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ABSTRACT

The origin recognition complex (ORC) of eukary-
otes associates with the replication origins and ini-
tiates the pre-replication complex assembly. In the
literature, there are several reports of interaction of
ORC with different RNAs. Here, we demonstrate for
the first time a direct interaction of ORC with the
THSC/TREX-2 mRNA nuclear export complex. The
THSC/TREX-2 was purified from the Drosophila em-
bryonic extract and found to bind with a fraction of
the ORC. This interaction occurred via several sub-
units and was essential for Drosophila viability. Also,
ORC was associated with mRNP, which was facili-
tated by TREX-2. ORC subunits interacted with the
Nxf1 receptor mediating the bulk mRNA export. The
knockdown of Orc5 led to a drop in the Nxf1 asso-
ciation with mRNP, while Orc3 knockdown increased
the level of mRNP-bound Nxf1. The knockdown of
Orc5, Orc3 and several other ORC subunits led to an
accumulation of mRNA in the nucleus, suggesting
that ORC participates in the regulation of the mRNP
export.

INTRODUCTION

Protein complexes involved in different nuclear processes
in eukaryotes can physically and functionally interact with
each other, providing their coordinated action in the regu-
lation of nuclear processes. Their physical interaction has
been confirmed by purification of protein supercomplexes
containing subunits of functionally distinct complexes (1,2).
It is also evident that the same protein complex can function
at different steps of the gene expression, linking them tem-
porally and spatially. Such a tight linkage has been demon-
strated for different stages of RNA biogenesis, including

transcription, mRNP assembly and nuclear export (for re-
view, see (3,4)).

An illustrative example in this context is the evolution-
arily conserved TREX complex (5–9), which functions in
the transcription elongation, 3’-end mRNA maturation and
the mRNA export. TREX is loaded onto the mRNA co-
transcriptionally, close to its 5′-end, binding to the C-
terminal domain of the RNA polymerase II, (10) or dur-
ing splicing, and serves as an adaptor for the recruitment
of the Nxf1 bulk mRNA export receptor (yeast Mex67) to
the nascent mRNP particle. The Nxf1 interacts with RNA
and nucleoporins and enables their translocation through
the nuclear pore complex (NPC) (11–15), and references
therein. Several TREX subunits serve as adaptors to facil-
itate the Nxf1 binding to mRNA and its efficient export.
These are the Aly/REF (yeast Yra1), Hpr1 and Thoc5 sub-
units (3,16–18). In addition, the SRp20 and 9G8 proteins of
the SR (serine/arginine rich) family have been described as
Nxf1 adaptors in mammals (19). The mRNA export adap-
tors alternative to TREX, such as Nab2 (20) and SR-like
protein Npl3 (21), have also been described in yeast.

THSC/TREX-2 is another complex that links transcrip-
tion with the nuclear mRNA export. It was first described in
yeast as the THP1–SAC3–SUS1–CDC31 (THSC) complex
(22) but subsequently was named TREX-2 (23–26). A ho-
mologous complex was described in Drosophila (designated
AMEX) (27), plants (28) and humans (29–31). This com-
plex interacts with the transcription apparatus (26,30,32),
mRNP (33) and nucleoporins of the NPC (27,31,34,35). It
is required for the general mRNA export through the nu-
clear pores, and deletion of TREX-2 subunits results in the
mRNA export defects in yeast (22,25,34,36,37), Drosophila
(27,33) and humans (31). Yeast TREX-2 physically inter-
acts with the SAGA transcription complex and recruits
SAGA transcribed genes to the NPC (34). Partial colocal-
ization of the TREX-2 and SAGA complexes at the nuclear
periphery was also observed in Drosophila (27), but a di-
rect interaction of the two complexes has not been demon-
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strated. In contrast to the yeast complex, human TREX-2
does not interact with SAGA (35).

TREX-2 in yeast is composed of Sac3, Thp1, Sus1 (two
molecules), Cdc31 and Sem1 proteins (34,38). The homol-
ogous proteins have been described in Drosophila and hu-
mans, but the exact composition of the Drosophila and
human complexes is yet to be determined. For example,
there is no structural homolog of Cdc31 in Drosophila
(http://flybase.bio.indiana.edu/). The Sac3 protein (Xmas-2
in Drosophila) forms a scaffold for TREX-2 (see (34,37,38)
and references therein). Sus1 (ENY2 in Drosophila and hu-
mans) is a small protein (of about 10 kDa) that is also
known as a component of the deubiqutination module of
the SAGA complex (34,39,40). It functions as a transcrip-
tion co-activator in Drosophila and yeast (32,41).

Although reliable data are available on the crucial role
of Drosophila TREX-2 subunits ENY2 and Xmas-2 (a ho-
molog of yeast Sac3) in the nuclear mRNA export, and on
their interaction with each other (27,33,39), the endogenous
TREX-2 complex present in the Drosophila cells has never
been purified. In this study, we have purified TREX-2 from
the embryonic nuclear extract by chromatographic meth-
ods followed by co-immunoprecipitation with anti-ENY2
antibody and found that this complex comprises the Xmas-
2, PCID2 and ENY2 subunits. Unexpectedly, we have also
found that a significant fraction of the origin recognition
complex (ORC) co-purifies with TREX-2. The ORC of eu-
karyotes associates with the chromatin at multiple sites (42–
44) that serve as the potential replication origins and ini-
tiates the assembly of the pre-replication complex at the
G1 phase of the cell cycle (45,46). ORC was first purified
from Saccharomyces cerevisiae and shown to consist of six
subunits (47,48). The homologs of the ORC subunits have
subsequently been identified in Drosophila and mammals,
and their function in the initiation of replication has been
demonstrated (49–56). Interestingly, several authors have
reported interactions of ORC with RNAs of different origin
(57–60). About 20% of the Orc2 subunit is eluted from the
nuclei after an RNase treatment (60). Here, we have shown
that ORC interacts with the nuclear mRNP complex and
that the Orc3 subunit is a key player in this interaction. The
disruption of ORC by an RNAi knockdown of Orc5 (one of
the ORC core subunits (61–64)) interferes with the mRNP
assembly, reducing the association of Nxf1 export receptor
with mRNP and thereby resulting in the mRNA export de-
fects.

MATERIALS AND METHODS

Drosophila genetic crosses

Mutant fly strains orc31 (5570: al1b1lat1c1sp1/CyO)
(61), Orc52 (3593: b1Orc52elA1rdspr1cn1/CyO) (65)
and PCID2 (28104: P(50)3PCID2[G18683]were
obtained from the Bloomington Stock Center
(http://flystocks.bio.indiana.edu/). The e(y)2u1 muta-
tion was described previously (41). To study the interaction
of e(y)2u1 and Orc mutations, FM4/e(y)2u1 females were
crossed with males carrying the recessive lethal orc31

or dominant Orc52, which is also recessive lethal. The
percentage of surviving F1 males hemizygous for e(y)2u1

and heterozygous for orc31 or Orc52 autosomal muta-
tions, relative to the total number of males carrying the
balancer chromosome CyO, and the percentage of males
with an abnormal morphology of tergites, among the
males hemizygous for e(y)2u1 and heterozygous for orc31

or Orc52, were calculated. To study the interaction of
P{EP}3PCID2[G18683] and orc31 or Orc52 mutations,
two strains of flies, orc31/CyO; P{EP}PCID2[G18683]

/TM6 and Orc52/CyO; P{EP}PCID2[G18683]/TM6, were
generated by genetic crosses, and males of each strain were
crossed with females of the same genotype. The percentage
of surviving F1 flies homozygous for P{EP}PCID2[G18683]

and heterozygous for orc31 or Orc52 was calculated as the
ratio between these flies and those heterozygous for orc31

or Orc52 and carrying the balancer chromosome TM6.
All genetic crosses were carried out at 25◦C and repeated
at least three times. No fewer than 60 flies of each viable
genotype were examined.

Drosophila embryonic nuclear extract

The nuclear material was extracted from 0- to 12-h
Drosophila embryos with 0.42 M ammonium sulfate solu-
tion, as described (41).

Chromatography

The nuclear extract (0.4 g of protein) was separated by
chromatography on MonoS HR 16/10, MonoS 5/50 GL,
MonoQ 5/50 GL and Superose 6 HR 10/30 columns (GE
Healthcare, USA). The schematic of the purification proce-
dure is shown in Figure 1B. The columns were equilibrated
with the HEMG buffer [25 mM HEPES-KOH, pH 7.6,
with 12.5 mM MgCl2, 0.1 mM ethylenediaminetetraacetic
acid (EDTA), 10% glycerol, 1 mM DTT and complete pro-
tease inhibitor cocktail (Roche Biochemicals, USA)] con-
taining 150 mM NaCl (HEMG-150). Immunoaffinity pu-
rification was performed on a column with anti-ENY2
antibodies immobilized on protein A-Sepharose (Sigma,
USA) by dimethil pimelimidate dihydrochloride (DMP)
(Sigma) according to the published protocol (1). We used
HEMG-150 with 0.1% NP-40 for loading, HEMG-500
with 0.1% NP-40 for washing and 0.1 M glycine (pH
2.5) for elution. Eluted proteins were resolved by sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and stained with Coomassie. The protein bands
were cut out and subjected to in-gel trypsin digestion.
MALDI-TOF MS was performed using a Bruker Ultraflex
II mass spectrometer (Bruker Daltonics, USA). The results
of the MALDI-TOF MS are presented in the Supplemen-
tary Files 1–8. Details of the purification procedure and the
MALDI-TOF MS experiments were described previously
(66). The Superose 6 column was calibrated with an HMW
Calibration Kit (GE Healthcare). The void volume of the
column was 7.0 ml, and the volume of each fraction was 0.5
ml.

Expression vectors

The coding sequences of Orc1, Orc2, Orc3, Orc4, Orc5
and Orc6 were cloned into the construct in frame with

http://flybase.bio.indiana.edu/
http://flystocks.bio.indiana.edu/
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Figure 1. Purification of TREX-2. (A) Crude embryonic extract was fractionated on a Superose 6 gel filtration column, and the fractions were analyzed for
the presence of TREX-2 and ORC components by western blotting with corresponding antibodies (indicated on the left). Fraction numbers and positions
of molecular weight markers (arrowheads) are indicated on the top. Void volume was eluted in fraction 14. (B) Schematic representation of TREX-2
purification procedure. Drosophila embryonic nuclear extract was fractionated by conventional chromatographic methods, including gel filtration on a
Superose 6 HR column at the last step. Fractions with a molecular weight of about 700 kDa were collected and incubated with affinity purified anti-ENY2
rabbit polyclonal antibodies covalently coupled to protein A-Sepharose beads. The precipitate was washed, eluted with acidic glycine, resolved by SDS-
PAGE and its components were identified by MALDI-TOF MS. (C) Coomassie staining of the purified TREX-2. Proteins eluted from the immunosorbent
were resolved by 10% SDS-PAGE and Coomassie stained to be analyzed by mass spectrometry. The ENY2 subunit was detected by western blotting (Wb).
The control immunoprecipitate of the same material with preimmune IgG is shown on the right.

the FLAG tag, which was cloned in pAc5.1/V5-His B (In-
vitrogen, USA). The coding sequences of Xmas-2, ENY2
and PCID2 were fused to HA tag and cloned into the
pAC5.1/V5-His expression vector (Invitrogen).

Antibodies

Polyclonal antibodies against Orc4 (aa 263–459), Orc5 (aa
2–441), Orc6 (aa 98–257), Nxf1 (aa 2–112) and PCID2 (aa
25–277) were raised in rabbits immunized with the corre-
sponding His6-tagged fragments in our laboratory. All rab-
bit antibodies were affinity purified using antigens coupled
with the cyanuric chloride-activated Sepharose (Supple-
mentary Figure S1). Other antibodies were from the sources
described previously (27,41,67). The antibody against �-
tubulin (obtained by M. Klymkowsky) and the antibody
against lamin Dmo (obtained by P.A. Fisher) were from
the Developmental Studies Hybridoma Bank developed un-
der the auspices of the National Institute of Child Health

and Human Development and maintained at the Depart-
ment of Biological Sciences, University of Iowa. The an-
tibody against NPC (ab24609) was from Abcam (United
Kingdom). Cy3-conjugated goat anti-rabbit IgG (Amer-
sham) and Alexa Fluor 488-conjugated goat anti-mouse
IgG (Molecular Probes) were used as secondary antibodies.

Drosophila cell culture extracts

Drosophila Schneider line 2 (S2) cells were maintained at
25◦C in Schneider’s Insect Medium (Sigma) containing 10%
Fetal Bovine Serum (HyClone, USA). To extract proteins,
S2 cells were lysed in 10 mM HEPES, pH 7.9, containing
5 mM MgCl2, 0.5% NP-40, 0.45 M NaCl, 1 mM DTT and
complete protease inhibitor cocktail (Roche). Immunopre-
cipitation was performed as described (27), with prelimi-
nary treatment of the extract with DNase I (USB, 0.6 U/ml)
and RNase (Stratagene, 10 U/ml). For RNA immunopre-
cipitation (RIP), proteins from S2 cells were separated into
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the nuclear and cytoplasmic fractions using lysis buffer [40
mM HEPES, pH 7.8, containing 2.5 mM MgCl2, 100 mM
NaCl, 1 mM DTT and complete protease inhibitor cock-
tail (Roche)]. For nuclear lysis, we used the WLB solution
(10 mM HEPES, pH 7.0, with 100 mM KCl, 5 mM MgCl2,
25 mM EDTA, 0.5% NP-40, 1% T riton X-100, 0.1% SDS
and 10% glycerol) (68). Prior to immunoprecipitation, the
extract was treated with DNase I (USB, 0.6 U/ml).

RNA immunoprecipitation

Co-immunoprecipitations of ras2, �-tubulin and actin mR-
NAs from the nuclear fraction of S2 cells were per-
formed as described (68), without using any crosslink-
ing reagents. The nuclear lysate was incubated for 1 h
at 4◦C with antibody–protein A-Sepharose beads in NT2
buffer (50 mM Tris–HCl, pH 7.4, with 150 mM NaCl, 1
mM MgCl2, 0.05% NP-40) containing 40 U/ml RiboLock
(Thermo Scientific Inc., USA), 1% bovine serum albu-
min (BSA) and 1 mg/ml ssDNA. The beads were then
washed, digested with Proteinase K (Thermo Scientific
Inc., USA) and treated with the TRI Reagent (Ambion)
to extract RNA. The precipitated RNA was purified and
cDNA was produced by RevertAid Reverse Transcriptase
(Thermo Scientific Inc., USA). Reverse transcription was
performed with an oligo-dT primer. The levels of ras2, �-
tubulin and actin mRNAs were measured by qPCR us-
ing the following pairs of primers: 5′-ATGCAAACGTAC
AAACTGGTGG-3′ and 5′-GTCGCACTTGTTACCCAC
CATC-3′; 5′-CGAGAACACGGACGAGACCTACTG-3′
and 5′-GGAATCGGAGGCAGGTGGTTACG-3′; 5′-GG
CACCACACCTTCTACAATGAGC-3′ and 5′-GAGGC
GTACAGCGAGAGCACAG-3′, respectively. Each exper-
iment was performed in at least three replicates, and the
mean value was calculated.

Synthesis of biotinylated RNAs and RNA pull-down assay us-
ing nuclear extract

DNA templates for biotin-RNA synthesis of the ras2
mRNA and two parts of ras2 sequences were prepared
from plasmids pSK-ras by linearization of the cloned se-
quence from the 3′-end for sense fragments and from the 5′-
end for antisense fragments. Biotinylated RNAs were pre-
pared using the Biotin RNA Labeling Mix and T7 and
T3 polymerases (Roche Diagnostics), treated with RNase-
free DNase I and purified using the RNeasy Kit (Qiagen).
Each biotinylated RNA was analyzed by agarose gel elec-
trophoresis and quantified by UV-spectrometry.

Affinity purification of RNPs with biotinylated antisense
oligonucleotides

The nuclei of S2 cells were homogenized in extraction buffer
(20 mM Tris–HCl, pH 8.0, with 150 mM NaCl, 0.5 mM
EDTA, 5% glycerol, 0.1% Triton-X100, 1 mM DTT, 0.2
mg/ml heparin, 0.2 mg/ml tRNA, 2 mM MgCl2, 1 mg/ml
BSA) containing 20 U/ml DNase I (Roche Diagnostics), 40
U/ml RiboLock (Thermo Scientific) and protease inhibitor
cocktail (Roche Diagnostics) (69). A 5-pmol aliquot of bi-
otinylated sense RNA was added to 200 �l of the extract,

which was incubated on a rotary shaker for 30 min at 4◦C.
Pre-equilibrated Streptavidin Agarose beads (25 �l) were
added to each reaction mixture, which was incubated for an-
other 30 min. After incubation, the beads were washed with
three portions of IP500 buffer and one time with IP150, 10
min each, at 4◦C and boiled in 40 �l of SDS sample buffer.
The samples (7 �l) were resolved by PAGE in 10% gels and
subjected to immunoblot analysis with antibodies against
Xmas-2 (1:1000), Orc3 (1:1000), Orc4 (1:500), Orc5 or Orc6
(1:500) and anti-Trf2 (1:1000).

RNAi knockdown and transfection experiments

RNAi procedure followed the published protocol (70). We
used 20–30 �g of dsRNA per 1 × 106 cells; dsRNA was syn-
thesized with a Transcript Aid T7 High Yield transcription
kit (Thermo Scientific). The expressions of the target genes
were evaluated by qPCR and western blot analysis, using
dsRNA corresponding to a fragment of green fluorescent
protein (GFP) as a negative control. To exclude off-target
effects, RNAi of ORC subunits was performed in two series
of alternative experiments with two different dsRNA frag-
ments. The following pairs of primers were used to amplify
dsRNAs:

GPF 5′-CGACTCACTATAGGGAGACGTAAACGG
CCACAAGTTCAGC-3′ and 5′-CGACTCACTATAG
GGAGAGATGCCGTTCTTCTGCTTGTCG-3′;

Orc3 1, 5′-CGACTCACTATAGGGAGAATGAAGC
AGTTGAAGTCTTGGT-3′ and 5′-CGACTCACTATAG
GGAGATCTGCAGGCACTCCTTGTAC-3′;

Orc3 2, 5′-CGACTCACTATAGGGAGAGATCCCA
CCATTTCAGTGTC-3′ and 5′-CGACTCACTATAGGG
AGACTGGAACACCCTTAGACGA-3′;

Orc4, 5′-CGACTCACTATAGGGAGAGTTACCTGT
CGCCTCGACGT-3′ and 5′-CGACTCACTATAGGG
AGATCTGCACCTTACCTACGCCC-3′;

Orc5 1, 5′-CGACTCACTATAGGGAGAGAAGCCG
CTGTTTCCCTGTCGG-3′ and 5′-CGACTCACTATAG
GGAGAGAAGAACTTCTCAAAGGGCAGCTG-3′;

Orc5 2, 5′-CGACTCACTATAGGGAGAAGCCGCT
GTTTCCCTGTCGG and 5′-CGACTCACTATAGGG
AGAAGAACTTCTCAAAGGGCAGCTG;

Xmas-2, 5′-GAATTAATACGACTCACTATAGGGA
GAATGACCTGCACCGTAAG-3′ and 5′-GAATTAA
TACGACTCACTATAGGGAGACCGGTTGTAGTT
CATAG-3′;

Trf2, 5′-GAATTAATACGACTCACTATAGGGAGA
ACCAATCGCCGAATC-3′ and 5′-GAATTAATACGAC
TCACTATAGGGAGAACTTAAGCGATCACTAG-3′.

Transient transfection of S2 cells was performed using Ef-
fectin (Qiagen).

5-Ethynyluridine (EU) pulse-chase analysis

S2 cells were incubated with 1 mM EU for 3 h, washed,
cultivated in the medium without EU and analyzed by im-
munostaining at different time points after washing. To de-
tect the label, the cells were rinsed with Tris-buffered saline
(TBS) and stained for 30 min in 100 mM Tris buffer, pH 8.5,
containing 1 mM CuSO4, 10–50 mM fluorescent azide and
100 mM ascorbic acid (added last from a 0.5 M stock solu-
tion in water). After staining, the cells were washed several
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times in TBS with 0.5% Triton X-100 and co-stained with
DAPI.

FISH analysis for total polyA RNA was performed
as described (11), using a 50-bp Cy3-labeled oligo-dT
probe. For RNA FISH of individual genes, S2 cells
were fixed on glass slides (71) and analyzed follow-
ing the published procedure (72) using DIG-labeled
strand-specific ras2 riboprobes and alkaline phosphatase
(AP)-conjugated anti-digoxigenin (DIG) antibodies
(Roche) diluted 1:2000. The ras2 probe contained a
fragment of the ORF and was synthesized with the pair
of primers 5′- ATGCAAACGTACAAACTGGTGG-3′
and 5′- CGATTCGTTCGTTGAATGCG-3′. To stain for
DNA, S2 cells were incubated in PBS containing 0.5 mg/ml
DAPI.

Immunostaining experiments and microscopy

Immunostaining of S2 cells was performed as described
(27,73) using rabbit anti-Orc3, rabbit anti-Orc4 and corre-
sponding secondary antibodies (Molecular Probes). The re-
sults were analyzed on a TCS SP2 confocal microscope or a
DMR/HC5 fluorescence microscope (Leica) with an HCX
PZ Fluotar × 100/1.3 objective lens and recorded using a
Leica DC350 F digital camera.

Statistical analysis

Comparisons between experimental groups were made us-
ing Student’s t-test. All data are presented as means ± SD
(error bars) for at least three independent experiments. As-
terisks indicate that the data are statistically significant at
*P < 0.05 or **P < 0.01.

RESULTS

Purification of Drosophila TREX-2: TREX-2 interacts with
ORC complex

To purify TREX-2 from the nuclear extract of Drosophila
embryos (0–12 h), we first estimated its molecular weight
by the size fractionation of the extract on a Superose 6 gel
filtration column, analyzing the resulting fractions by the
western blotting with the antibodies described in ‘Materi-
als and Methods’ section (see Supplementary Figure S1A).
The Xmas-2 and putative PCID2 subunits of TREX-2 were
eluted in a major peak (fractions 23–26) corresponding to
a molecular weight of about 700 kDa (Figure 1A). The mi-
gration profile of ENY2 had several peaks, as described pre-
viously (33), indicating that ENY2 is a component of dif-
ferent complexes. The strongest ENY2 peak coincided with
Xmas-2 and PCID2 subunits of TREX-2. The molecular
weight of the Drosophila TREX-2 complex, determined by
the fractionation, markedly exceeded the calculated molec-
ular weight (of about 200 kDa), indicating that TREX-2 in
the nuclear extract could be associated with some additional
proteins or protein complexes.

The subsequent purification procedure made use of
several conventional chromatographic steps that allowed
TREX-2 to be separated from the other ENY2-containing
complexes (Figure 1B, Supplementary Table S1). At the last

step, the TREX-2-containing material was again fraction-
ated on a Superose 6 gel filtration column. It is notewor-
thy that the partially purified TREX-2 in this case also mi-
grated in fractions 23–26, indicating a stability of the com-
plexes during purification (Supplementary Figure S1B).
These fractions were collected for immunoadsorption with
the affinity purified rabbit antibody against ENY2 (Fig-
ure 1B). The adsorbed material was eluted from the anti-
body resin, resolved by the SDS-PAGE, and the bands were
then identified by the MALDI-TOF MS or western blotting
(Figure 1C, Supplementary Files 1–8).

The purified complex contained Xmas-2 and the PCID2
subunit of TREX-2. Xmas-2 migrated as several bands, as
was previously shown by the western blotting (27). The
ENY2 subunit was not detected in the gels because of the
small size, but western blotting confirmed its presence in the
preparation. Surprisingly, we also found that subunits of the
ORC complex co-purified with TREX-2. The amount of all
the ORC subunits was quite significant, except for the Orc2
that was not detected by MALDI. Treatment of the initial
extract with DNase I or RNase did not affect the TREX-
2–ORC co-purification. In summary, these data show that
the ORC complex interacts with TREX-2 in the embryonic
nuclear extract.

Next, the Superose 6 fractions of the crude embryonic
nuclear extract were stained with the antibodies against
the ORC subunits (Figure 1A, Supplementary Figure S1B).
The ORC complex proved to migrate as a broad peak
that overlapped with TREX-2 in a high molecular weight
range. The elution profile of Orc6 had a second peak in the
lower molecular weight range, as was observed before (74),
which confirmed the reliability of fractionation. The appar-
ent molecular weight of the TREX-2-containing fractions
(about 700 kDa) was comparable with the calculated value
of about 200 kDa for TREX-2 + about 400 kDa for ORC,
confirming that TREX-2 was associated with a portion of
ORC in the nuclear extract. As this association did not in-
fluence the elution profile of the ORC, we suggest that the
percentage of ORC complexes associated with TREX-2, rel-
ative to the total ORC, is not very high.

TREX-2 and ORC interact at the molecular and genetic level

The physical interaction of TREX-2 and ORC was then
confirmed by their co-immunoprecipitation from the nu-
clear extracts of the Drosophila embryos (Figure 2A). In
line with the results of the purification procedure, antibod-
ies against Xmas-2 and ENY2 proved to coprecipitate the
ORC subunits, but only partially, with the greater portion
of the latter remaining in the extract (Supplementary Figure
S1C). This fact confirmed that only a specific fraction of the
ORC was associated with TREX-2. Interestingly, the ORC
subunits also did not completely deplete each other from the
nuclear extract, suggesting that the complex may assemble
with alternative components (Supplementary Figure S1C).
The Orc3 subunit was efficiently precipitated by antibod-
ies against the TREX-2 subunits. Conversely, antibodies
against Orc3 co-precipitated Xmas-2 and ENY2 more effi-
ciently than antibodies against the other ORC components.
The Orc2 subunit was not detected by MALDI, but we ob-
served some interaction of Orc2 with the TREX-2 subunits
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Figure 2. TREX-2 interaction with ORC. (A) Drosophila embryonic nuclear extract treated with DNase and RNase was immunoprecipitated with affin-
ity purified polyclonal antibodies against TREX-2 or ORC components (indicated on the top) or rabbit Immunoglobulin G (IgG) coupled to pro-
tein A-Sepharose beads. Equivalent amounts of the input fraction, and of proteins bound to the immunosorbent (IP) were resolved by SDS-PAGE
and analyzed by western blotting with the aforementioned antibodies. Asterisks indicate antibody chains. (B) The recombinant TREX-2 and ORC
subunits interact with each other. HA-tagged Xmas-2, PCID2 and ENY2 were co-expressed in S2 cells together with FLAG-tagged ORC subunits,
and their interaction was verified in co-immunoprecipitation experiments with antibodies against FLAG or HA epitopes. Asterisk indicates antibody
chains. (C) TREX-2 and ORC interact during Drosophila development. Males hemizygous for the e(y)2u1 mutation of ENY2 and heterozygous for
orc31 or Orc52 mutations (e(y)2u1/Y; orc31/+ or e(y)2u1/Y; Orc52/+) have a decreased viability and an increased frequency of abnormal tergites, com-
paratively to the control (e(y)2u1/Y;+/+). Flies homozygous for the P{EP}PCID2[G18683] mutation and heterozygous for orc31 or Orc52 mutations
P{EP}PCID2[G18683]/P{EP}PCID2[G18683];orc31/+ or P{EP}PCID2[G18683]/P{EP}PCID2[G18683];Orc52/+ have decreased viability, comparatively to
the control (P{EP}PCID2[G18683]/P{EP}PCID2[G18683];+/+).

in the co-immunoprecipitation experiments. However, since
this interaction was very weak, we excluded Orc2 from fur-
ther analysis.

The interaction of TREX-2 and ORC was further ver-
ified by using the overexpressed proteins. To this end, the
HA-tagged TREX-2 subunits were pairwise co-expressed
with the FLAG-tagged components of the ORC in the
S2 cells (Figure 2B). In the experiments with the co-
immunoprecipitations from the nuclear extracts, Orc3 ef-
ficiently interacted with all the TREX-2 subunits, Xmas-
2, PCID2 and ENY2. This agreed with the above data
that Orc3 interacted with TREX-2 more strongly, com-
pared to the other ORC subunits. In addition, Orc4 and
Orc6 were found to interact with PCID2 and ENY2, re-
spectively. These results confirmed an interaction between
TREX-2 and ORC, suggesting that it is likely to involve sev-
eral subunits of these complexes. The Orc5 which efficiently
co-precipitated with TREX-2 subunits from the nuclear ex-
tract, did not interact with TREX-2 when the proteins were
overexpressed. We suppose that in the co-IP experiments
with the nuclear extract, Orc5 interacts with TREX-2 via
the other subunits of the Orc5 complex. On the other hand,

the level of the overexpressed proteins in the cell is very high
so most of them might not incorporate into the endogenous
complex.

We then addressed the question of whether TREX-2 and
ORC components interact during the Drosophila develop-
ment. The mutation e(y)2u1 of the e(y)2 gene, previously
described in our laboratory and located on the X chromo-
some (41), was used to examine whether ENY2 genetically
interacts with the ORC components. This mutation reduces
fourfold the level of ENY2 expression (41). Hemizygous
e(y)2u1/Y males have almost normal viability (90%), but
about 10% of adult males are sterile and have an abnor-
mal morphology of genital tergites 9 and 10. The e(y)2u1

flies were crossed with the strains of flies carrying the EMS-
induced ORC mutations, orc31 and Orc52 (obtained from
the Bloomington Stock Center). These mutations are reces-
sive lethal, and flies die at the embryonic stage of develop-
ment, showing replication defects (65,75). We investigated
the phenotype of males hemizygous for e(y)2u1 and het-
erozygous for either orc31 or Orc52 mutations (Figure 2C).
These transheterozygous males showed a strong increase in
the manifestation of the phenotypic defects characteristic
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for the e(y)2u1 mutation (up to 70%) and a decreased via-
bility, comparatively to the e(y)2u1/Y males, indicating that
ENY2 and ORC cooperate in the fly development.

We have also analyzed the effect of a mutation in the
PCID2 subunit of the TREX-2 complex (Figure 2C) using
the P{EP}PCID2[G18683] strain (Bloomington Stock Cen-
ter), where the mutation was caused by a transgene inser-
tion in the non-coding region of the gene. The PCID2 tran-
scription level in the flies homozygous for this mutation
was reduced approximately sixfold, but their viability was
similar to that of the wild-type flies. Introduction of muta-
tions in either orc31 or Orc52 in the flies homozygous for the
P{EP}PCID2[G18683] mutation had a striking effect on their
viability, which decreased to 5–7% of wild-type.

Thus, the interaction of ORC and AMEX subunits at the
molecular level is essential for the Drosophila viability.

TREX-2 and ORC subunits colocalize in the cell nucleus

Next, we investigated if ORC subunits colocalize with
TREX-2 in the Drosophila cells. Previously, the Xmas-2 and
ENY2 components of TREX-2 were found both in the nu-
cleoplasm and at the nuclear periphery (27). In our experi-
ments, immunostaining of cells with the antibodies against
Orc3 and Orc4 demonstrated their predominantly nuclear
localization (Supplementary Figure S2A). Interestingly, we
have detected some of Orc3 and Orc4 at the nuclear periph-
ery as well, where they colocalized with the NPC (Supple-
mentary Figure S2A). Such localization was previously ob-
served for ENY2 and Xmas-2 (27) and other mRNA export
complexes, in particular Nxf1 (11) and THO (33).

Double immunostaining demonstrated that the pattern
of Orc3 and Orc4 subunit localization significantly over-
lapped with that of Xmas-2 both inside the nuclei and at
their periphery (Supplementary Figure S2B). The similar
result was observed for the ORC subunits and the Nxf1 nu-
clear export receptor (Supplementary Figure S2C). Such a
result indicated that some of the ORC is colocalized with
the mRNA export factors in the nucleus.

The colocalization of TREX-2 and ORC in the cell
nucleus confirms their interaction observed in the co-
immunoprecipitation experiments. The fact that ORC par-
tially colocalizes with the NPC, similar to TREX-2 and
other export factors, indicates that it may have some func-
tions in the mRNA nuclear export.

ORC interaction with the mRNP complex is partially medi-
ated by TREX-2

We have previously demonstrated that Xmas-2 and ENY2
are associated with the mRNP and co-precipitate with the
nascent mRNAs of the three randomly selected genes (ras2,
�-tubulin and actin) from the nuclear extract (39). To find
out if this were the case for the ORC subunits, we performed
an RIP from the nuclear extract of the Drosophila S2 cells
prepared in the presence of RNase inhibitors, as described
(68). All the antibodies efficiently precipitated their target
proteins (Supplementary Figure S3A). Antibodies against
the mRNP-associated proteins, Xmas-2, Nxf1 export recep-
tor and Thoc5 subunit of TREX, efficiently co-precipitated
all three mRNAs, while no co-precipitation was observed

with the antibody against the chromatin-associated tran-
scription factor TRF2 (67) used as a negative control (Fig-
ure 3A). Antibodies against the ORC subunits Orc3, Orc4
and Orc5 co-precipitated a significant amount of ras2, �-
tubulin and actin mRNAs, providing evidence for an inter-
action between the ORC and the mRNP complex. At the
same time, the interaction of Orc6 with the ras2 mRNA was
rather weak (Figure 3A).

To verify this result, we tested whether ORC would
co-purify with the ras2 mRNA from the nuclear extract.
Biotin-labeled anti-ras2 or mock oligonucleotide was incu-
bated with the extract, bound to the streptavidin-agarose
and the associated proteins were identified by Western
blotting (Figure 3B). As expected, Xmas-2 was found
to co-purify with ras2 mRNA; moreover, a specific co-
purification was also observed for Orc3 and, at a lower
level, for Orc4 and Orc5. Only a slight interaction of ras2
mRNA and Orc6 was detected (Figure 3B). The above ex-
periments clearly demonstrate an interaction of the ORC
with the mRNP complex.

We then analyzed the roles of TREX-2 and of Orc5
and Orc3 in the ORC–mRNP association, using the RNAi
knockdown of these proteins performed with the corre-
sponding dsRNAs; in the control experiments, a GFP
dsRNA was used (Figure 3C–E). The RNAi knockdown of
the studied factors, as well as the RNAi of Hpr1 (see below),
did not affect the level of ras2, as well as actin and tubulin,
in the extract (Supplementary Figure S3B). The level of the
ras2 mRNA precipitated from the nuclear extract by the an-
tibodies against the ORC and TREX-2 subunits was mea-
sured. The presented results show the levels of ras2 mRNA
precipitated with the corresponding antibody from Xmas-
2, Orc5 or Orc3 dsRNA-treated cells (gray bars) normal-
ized relative to the GFP dsRNA-treated cells (black bars).
The knockdown of Xmas-2, the central TREX-2 subunit,
reduced both its content in the cells and the level of its as-
sociation with the ras2 mRNP (Figure 3C). This treatment
did not affect the total level of the ORC subunits in the cells,
but it strongly interfered with the association of Orc3 and,
to a lesser extent, of Orc4 and Orc5 with the ras2 mRNA,
indicating that TREX-2 is at least partially involved in the
mRNP–ORC interaction (Figure 3C).

The RNAi knockdown of Orc5 reduced its level in the
nuclei up to 3-fold, which resulted in a 60% drop in the
Orc5 association with ras2 mRNA assayed by RIP (Fig-
ure 3D). In line with this observation, we also recorded
an ∼2-fold decrease in Orc3 and Orc4 association with the
ras2 mRNA (Figure 3D). At the same time, the Orc5 RNAi
proved to have no appreciable effect on the Xmas-2–mRNA
co-precipitation (Figure 3D). Since Orc5 is required for the
proper assembly of the ORC (62,63), this result indicates
that ORC is not essential for the TREX-2–mRNP interac-
tion.

The RNAi knockdown of Orc3 reduced the ORC–ras2
mRNA association to half the control level but had no ef-
fect on the ras2 mRNA co-precipitation with the other ORC
subunits, suggesting that their interaction with the mRNP
does not depend on Orc3. The drop in the Orc3 level also
did not affect Xmas-2–mRNA co-precipitation (Figure 3E).
It is noteworthy that, although the level of Orc3 in the cells
dropped about 10-fold after the knockdown, its association
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Figure 3. ORC subunits interact with mRNP complex. (A) The results of immunoprecipitation of ras2, �-tubulin and actin mRNAs from the nuclear
fraction of S2 cells, performed with the indicated antibodies (IgG and antibody against TRF2 transcription factor were used as a negative control). The
results of RNA immunoprecipitation (RIP) are shown as the percentage of input. (B) The association of Xmas-2 and ORC subunits with ras2 mRNA.
Biotin-labeled anti-ras2 or mock (anti-GFP RNA) oligonucleotide bound to streptavidin-agarose beads or the beads alone were incubated with nuclear
extract, and associated proteins were identified by western blotting. TRF2 was used as a negative control. (C–E) The effect of the RNAi-mediated knock-
down of (C) Xmas-2, (D) Orc5 and (E) Orc3 on the association of ORC subunits with ras2 mRNA assayed by the RIP. RIP was performed with the nuclear
fraction of S2 cells treated with dsRNA of GFP (control) or dsRNA of Xmas-2, Orc5 or Orc3. Antibodies used for the immunoprecipitations and the
levels of proteins in the extract are shown below the panels. Bars indicate the levels of ras2 mRNA precipitated by antibodies from Xmas-2, Orc5 or Orc3
knockdown extracts (gray bars) normalized relative to its levels precipitated from the GFP knockdown extracts taken as unity (black bars). The horizontal
gray band indicates the level of ras2 mRNA co-precipitated with IgG. Error bars show standard deviation (SD) for at least three independent experiments.
Asterisks indicate that differences from the control are statistically significant at *P < 0.05 or **P < 0.01 (here, and in Figures 4 and 5).

with ras2 mRNA was reduced only by a half, with this re-
duction being much higher than when the RNAi knock-
down of Orc5 or Xmas-2 was performed. These data suggest
that both the ORC and the TREX-2 complexes strongly fa-
cilitate the interaction of Orc3 with the mRNP even when
the level of Orc3 is low in the cell.

RNAi-mediated depletion of ORC interferes with Nxf1 asso-
ciation with mRNP

Since ORC interacts with TREX-2, it is conceivable that it
also interacts with some other components of the mRNA
export machinery. We did not find an interaction of ORC
with the TREX subunits (Hpr1 and Thoc5), but observed
that Orc3 co-precipitated with Nxf1 from the Drosophila
embryo extract (Figure 4A). Other ORC subunits also co-
precipitated with Nxf1, but at a lower level (e.g. Orc5; Fig-
ure 4A). The Nxf1–ORC interaction was confirmed in ex-
periments with proteins overexpressed in the S2 cells (Fig-
ure 4B). The HA-tagged Nxf1 co-precipitated with the
FLAG-tagged Orc3, but not with the FLAG-tagged Orc5,
suggesting a close association between Orc3 and Nxf1. To

compare the association of Nxf1 with the ORC and TREX
complexes, we performed its co-immunoprecipitation with
the TREX subunits Thoc5 and Hpr1 (Figure 4C). No in-
teraction of Nxf1 with Thoc5 was observed, but the anti-
bodies against Hpr1, which were shown to directly interact
with Nxf1 in yeast and mammals (16,18,76), co-precipitated
a certain amount of Nxf1. However, this amount was rather
low, which could be explained by a transience of the Nxf1–
Hpr1 interaction in the cells (18).

Next, we analyzed the influence of the ORC depletion
on the Nxf1 interaction with mRNP. To this end, the
RNAi knockdown of Orc5 was performed. RIP experi-
ments showed that this treatment resulted in a significant
(60%) drop in the association of Nxf1 with the ras2 mRNA
(Figure 4D). At the same time, the level of the mRNA-
associated Thoc5 remained unchanged, suggesting that the
observed effect on the Nxf1–mRNA interaction was not a
result of a decrease in the TREX level. Interestingly, the
twofold reduction of Orc3–mRNA association against the
background of Orc3 RNAi led to some increase in the
Nxf1–ras2 mRNA interastion (Figure 4E). Taking into ac-
count that the Orc3 RNAi did not affect the levels of other
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Figure 4. ORC interacts with Nxf1 export receptor. (A) Co-
immunoprecipitation of Nxf1 with Orc3 and Orc5 subunits from
the nuclear extract of Drosophila embryos. (B) The recombinant Nxf1 and
Orc3 proteins interact with each other. HA-tagged Nxf1 was co-expressed
in S2 cells together with the FLAG-tagged ORC subunits and their inter-
action was verified in the co-immunoprecipitation experiments with the
antibodies against FLAG or HA epitopes. (C) Co-immunoprecipitation
of Nxf1 with TREX subunits Thoc5 and Hpr1 from the nuclear extract of
Drosophila embryos. In (A and C), immunoprecipitation was performed
with the affinity purified polyclonal antibodies against the corresponding
proteins (indicated at the top) or the normal rabbit IgG coupled to the
protein A-Sepharose beads. Equivalent amounts of the input fraction
and of the proteins bound to the immunosorbent (IP) were loaded. (D
and E) The effect of the RNAi knockdown of (D) Orc5 or (E) Orc3
on the association of Nxf1 and Thoc5 with ras2 mRNA assayed by the
RIP. Antibodies used for the immunoprecipitations and the levels of
the corresponding proteins in the extract are shown below the panels.
Bars indicate the levels of ras2 mRNA precipitated by antibodies from
Orc5 or Orc3 knockdown extracts (gray bars) normalized to the amount
of the precipitate from the GFP knockdown extracts (black bars). The
horizontal gray band indicates the level of ras2 mRNA co-precipitated
with IgG.

ORC subunits or Xmas-2–mRNP association (Figure 3E),
this increase was probably due to only the Orc3 depletion,
indicating that Orc3 has a negative effect on the Nxf1–
mRNA interaction.

Finally, to compare the contributions of ORC and TREX
in Nxf1 recruitment, we performed the RNAi knockdown
of TREX Hpr1 subunit (Supplementary Figure S3C). Af-
ter this treatment, the interaction of Nxf1 with ras2 mRNA
was reduced to less than a half of the control level. However,
we also observed a strong drop in the association of Xmas-
2, and Ors3, as well as of several other ORC subunits with
the ras2 mRNA, which probably reflected the effect of the
TREX complex depletion on the transcription elongation
and the proper mRNP formation. Therefore, it was impossi-

ble to evaluate the individual contribution of Hpr1 or ORC
to the interaction of Nxf1 with the mRNP.

RNAi-mediated depletion of the ORC subunits interferes
with the mRNA nuclear export

Our results indicate that depletion of either Orc5 or Orc3
subunits of the ORC complex affects the Nxf1 association
with the mRNA, with Orc5 depletion leading to a decrease
in the Nxf1–mRNA interaction, while the Orc3 depletion
having the opposite effect. Since only the properly assem-
bled mRNPs are transported to the cytoplasm, the incorrect
regulation of the Nxf1 association with mRNP may lead to
certain defects in the mRNA export. To test this possibility,
we analyzed the nuclear mRNA export against the back-
ground of the Orc3 or Orc5 depletion by a RNAi knock-
down, using RNAi of Xmas-2 as a positive control.

We first checked whether the RNAi depletion of Orc3 or
Orc5 subunits affects the nuclear export of the ras2 mRNA
and found that a significant portion of this mRNA remains
in the nucleus (Supplementary Figure S3D), indicating that
its nuclear export is influenced/dependent on/by the ORC
subunits. Then, we studied the role of ORC in the general
mRNA export using the RNAi knockdown of Orc3 or Orc5
in the S2 cells. RNA immunostaining was performed with a
Cy3-labeled oligo-dT probe, and the cell nuclei were stained
with DAPI (Figure 5A). In control cells treated with the
GFP dsRNA or with the Trf2 dsRNA, the bulk of mRNA
was distributed in the cytoplasm. On the other hand, a sig-
nificant proportion of cells depleted of Xmas-2 or ORC sub-
units contained mRNA mostly in the nuclei, suggesting that
its nuclear export was affected (Figure 5A). The proportion
of such cells after the Xmas-2 RNAi reached 80%, in agree-
ment with our previous data (27,39), and after the Orc3 or
Orc5 RNAi knockdown, it also proved to be high (about
60%) (Figure 5B).

To verify this result, we used an alternative approach in-
volving a pulse labeling of the cells with 5-ethynyluridine
(EU), which is incorporated into the newly synthesized
RNA and may be detected by an immunostaining with an
anti-EU antibodies (77). The S2 cells were incubated with
EU for 3 h, washed and then cultivated in the medium with-
out EU. Cells were analyzed by immunostaining immedi-
ately the wash (0 h) or at different time points after the wash-
ing. The results are shown in Figure 5C (one cell per image)
and Supplementary Figure S4A (large fields of cells). In the
GFP dsRNA-treated (control) and the Trf2 dsRNA-treated
cells, the newly synthesized RNA initially concentrated in
the nuclei. Thus, most of the nuclei were intensely stained
with the anti-EU antibodies at 0 and 30 min after the EU
labeling (Figure 5C, 0 h; Supplementary Figure S4A, 0 h
and 30 min). In the course of time, RNA migrated to the cy-
toplasm and a strong staining in the nuclei gradually faded
out (Figure 5C, 2 h Supplementary Figure S4A, 1 and 2 h).
In the experiments on the RNAi knockdown of Xmas-2,
Orc5 or Orc3 subunits, the EU-stained RNA in many cells
remained in the nuclei for as long as 2 h after the labeling
(Figure 5C; Supplementary Figure S4A). Data on the pro-
portions of such cells are shown in Figure 5D. The results of
this experiment confirm that the RNAi knockdown of ORC
interferes with the mRNA nuclear export.
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Figure 5. ORC participates in the nuclear mRNA export. (A and B) The distribution of mRNA in S2 cells after RNAi knockdown of Orc3 and Orc5,
with RNAi knockdown of Xmas-2 or Trf2 used as the positive and negative controls, respectively. RNA FISH was performed with a Cy3-labeled oligo(dT)
probe to identify the poly(A)+ RNA (red staining), the nuclei were stained with DAPI (false-colored green). (A) Representative images showing that in
the control cells (treated with the GFP dsRNA) and in the Trf2-depleted cells, RNA is distributed in the cytoplasm, while in the Xmas-2, Orc3 and Orc5
knockdown cells, the RNA remains in the nucleus. Scale bar, 10�m. (B) Percentages of the cells in which the mRNA remained in the nucleus. Each RNAi
knockdown experiment was performed in four replicates. About 300 cells were examined in blind count in each of the replicates, and the mean value
was calculated. (C and D) The distribution of the mRNAs in the S2 cells after the RNAi knockdown of Orc3 and Orc5 as assayed by the EU staining.
The RNAi of Xmas-2 or Trf2 were used as positive and negative controls, respectively. The newly synthesized RNA was labeled with EU (red) and the
nuclei were stained with DAPI (false-colored green). The S2 cells were first incubated with 1 mM EU for 3 h, then washed and cultivated in the medium
without EU. The cells were analyzed by immunostaining immediately after washing (0 h point) and at 2 h after washing. (C) Representative examples of
the stained cells (scale bar, 10�m). Immediately after the EU labeling, the newly synthesized mRNA is concentrated in the nucleus; after 2 h, it appeared
in the cytoplasm of the control and Trf2-depleted cells, but was still confined to the nucleus in the Xmas-2, Orc3 and Orc5 knockdown cells, indicating
defects in the mRNA nuclear export. (D) Percentages of cells in which the mRNA still remained in the nucleus at 2 h after the EU labeling. Each RNAi
knockdown experiment was performed in four replicates, 300 cells were examined in blind count in each replicate, and the mean value was calculated.
(E) The TREX-2 general mRNA export complex interacts with ORC; its association with the mRNP is partially dependent on TREX-2. This interaction
may occur co-transcriptionally or post-transcriptionally. The Orc3 subunit of ORC is most actively involved in the interaction with TREX-2 and mRNP,
and its association with mRNP depends on TREX-2 and ORC. Orc5 depletion that affects the ORC complex leads to a drop in the Nxf1 export receptor
association with the mRNP. On the other hand, the RNAi knockdown of Orc3 enhances the Nxf1–mRNP interaction. Therefore, ORC apparently acts as
an adaptor and a regulator of this interaction.
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Finally, we have verified this result for several other ORC
subunits. The RNAi knockdown of Orc1, Orc4 or Orc6 was
performed and the distribution of mRNA in the cells was
studied using the Cy3-labeled oligo-dT probe or the EU la-
belling. The quantitation of the obtained results is presented
in Supplementary Figure S4B and C. The both approaches
demonstrated that the RNAi affected the mRNA distribu-
tion in the cells, confirming that ORC acts as a complex in
the mRNA nuclear regulation.

DISCUSSION

The data presented here demonstrate that the Drosophila
ORC is associated with the mRNA export machinery and
its subunits promote the assembly of the mRNA export
complex (Figure 5E). In particular, ORC interacts with the
mRNA export factors such as TREX-2 and the Nxf1 ex-
port receptor. The RNAi-mediated depletion of Xmas-2,
the central TREX-2 subunit, partially abolishes the associ-
ation of ORC with the mRNP complex. Depletion of ORC
subunits affects the recruitment of the Nxf1 export receptor
to mRNP and interferes with the general mRNA export.

Using a stepwise chromatographic procedure and im-
munoprecipitation, we have purified the TREX-2 complex
from the Drosophila nuclear extract and found that it is as-
sociated with the ORC. Size-exclusion chromatography and
the co-immunoprecipitation experiments have shown, how-
ever, that the ORC co-purified with TREX-2 was -lacking
one subunit, Orc2, which proved to be poorly bound to
the TREX-2–ORC complex. We have further confirmed the
TREX-2–ORC interaction. Our data suggest that several
subunits of TREX-2 and ORC are involved in the interac-
tions between these complexes.

The TREX-2 complex participates in the association of
ORC with mRNP, but TREX-2 depletion by the RNAi of
Xmas-2 does not completely abolishes this association, in-
dicating that some other factors may also be responsible for
it. Conversely, TREX-2 does not require ORC to interact
with the mRNP, suggesting that TREX-2 recruitment to the
mRNP is likely to precede the ORC–mRNP association.

As shown in the protein–protein and RIP experiments,
Orc3 is the ORC subunit most actively involved in the inter-
action with both TREX-2 and mRNP. It interacts with the
TREX-2 subunits and efficiently co-precipitates with sev-
eral randomly chosen mRNAs. The involvement of Orc3
in these distinct interactions is in line with its position on
the periphery of the ORC complex, which potentially pro-
vides a possibility for the interplay of this subunit with other
complexes or protein factors (61). Both TREX-2 and ORC
strongly facilitate Orc3 association with the mRNP. It is
noteworthy, that TREX-2 or ORC knockdowns proved to
have a much stronger effect on the Orc3–mRNP interaction
that that of Orc3 itself.

Our data indicate that ORC depletion affects the Nxf1
association with the mRNP complex. Thus, Orc5 depletion
weakens the interaction of other ORC subunits with the
mRNP and significantly reduces the association of the Nxf1
export receptor with mRNP. Unexpectedly, a twofold drop
in the level of Orc3 interaction with mRNP, caused by a
Orc3 RNAi, proved to enhance the Nxf1–mRNP associa-
tion, indicating that Orc3 is likely a repressor of the Nxf1

binding to mRNA. The reason for this repression may lie in
a fairly strong interaction of Orc3 and Nxf1, which, in turn,
prevents the association of Nxf1 with mRNA. It is also pos-
sible that Orc3 and Nxf1 compete for the binding with a par-
ticular RNA fragment. In summary, the ORC complex is in-
volved in the control of the Nxf1–mRNP association, with
Orc5 and probably other ORC subunits, facilitating this as-
sociation, while Orc3 acts as a repressor. It is also probable
that not only Nxf1 recruitment, but some other aspects of
the mRNP formation (not addressed in this study) are also
affected by the ORC depletion, with a consequent impact
on the mRNA nuclear export. The effect caused by Orc3
and Orc5 RNAi is lower than that observed after the RNAi
of Xmas-2, but it is still quite significant.

The question arises as to whether ORC interacts with
some specific mRNA pattern or is involved in a bulk mRNA
export. The latter is supported by the fact that ORC proved
to interact with three different randomly chosen mRNAs.
However, it cannot be excluded that some groups of RNAs
are more dependent on the ORC function. Thus, TREX-2,
which is considered to be a general mRNA export factor,
was recently shown to be responsible for the fast nuclear
export of transcripts from a particular group of genes (78).

One more question is whether ORC participation in the
Nxf1 loading is an alternative to that of TREX or they co-
operate in this process. The role of an adaptor for Nxf1
loading was first described for TREX subunits, but now it
is obvious that this process is much more complex and re-
quires additional or alternative participants (for review see
(3). In particular, the Aly subunit of TREX in Drosophila
is dispensable for the mRNA export, and a depletion in
the THO subcomplex of TREX disturbs the export of mR-
NAs from a limited number of genes (79). Likewise, Aly
knockdown in mammals has only a modest effect on the
mRNA export (80). The fact that Hpr1 depletion affects
ORC–mRNP association suggests that TREX is essential
for the ORC functioning and, hence, that ORC and TREX
may act together in the mRNA assembly control.

The main ORC function is to fire replication origins in
the G1 phase of the cell cycle (45,46). However, ORCs
are associated with chromatin at other stages of the cell
cycle or in the G0 cells (51), suggesting that their func-
tion is not restricted to replication. A striking example are
the Drosophila polytene chromosomes, which are intensely
stained with antibodies against different ORC subunits (our
observations). It is tempting to suggest that the interaction
of ORC and TREX-2 may be somehow involved in resolv-
ing the potential conflicts between transcription and repli-
cation. Thus, the interaction with TREX-2 may prevent
ORC contribution to the assembly of a competent replica-
tion complex. The interaction with TREX-2 may also al-
ter the conformation or protein composition of ORC so as
to make it nonfunctional in the replication initiation. An
argument for this is that the Orc2 subunit is weakly asso-
ciated with the ORC–TREX-2 complex. One may suggest
that post-translational modifications of TREX-2 lead to its
dissociation from ORC to permit its functioning in the repli-
cation initiation. The modified forms of the TREX-2 Xmas-
2 subunit are often detected in the nuclear extract (our un-
published data). However, this mechanism may be expected
only for the ORC complexes that interact with TREX-2.
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Our data are the first in vivo evidence for the interaction of
ORC with the mRNP complex. Importantly, it has recently
been shown that human ORC in vitro has much higher affin-
ity to RNA than to the double-stranded DNA (58), which
suggests that some ORC subunits can interact with mRNA
in vivo. Several authors have demonstrated/reported inter-
actions of ORC with RNAs of different origin. E.g. the
ORC complex of Tetrahymena thermophila contains an inte-
gral RNA that participates in the rDNA origin recognition
(81). The mammalian Orc1 protein interacts with TERRA
RNA, and this interaction facilitates an ORC recruitment
to the telomeres (82). The ORC complex interacts with non-
coding Y RNAs (57) that function in the DNA replication
in mammals (83). The recruitment of ORC on the Epstein–
Barr virus origin of plasmid replication is RNA-dependent
(60). Interestingly, about 20% of the Orc2 subunit is eluted
from the nuclei after an RNase treatment, and it has been
suggested that ORC interaction with the chromatin is stabi-
lized by RNA (60). Further studies are needed to elucidate
the role of ORC–RNA interaction in different nuclear pro-
cesses.
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