracts by conventional chromatography to
determine whether DmORC?2 was part of a
multiprotein complex, as would be expected
if the eukaryotic DNA replication initiation
machinery is conserved.

Nuclear extracts (13) were first fraction-
ated on a heparin-POROS (Perseptive Bio-
systems) matrix, and the elution of
DmORC2 was followed by protein immu-
noblot analysis with affinity-purified anti-
DmORC2 (12). The eluate that contained
DmORC?2 was pooled and further fraction-
ated (Fig. 3A). About half of the DmORC2
separated on the Sephacryl-300 (Pharma-
cia) step into a high-molecular-mass frac-
tion estimated to be >500 kD, whereas the
remainder appeared to be in complexes of
lower molecular mass. We continued to
analyze the composition of the higher mo-
lecular mass complex. lon-exchange chro-
matography with Mono-Q (Pharmacia)
(Fig. 3A) showed that DmORC2 eluted in
a sharp peak, which implied a homogeneous
physical interaction with the matrix.

Immunoprecipitation of DmORC2 from
the Mono-Q peak fractions and analysis of
the immunoprecipitates by SDS—polyacryl-
amide gel electrophoresis (PAGE) revealed
that DmORC2 was consistently associated
with five other proteins (Fig 3B). This com-
plex of six polypeptides was also observed
after the complex was washed in buffer
containing 1 M KCl or 1 M urea (12). The
molecular mass of each polypeptide was in-
ferred by the electrophoretic mobility of the
protein bands relative to silver-stained size
standards in several independent immuno-
precipitation experiments (Fig. 3B). The
sum of these molecular masses and the ap-
parent stoichiometry of the subunits yielded
a predicted molecular mass of 395 kD for
the Drosophila complex; this value is close
to the 413 kD estimated by similar means
for the yeast complex.

The Mono-QQ material was further frac-
tionated on a Mono-S column, from which
the DmORC2-containing peak eluate was
analyzed by glycerol gradient centrifugation
(Fig. 3C); the results again demonstrated
that DmORC2 is contained in a complex.
The sedimentation data revealed an appar-
ent molecular mass of ~235 kD for the
DmORC?2 complex (comigrating with the
catalase marker), as detected by protein
immunoblotting with anti-DmORC2. This

peak coincided with the peak of the five
other Drosophila proteins, as judged by silver
staining of the glycerol gradient fractions
containing DmORC?2 (Fig. 3C). Yeast ORC
also has an apparent sedimentation coeffi-
cient close to that of catalase (4). Recombi-
nant DmORC2 (I2), in contrast, sedi-
mented as a sharp peak at an apparent mo-
lecular mass of ~100 kD. We concluded
from these data that the complex character-
ized here had properties that were similar to
those of ORC purified from budding yeast
with respect to the number of subunits, com-
bined molecular mass, and sedimentation

A IPP
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behavior. Thus, it was likely that the two
complexes had homologous structures.
Given these similarities between the Dro-
sophila and yeast ORCs, we anticipated that
the DmORC2-associated proteins would
have homology to other yeast ORC subunits.
We cloned a gene with significant sequence
homology to S. cerevisiae ORCS5 on the basis
of sequence information released from the
Drosophila Genome Project (14). Comple-
mentary DNAs of the putative DmORCS,
isolated from the embryonic library that con-
tained full-length DmORC2 cDNAs (11),

revealed an open reading frame (ORF) with

DmORC2 P

D.m. MSASNKGGYKTPRKENTMSI ENTTRISEEESEDLNTAMVGRIAVEEQEKVTSRRSTREP

S cctecreessssssesesasa- MLGED- - - - - - - FVEHDI LESEAKSRNVTPK[EV

79 WNWEMSD SSDAE EEEESIEESENIAPTAKGTHTEQSEYNVAGTSMFGFN

50 AKNT PALKPKTPSKAPEKRGRPRKIQEELTDRI KKDEKDTI

157 PKTPF{LGV IPDTK-EKKS PKPAHVHYHVKKQIAKMEADEDDFSGD SDFA|

122 JSNNKQVME[SIG I KEKEEREKI[VAYTTYEDNVTPQTODNFISNEPE- - - P-AT

234 DAADDEFKTPEHERHAIV K-TESAAH SAFMEKSIEEVF HS-HAS

196 NNLKEYKDST KLTLS ETPVEKNKKLYETSETHSASS LDTFE DAQRKI V

310 DRV TEE| KTSAEHEG MEEYRSYREEKWMCI TN NMTT HOTTOS

271 REE NFFNENFQKR FEIQKKMEZQYWFEL TQESLL EE

a7s vEVVREF 1 TDS[AESOML DR GlspANDHsAVDMrEEEFAT

349 clliLfEY ¥ FKEMMIDLLVPRELTRSETKYWGNHVI LG QK

437 Al TERT IW TT SETCSERES CTTMTRY NTA ENSTTVQ GE
427 TMLEFL TR YA NMJACNYRIZVFHEI SNFEESHVESTEADVMKMG TS
514 TH A KK ATVDGME Egl --------- REALV SDTR TI QTT
505 BL K aj LSANT B BPavElkiFRniBAAORT AGNE | BLESHL AEE
582 DE ¥ FTEEOEKK 618

583 = I LLKTVLNTL 620

D.m.MEA!CSSLELFPCAA\ET GELHGDSSET ALTRAFLKECG:- - - - - HTAHEN
S.c. -MNVTTEEVAFEIEYQTNCHASY[ISADPDI G YTLKKYFNANPNLHAVWLEPVELSWKP L
71 AIECYJETKIM EILDSLAF‘DQGAEKEDNMLD AATRVEDQGFL | AVEINAERN HEM VLPVLLR
75 QATARHMVQYKEAKTEYPNIPTTDYEPMOMEEPFL YESLQEKTCLFLI FOSHQELERALFNKYI K
146 Q I TNLN- LCVILLSQLPFEKYNKTGLSEHVCLHLAQ A Tonasamovnuo!aonon KRLICOEAV
153 ILPKDSKINIKFIYTMLETSELQRYSTHCIPTVMF PR vsTl vMsARcGEMMEDSCLRERI I EEQITDC
222 FY \"LNLLSVFY CRDVPELQLTERKCISTVLE VLDGTVDATD SALWRHI AGPLRSAMTQI YMRI BKPAE
228 o F VAAN[E T HL | vaBAFHSYTGNDI FALND I DFKWEKYVSRI TKENDFEPLALYKSA| KLFlSTDDNL SENGQG
300 IVEDFMEEQ VRKLAESLE!PYYAFAFLAHNAAKGKHL VKHHGKQRKAMQT VNA AI EKMSTTLG
306 [@SAITHNRD) LENSETYDAS! | SEYMNEESY! LEPRYEASI@SRKT--RI IQGRAAYGEREKKEVNPRYLQE
378 ks s BlRL L A YLEE VGLTCNLEBQIS------noun.n. . I ! VSGEQ IMEGSARLQCTIGL
379 SL ECMWNRICN FF I QGKAESGSE ALREESLMKANIEVFQN SE T IATTMEKNI DYLSPKV VNVPW

439 FvLo GKVI . I FM- 460
457 11 KeNSESMAMEYI SONF SHI HE 478

Fig. 1. Drosophila homologs of S. cerevisiae ORC proteins. (A) Schematic presentation of the genomic region
of the Drosophila DmORC2 gene. The ORFs of the IPP and DmORC2 genes are indicated by arrowheads.
Featured in the map are the Eco Rl restriction sites (E) used for the initial subcloning of DmORC2, the position
of the P-element insertion (P) in the particular Drosophila strain in which DmORC2 was initially found, and the
positions of the two introns (nonshaded areas) in the genomic DmORC2 DNA. (B) The deduced amino acid

sequence encoded by the DmORC2 gene is shown

in alignment (22) with S. cerevisiae Orc2p. Identical

residues are highlighted. (C) The deduced amino acid sequence encoded by the DmORC5 gene is shown in
alignment with S. cerevisiae Orc5p. The putative nucleotide binding site is underlined. Abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Ley;
M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 2. Abundance of DmORC?2 in early stages of Drosophila development.
(A) Protein immunobilot analysis of total embryo extracts at various develop-
mental stages. Collected embryos were subjected to Dounce homogeniza-
tion in SDS sample buffer. Extracts were fractionated by SDS-PAGE and
transferred to a nylon membrane. Protein was incubated with DmORC2-
specific rabbit antiserum (72) and visualized by chemiluminescence with
horseradish peroxidase—coupled protein A and ECL reagents (Amersham).
(B) A Coomassie blue-stained gel of the same material used in (A) to verify
that equivalent amounts of total protein were analyzed for DmORC?2 at the
different stages. Half the amount of cell extract was loaded per lane relative
to (A). Recombinant DMORC?2 (R) was used as a standard [10 ng in (A), 150
ng in (B)]. The positions and sizes (in kilodaltons) of the molecular mass
markers are indicated at the right.
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22% identity and 39% homology to yeast
Orc5p (Fig. 1C). The predicted NH,-termi-
nus of DmORCS5 contained a purine nucle-
otide binding site P-loop (15), as does yeast
Orc5p (8). However, the utility of this pu-
tative ATP binding site in yeast is unclear
(8). The in vitro translated product from the
DmORCS5 cDNA comigrated in SDS-PAGE
with the fourth largest subunit of the Dro-
sophila ORC (Fig. 3B). The identity of this
subunit with the predicted gene product of
DmORCS was confirmed by peptide se-
quence analysis (16).

Taken together, our data suggest that
this Drosophila complex is a functional ho-
molog of the yeast initiator ORC. Indeed,
DmORC?2 was capable of partially comple-
menting the silencing defect in the S. cer-

evisiae temperature-sensitive orc2-1 mutant,
which demonstrated functional conserva-
tion between these two genes (17). Addi-
tionally, the distribution of DmORC2 dur-
ing embryogenesis (Fig. 2) correlated with
the observation that major waves of rapid
cell division occur in embryos during the
first 4 hours of development and then taper
off (18). In these rapid nuclear cleavages,
the requisite high rate of DNA synthesis is
achieved, at least in part, by a frequency of
detectable active origins that is 100 times
the frequency seen in cultured Drosophila
cell lines (19). Initiator proteins that deter-
mine origins of replication in Drosophila are
therefore expected to be abundant during
early development, whereas they may be
much less prominent at later time points,
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Fig. 3. Purification of Drosophila ORC. (A) Schematic diagram of puri-
fication steps. Nuclear extract (73) was applied to heparin-PORQOS and P -
washed with 0.1 M KCIl. DmORC2 was found in the 0.4 M KCl fraction o-FREEEAQNT
and was loaded onto a Sephacryl-300 (S-300) column. DmORC2 Eme o W
(high-molecular-mass fraction, ~0.5 MD) was detected in the void 97- M
volume fractions and was further purified by a Mono-Q column devel- 68—
oped by applying a linear KCI gradient as indicated. A protein immu- e ‘
" noblot across the peak DMORC?2 fractions (fractions 41 to 51) and 43— ki

accompanying quantitation by densitometric scanning of the immu-

noblot illustrate a typical elution profile (shown as relative abundance). 29— d 0 12 14 16
Peak fractions were pooled and further purified on a Mono-S column,
and glycerol gradient centrifugation was performed [see (C)]. (B) Ma- R L xictad

terial from the peak fraction of the Mono-Q eluate (fraction 46) was

immunoprecipitated with affinity-purified anti-DmORC2 (712). Precipitates were analyzed by SDS-PAGE and
stained with silver (left panel). The asterisk indicates the position of the immunoglobulin G heavy chain. In the
right panel, coupled in vitro transcription and translation extracts (Promega) were programmed with T3
promoter—driven DmORC2 or DmORCS cDNAs. Translation products were labeled with [2*S]methionine,
subjected to SDS-PAGE, dried, and analyzed by autoradiography. The molecular mass markers for the
autoradiogram (in kilodaltons) are indicated. (C) Glycerol gradient sedimentation of DmORC. Mono-S peak
fractions containing DmORC2 were centrifuged in a 15 to 35% glycerol gradient with 0.1 M KCI-HEMG (13).
Recombinant DmORC2 protein and molecular mass standards were sedimented in parallel gradients (23).
The top panel indicates the profile of the molecular mass markers as assayed by the method of Bradford:
thyroglobulin (T), 669 kD; catalase (C), 232 kD; alcohol dehydrogenase (A), 150 kD; and bovine serum
albumin (B), 66 kD. The sedimentation positions of the peak fraction for the complex (P) and the recombinant
DmORC2 (R) are indicated. In panel P, glycerol gradient fractions containing Mono-S material were subject-
ed to protein immunoblotting with anti-DmORC2. The panel below shows the same fractions (sedimentation
fractions 8 to 17) after precipitation by trichloroacetic acid and analysis by SDS-PAGE and silver staining.
Molecular mass standards are indicated. In panel R, glycerol gradient fractions containing recombinant
DmORC2 were subjected to protein immunoblotting with anti-DmORC2, and the results were aligned with
respect to the lanes above.
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when there are fewer active origins.

If DmORC proves to be a bona fide
initiator, we would expect to find its cog-
nate replicator sequence. The interaction
between these two components in Drosoph-
ila may, however, be subject to temporal
and spatial control during development. In
view of this potential complexity, the ac-
cessibility of Drosophila extracts to bio-
chemical analysis (20) should facilitate the
identification of replicators in a metazoan
and of the mechanisms that underlie initi-
ation of DNA replication at these loci.
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Polyclonal rabbit antibodies were obtained after
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Early-Onset Epilepsy and Postnatal Lethality
Associated with an Editing-Deficient
GluR-B Allele in Mice
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The arginine residue at position 586 of the GluR-B subunit renders heteromeric a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)-sensitive glutamate receptor chan-
nels impermeable to calcium. The codon for this arginine is introduced at the precursor
messenger RNA (pre-mRNA) stage by site-selective adenosine editing of a glutamine
codon. Heterozygous mice engineered by gene targeting to harbor an editing-incompe-
tent GIuR-B allele synthesized unedited GluR-B subunits and, in principal neurons and
interneurons, expressed AMPA receptors with increased calcium permeability. These
mice developed seizures and died by 3 weeks of age, showing that GluR-B pre-mRNA

editing is essential for brain function.

Gilutamate receptors sensitive to AMPA
are ligand-activated cation channels that
mediate the fast component of excitatory
postsynaptic currents in central neurons
(1). These channels are assembled from four
related subunits (GluR-A to GluR-D, or
GluR1 to GluR4) (2), with the GluR-B
subunit rendering the channel almost im-
permeable to Ca?* (3). The molecular de-
terminant for this dominant property of
GIuR-B was traced to the arginine (R) res-
idue at position 586 of the mature subunit,
which lies within the pore-forming segment
M2 (4). This arginine is not gene encoded
(5) but is posttranscriptionally introduced
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into GluR-B pre-mRNA (5, 6) by site-
selective adenosine deamination, which
leads to the change of a CAA glutamine
(Q) codon to a CIG codon for arginine in
>99% of mRNA molecules (5-7). Termed
Q/R site editing, this nuclear process de-
pends on a double-stranded RNA structure
(6) formed in the pre-mRNA by the editing
site in exon 11 and the editing site comple-
mentary sequence (ECS) in intron 11 (8).
To investigate in an animal model the rel-
evance of this process for central nervous
system (CNS) physiology, we targeted in-
tron 11 of the GluR-B gene in mouse em-
bryonic stem (ES) cells (9) for replacement
of the ECS element (10) by loxP (11, 12)
(Fig. 1), and then injected correctly engi-
neered cells into C57BL/6 blastocysts. One
of several resultant chimeric animals
showed vertical transmission of the GluR-
BAECS jllele in a Mendelian fashion (10),
indicating that the allele did not adversely
affect embryonic development.

In brains of GluR-B*/AECS mice, the
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dards, 20 fractions for recombinant DmORC2, and
21 fractions for the complex) was corrected by nor-
malization of each fraction to V/V, (the ratio of cumu-
lative eluted volume to total gradient volume). The
leftmost and rightmost lanes of each protein immu-
noblot and silver stain correspond to fractions eluted
at 36% and 79% of the total volume, respectively.
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GIuR-B2ECS allele was expressed with its
transcripts remaining unedited at the Q/R
site, demonstrated by analysis of allele-spe-
cific reverse transcription—polymerase
chain reaction (RT-PCR) products (13) of
partially spliced GluR-B pre-mRNA (Fig.
2A). The sequence and hybridization anal-
ysis of RT-PCR products revealed that pre-
mRNA derived from the wild-type allele
was edited to the expected extent of 83%
(6, 13), whereas pre-mRNA from the GluR-
BAECS gllele, in which the ECS element was
replaced by loxP, was not edited at the Q/R
site. These data showed that the ECS ele-
ment is indispensable for Q/R site editing in
vivo, as previously established for in vitro
editing (6, 7). The RT-PCR analysis further
indicated that GIuR-BAES pre-mRNA se-
quences were amplified more efficiently
than GIluR-B* pre-mRNA (Fig. 2A). Quan-
tification with primers that amplify DNA
fragments of identical size for both allelic
pre-mRNAs (13) revealed that premature
transcripts of the GluR-BAF<S allele are en-
riched approximately fivefold in the nucle-
us as compared with premature transcripts
of the GIluR-B™ allele. The nuclear accumu-
lation of GluR-BAESS pre-mRNA was at-
tributable to a reduced splicing efficiency of
the sequence-modified intron 11, because
ribonuclease (RNase) protection with a
suitable intron probe (14) revealed in-
creased amounts of the loxP-containing in-
tron 11 relative to the unmodified intron
(Fig. 2B). Consequently, the amounts of
cytoplasmic mRNA corresponding to the
two alleles were imbalanced, with mature
cytoplasmic transcripts unedited at the Q/R
site constituting only 25 * 3% (mean =
SEM, n = 8), rather than the theoretically
expected 50%, of the GluR-B mRNA pop-
ulation. This situation reflects an overall
decrease in GluR-B mRNA abundance,
and, indeed, a reduction of ~30% in the
amount of GluR-B mRNA was demonstrat-
ed by densitometric analysis of Northern
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