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ere, we study an insect hnRNP M protein, referred
to as Hrp59. Hrp59 is relatively abundant, has a
modular domain organization containing three

RNA-binding domains, is dynamically recruited to tran-
scribed genes, and binds to premRNA cotranscriptionally.
Using the Balbiani ring system of 

 

Chironomus

 

, we show
that Hrp59 accompanies the mRNA from the gene to the
nuclear envelope, and is released from the mRNA at the
nuclear pore. The association of Hrp59 with transcribed
genes is not proportional to the amount of synthesized

H

 

RNA, and in vivo Hrp59 binds preferentially to a subset
of mRNAs, including its own mRNA. By coimmunopre-
cipitation of Hrp59–RNA complexes and microarray
hybridization against 

 

Drosophila

 

 whole-genome arrays,
we identify the preferred mRNA targets of Hrp59 in vivo
and show that Hrp59 is required for the expression of these
target mRNAs. We also show that Hrp59 binds preferen-
tially to exonic splicing enhancers and our results provide
new insights into the role of hnRNP M in splicing regulation.

 

Introduction

 

In eukaryotic cells, premessenger RNAs bind to a large number
of proteins to form premessenger RNP complexes (premRNPs).
The proteins that bind premRNA and that are not stable com-
ponents of other RNA complexes, such as snRNP complexes,
are collectively termed hnRNP proteins (for review see Dreyfuss
et al., 2002). In mammalian cells, 

 

�

 

20 abundant proteins,
designated A1 to U, have been identified as major constituents
of the premRNPs. Although the hnRNP proteins were initially
regarded as RNA packaging proteins, a more detailed study of
their functions has revealed that individual hnRNP proteins
have specific functions in the expression of specific genes. For
instance, human hnRNP A1 plays a role in splice site selection
both in vitro and in vivo (Mayeda and Krainer, 1992; Caceres
et al., 1994), hnRNP K binds DNA and has been implicated in
transcription regulation (for review see Bomsztyk et al., 2004),
and hnRNP E regulates the stability of cytoplasmic globin
mRNA (Kiledjian et al., 1995). HnRNP proteins thus appear to

be involved in every step of gene expression, as they influence
the interactions between the premRNAs and other cell compo-
nents involved in mRNA function.

HnRNP proteins are evolutionarily conserved. In 

 

Dro-
sophila melanogaster

 

, several families of hnRNP proteins
have been identified and they are very similar to mammalian
hnRNP proteins (Haynes et al., 1990; Amero et al., 1991;
Matunis et al., 1992; Hovemann et al., 2000). HnRNP proteins
have also been studied in the dipteran 

 

Chironomus tentans

 

 due
to the opportunities that the Balbiani ring (BR) system of-
fers for in situ studies of gene expression (for reviews see
Wieslander, 1994; Daneholt, 2001; Kiesler and Visa, 2004).
In 

 

C. tentans

 

, two large puffs called BR1 and BR2 can be iden-
tified in the polytene chromosomes of the salivary gland cells.
The premRNPs synthesized in the BR1 and BR2 puffs, referred
to as BR RNP particles, can be unambiguously identified in the
transmission EM, and their synthesis, processing and transport
can be directly visualized (for review see Daneholt, 2001).
The BR system has been used to study the behavior of hnRNP
proteins in relation to nucleo-cytoplasmic transport (Visa et al.,
1996) and to analyze the intranuclear movement of premRNPs
(Singh et al., 1999; Miralles et al., 2000).

We have previously identified Hrp65 as an hnRNP protein
of 

 

C. tentans

 

 with two classical RNA-binding domains of the
RRM type (Miralles et al., 2000). Three Hrp65 isoforms are
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generated by alternative splicing from a single premRNA
(Miralles and Visa, 2001). In the salivary glands of 

 

C. tentans

 

,
Hrp65 is associated with specific loci in the polytene chromo-
somes, and it is also located in nonchromatin nucleoplasmic fi-
bers known as connecting fibers (CFs). The CFs interact with
premRNP particles in the nucleoplasm, and this suggests that
Hrp65 is involved in mRNA biogenesis at the posttranscrip-
tional level (Miralles et al., 2000). Moreover, recent studies
have shown that the Hrp65-2 isoform plays a role in the tran-
scription of class II genes (Percipalle et al., 2003). Hrp65 is
evolutionarily conserved, and two of its homologues in mam-
mals, PSF and p54

 

nrb

 

/NonO, have been implicated in both
premRNA processing and transcription regulation (for review
see Shav-Tal and Zipori, 2002). Using Hrp65 as a bait in a yeast
two-hybrid screen, we have identified a novel hnRNP protein of

 

C. tentans

 

 that we refer to as Hrp59. We show here that Hrp59
is an hnRNP protein of the hnRNP M type that binds cotrans-
criptionally to premRNA and accompanies the transcripts to the
nuclear pore. We also show that Hrp59 binds preferentially to a
subset of transcripts. Taking advantage of the tools available for
genome-wide studies in 

 

Drosophila

 

, and thanks to the evolu-
tionary conservation of Hrp59, we have been able to identify
the preferred RNA targets of Hrp59 in vivo by protein–RNA
coimmunoprecipitation and whole-genome array hybridization.
Interestingly, Hrp59 binds preferentially to a purine-rich se-
quence motif previously identified as an exonic splicing en-
hancer, and this observation provides new insights into the
proposed role of hnRNP M in splicing regulation.

In spite of the importance of hnRNP proteins for mRNA
biogenesis, the understanding of their functions in vivo has
been constrained by the lack of methods for systematically
identifying their natural RNA targets. The combination of
RNA–protein coimmunoprecipitation and microarray hybrid-
ization that we have used for the study of Hrp59 can be applied
to other hnRNP proteins, and will contribute to elucidating
hnRNP protein function.

 

Results

 

Hrp59 is a novel hnRNP M/Myef-2–like 
protein of 

 

C. tentans

 

 that interacts with 
Hrp65

 

The coding sequence of Hrp65-1 was used as a bait to screen a

 

C. tentans

 

 cDNA library using a yeast two-hybrid system
(Kiesler et al., 2003). Out of 54 isolated positive clones, five
independent clones encoded a novel protein of 

 

C. tentans

 

 here
designed “Ct-Hrp59”, or “Hrp59” for simplicity (Fig. 1 A). No
other RNA-binding proteins were found among the positive
clones, except for Hrp65 itself (Kiesler et al., 2003), which
suggests that the interaction between Hrp65 and Hrp59 in the
yeast two-hybrid system is not mediated by RNA. Moreover,
binding of Hrp65 to the Hrp59 gene product was further con-
firmed in vitro using recombinant proteins (Fig. 1 B).

Sequence analysis revealed that the isolated Hrp59 cDNA
encodes a 5

 

�

 

-end truncated ORF followed by 

 

�

 

500 bp of 3

 

�

 

untranslated region (GenBank/EMBL/DDBJ accession no.
AJ785003). The predicted protein encoded in the Hrp59 ORF is

527 aa long, has a predicted pI of 9.2, and contains three RNA-
recognition motifs (RRMs), as illustrated in Fig. 2 A.

BLAST searches in the genomes of 

 

D. melanogaster

 

 and

 

Anopheles gambiae

 

 revealed the existence of one putative
Hrp59 orthologue in each species: CG9373 in 

 

Drosophila

 

(48% identity) and EAA01814 in 

 

A. gambiae

 

 (54% identity).
Comparisons with the 

 

D. melanogaster

 

 and 

 

A. gambiae

 

 se-
quences (Fig. 2 B) suggested that 

 

�

 

15 aa are missing from the
NH

 

2

 

 terminus of the isolated Ct-Hrp59 cDNA.
The BLAST searches also revealed that Hrp59 is similar

to two related proteins in mammals, Myef-2 (NP057216) and
hnRNP M (NP112480). HnRNP M is one of the major hnRNP
protein groups in human cells (Datar et al., 1993), was found
associated with early spliceosomes (Kafasla et al., 2002) and
was implicated in the regulation of premRNA splicing under
stress conditions (Gattoni et al., 1996). Myef-2 is a single-
stranded DNA-binding protein involved in transcription repres-
sion (Haas et al., 1995; Muralidharan et al., 1997). Myef-2 and
hnRNP M are 43% identical to each other and display the same
modular domain organization characterized by three RRMs
and by the presence of multiple GM-repeats in the region lo-
cated between RRM2 and RRM3 (Fig. 2 B). The GM-repeats
were not found in the Hrp59 sequence.

The Hrp59 orthologue in 

 

D. melanogaster

 

, CG9373, is
the only 

 

D. melanogaster

 

 protein with high similarity to the
mammalian hnRNP M and Myef-2 proteins. The same is true

Figure 1. Interaction of Hrp65 and Hrp59. (A) Yeast two-hybrid analysis.
Yeast cells were transformed with a plasmid encoding Hrp59 fused to
the GAL4 activation domain (pAD-Hrp59) together with either a plasmid
encoding Hrp65-1 fused to the GAL4 DNA-binding domain (pDBD-Hrp65)
or with negative control plasmids encoding the GAL4 DBD fused to p53
(pDBD-p53), or alone (pDBD). As a positive control, cells were trans-
formed with a plasmid encoding the complete GAL4 factor (pGAL4).
Protein–protein interactions were detected by growing the cells on double
selective �His �Ade medium. (B) In vitro binding assay. [35S]methionine-
labeled Hrp59 and CAT proteins were made by in vitro translation in rabbit
reticulocyte lysate, and each protein was incubated with recombinant
His-tagged Hrp65 captured on Ni-NTA agarose (Ni-Hrp65), or with control
Ni-NTA–agarose beads (Ni-NTA), in RIPA buffer. The bound proteins
were eluted, resolved on a 10% SDS-PAGE gel and autoradiographed.
The [35S]Hrp59 and [35S]CAT proteins were loaded as inputs.
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for the product of the 

 

A. gambie

 

 EAA01814 gene. These obser-
vations indicate that the mammalian hnRNP M/Myef-2 family
has only one member in insects, and they suggest that Hrp59 is
the orthologue of hnRNP M/Myef-2 in 

 

C. tentans

 

.
In summary, we have identified Hrp59 as the orthologue

of hnRNP M/Myef-2 in 

 

C. tentans,

 

 and we have shown that
Hrp59 interacts specifically with Hrp65 in the yeast two-hybrid
system and in vitro.

 

In vivo Hrp59 and Hrp65 interact both 
directly and via RNA

 

Hrp65-containing complexes were isolated by immunopre-
cipitation (IP) from nuclear extracts of 

 

C. tentans

 

 using the
anti-Hrp65 mAb 4E9 (Miralles et al., 2000). Detection of the
coimmunoprecipitated proteins by Western blotting using anti-
Hrp59 antibodies showed the presence of Hrp59 in the Hrp65-
containing complexes (Fig. 3 A, lane 2).

Protein complexes isolated by IP with the anti-Hrp65 an-
tibody were treated with RNase A to investigate whether the
association between Hrp59 and Hrp65 was mediated by RNA.
The amount of coimmunoprecipitated Hrp59 was significantly
reduced after RNase digestion (Fig. 3 A, compare lanes 2 and 3),
whereas the amount of bound Hrp65 was not affected (Fig. 3
A, lanes 6 and 7). By quantifying the relative intensities of
Hrp59 and Hrp65 in IP complexes treated with or without
RNase in three independent experiments, we estimated that

 

�

 

50% of the association between Hrp59 and Hrp65 was
RNase-sensitive. Instead, digestion with DNase I before elu-
tion did not affect the amount of coimmunoprecipitated Hrp59
(Fig. 3 B). These results show that Hrp59 and Hrp65 are par-
tially associated through binding to a common RNA substrate.

To investigate whether Hrp59 and Hrp65 interact directly
with each other, we performed in vivo cross-linking experi-
ments followed by IP. For this purpose, we treated 

 

C. ten-

Figure 2. The primary structure of Hrp59. (A) Schematic
representation of C. tentans Hrp59. (B) The amino acid se-
quences of C. tentans Hrp59 (GenBank/EMBL/DDBJ accession
no. AJ785003), Drosophila CG9373 and human hnRNP M
and Myef-2 were compared and aligned using ClustalW and
BoxShade at http://workbench.sdsc.edu.
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tans

 

 tissue culture cells with dithiobis-succinimidyl propionate
(DSP), a cell-permeable, reversible short range (11 Å) cross-
linker (Wang and Richards, 1974). Nuclear extracts were then
prepared in the presence of urea to disrupt noncross-linked pro-
tein–protein interactions, and used in IP experiments with the
anti-Hrp65 antibody. Hrp59 was coimmunoprecipitated with
Hrp65 from cross-linked nuclear extracts (Fig. 3 C, lane 2),
whereas the strong denaturing conditions of the experiment
prevented any binding of Hrp59 to Hrp65 in noncross-linked
nuclear extracts (Fig. 3 C, lane 3). To ascertain the specificity
of the cross-linking experiment, we used an antibody against
the U2B

 

�� 

 

snRNP protein as a negative control and found that
U2B

 

�� 

 

was not present in IP complexes from cross-linked nu-

clear extracts (Fig. 3 C). To conclude, we have shown that
Hrp59 and Hrp65 are associated in vivo, and that this associa-
tion is partly due to a direct protein–protein interaction and
partly mediated by RNA.

 

Hrp59 and Hrp65 colocalize on polytene 
chromosomes

 

We examined the distribution of Hrp59 in polytene chromo-
somes by immunofluorescent staining. Hrp59 is associated
with many bands in the chromosomes and is enriched in a sub-
set of specific loci (Fig. 4 A, long arrow). Double labeling of
Hrp59 and Hrp65 revealed that the two proteins are colocalized
to a high extent on all chromosomes (Fig. 4 A). In some bands,
a very evident colocalization could be observed in terms of
both location and relative intensity. In other bands, differences
were observed in the relative abundance of the two proteins.
Only a few bands were stained with only one of the two anti-
bodies (Fig. 4 A, short arrows).

The distribution of Hrp59 and Hrp65 in the polytene
chromosomes does not resemble those of other major hnRNP
proteins, as shown by comparisons of the Hrp59 distribution to
those of Hrp45 (Fig. 4 B) and Hrp36 (not depicted), two abun-
dant hnRNP proteins of 

 

C. tentans

 

 (Alzhanova-Ericsson et al.,
1996; Visa et al., 1996). For instance, the large BR puffs on
chromosome IV (Fig. 4 B, arrowheads) were strongly stained
by the anti-Hrp45 and anti-Hrp36 antibodies, but were less
stained by the anti-Hrp59 antibody, whereas Hrp59 was en-
riched in other bands on the same chromosome that showed
low levels of Hrp45.

In summary, there is a high degree of colocalization be-
tween Hrp59 and Hrp65, and the pattern of distribution of these
two proteins is specific and different from that of other hnRNP
proteins such as Hrp36 and Hrp45.

 

Hrp59 is recruited cotranscriptionally to 
the nascent premRNA

 

To determine whether the chromosomal bands labeled with
antibodies against Hrp59 and Hrp65 correspond to sites of ac-
tive transcription, newly synthesized RNA was labeled by in-
corporation of bromo-UTP (BrUTP) and the location of Hrp59
was detected by immunofluorescence. An almost complete
overlap was observed in the two channels (Fig. 4 C), which in-
dicated that the Hrp59-positive loci correspond to sites of ac-
tive transcription. However, we also observed that the inten-
sity of Hrp59 labeling does not parallel the level of BrUTP
incorporation. For instance, Hrp59 is not enriched, but present,
in the very actively transcribing BR genes. Several explana-
tions can be envisioned to explain the lack of correlation be-
tween the intensities of the Hrp59 and BrUTP stainings. Dif-
ferential accessibility effects cannot be totally ruled out, but
immunostainings with antibodies against other hnRNP pro-
teins, such as Hrp23 and Hrp36, closely correlate with BrUTP
patterns (unpublished data), which suggests that in general an-
tibodies against hnRNP proteins do not suffer from restricted
accessibility. Thus, the lack of correlation between Hrp59 and
BrUTP stainings is most likely due to preferential association
of Hrp59 to specific loci.

Figure 3. In vivo interaction of Hrp59 and Hrp65. (A) RNA-mediated
association of Hrp59 and Hrp65. Protein complexes were immunoprecipi-
tated from native nuclear extracts of C. tentans tissue culture cells using
mAb 4E9 against Hrp65. Mock IPs were performed in parallel in the
absence of primary antibody (lanes 4 and 8). The immunoprecipitated
material bound to Sepharose was incubated with or without RNase A and
washed in order to remove RNase-released material. Proteins still bound
after RNase digestion were analyzed by SDS-PAGE and Western blotting
with antibodies against either Hrp59 (lanes 1–4) or Hrp65 (lanes 5–8).
Nuclear extract was loaded as input (lanes 1 and 5). (B) Native coIP
followed by DNase I digestion. The experiment was performed as in A
and the bound proteins were incubated with (lane 3) or without (lane 2)
DNase I and washed in order to remove DNase-released material. Nuclear
extract was loaded as input (lane 1). (C) Direct interaction of Hrp59 and
Hrp65: coimmunoprecipitation after in vivo cross-linking. C. tentans tissue
culture cells were treated with (lanes 2 and 5) or without (lanes 3 and 6)
DSP. Nuclear extracts were prepared in 8 M urea and used for IP with
mAb 4E9 against hrp65 (lanes 2 and 3, and 5 and 6). Bound proteins
were analyzed by SDS-PAGE and Western blotting with antibodies
against either Hrp59 (lanes 1–3) or U2B�� as a negative control (lanes 4–6).
Nuclear extract from DSP-treated cells was loaded as input (lanes 1 and 4).
HC and LC indicate cross-reactivity of the secondary antibodies used for
Western blotting with the heavy and light chains, respectively, of the rabbit
anti–mouse immunoglobulin used for IP.
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We next asked whether Hrp59 and Hrp65 are dynamically
redistributed in response to changes in gene expression, and we
analyzed the distribution of the two proteins after heat shock. This
resulted in repressed activity of the BR genes and in the recruit-
ment of Hrp59 and Hrp65 to major heat-shock puffs (Sass, 1995),
such as the 5C locus on chromosome IV (Fig. 4 D). Accumulation
of Hrp59 and Hrp65 at specific sites upon heat-shock induction
was also observed in a diploid cell line of 

 

C. tentans

 

 (Fig. 4 E).

To investigate whether the binding of Hrp59 and Hrp65
to the transcribed loci was to RNA or to DNA, salivary glands
were mildly permeabilized and digested with RNase A before
fixation and immunostaining. The intensity of the immunofluo-
rescent bands in the chromosomes was drastically reduced by
the RNase A digestion (Fig. 5 A), which indicates that the asso-
ciation of Hrp59 and Hrp65 with the chromosomes is mostly
mediated by RNA. Interestingly, no significant difference was

Figure 4. Distribution of Hrp59 and Hrp65 in
the polytene chromosomes. (A) Squash prepara-
tions of C. tentans polytene chromosomes
were double labeled with antibodies against
Hrp59 (green) and Hrp65 (red). The BR1 and
BR2 puffs in chromosome IV are indicated by
arrowheads. The large arrow points to a band
with intense labeling for both Hrp59 and
Hrp65. The short arrows point to bands labeled
by only one of the two antibodies. Note that
the distributions of Hrp59 and Hrp65 are simi-
lar. (B) Polytene chromosome double labeled
with antibodies against Hrp59 (green) and
Hrp45 (red). The arrowheads point to the BR1
and BR2 puffs. Hrp45 and Hrp59 show different
labeling patterns. (C) Transcriptionally active
loci were visualized by BrUTP incorporation
(red). The glands were coimmunostained with
anti-Hrp59 antibody (green). C, cytoplasm;
N, nucleolus; NP, nucleoplasm; PC, polytene
chromosome. (D) The distributions of Hrp59
(green) and Hrp65 (red) in the polytene chromo-
somes were analyzed after heat shock. Note
the redistribution of both proteins to the heat-
shock locus at 5C (compare chromosome IV in
A and D). (E) Tissue culture cells of C. tentans,
either nontreated (22�C) or heat shocked
(37�C), were double stained with anti-Hrp59
(green) and anti-Hrp65 (red) antibodies. All
images correspond to optical sections with a
thickness of �1 �m. Bars: (A, B, and D) �10
�m; (C) 20 �m; (E) 5 �m.
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observed in the intensity of the nucleoplasmic labeling, sug-
gesting that the association of the two proteins with the nucleo-
plasm is independent of RNA.

Together, our results show that Hrp59 and Hrp65 bind to
nascent premRNA in a large number of loci. These two proteins

show a marked preference for certain genes, and this preference
is not quantitatively related to the transcriptional activity.

 

Hrp59 remains associated with the 
mRNA from the gene to the nuclear pore

 

We performed immuno-EM experiments to determine whether
Hrp59 remains associated with the premRNA after transcrip-
tion. We labeled salivary gland cryosections with the anti-
Hrp59 antibody followed by a gold-conjugated secondary anti-
body, and we analyzed the association of immuno-gold markers
with BR RNP particles in the nucleoplasm of the salivary gland
cells (Fig. 6). We found that a significant fraction of the nucleo-
plasmic BR particles (21%) was labeled by the anti-Hrp59 an-
tibody (Fig. 6 B). We also found some labeling on BR RNP
particles in transit through the nuclear pores, and in all cases
the gold markers were located at the nuclear side of the translo-
cating BR RNP particle (Fig. 6 C). This suggests that Hrp59 is
released from the RNP during nucleo-cytoplasmic transloca-
tion. In summary, the immuno-EM analysis shows that Hrp59
remains bound to the BR RNP particles after transcription ter-
mination and accompanies the BR RNP to the nuclear pores.

The immuno-EM analysis also revealed that only 5% of
the nucleoplasmic gold markers were associated with BR RNP
particles. Specific labeling was observed on the CFs adjacent to
BR RNP particles (Fig. 6 B), as well as on fibrillar structures
likely to represent the fibrogranular clusters previously de-
scribed in the nucleoplasm of the salivary gland cells (Miralles
et al., 2000). The observation that a fraction of Hrp59 remains
associated with the nucleoplasm after RNase digestion (Fig. 5)

Figure 5. RNA-dependent distribution of Hrp59 and Hrp65. Salivary
glands were permeabilized and treated with or without RNase A before
fixation and immunostaining with antibodies against either Hrp59 or
Hrp65. Note that the labeling of the chromosomes is drastically reduced
after RNase digestion, both for Hrp59 and Hrp65, whereas the nucleo-
plasmic labeling is RNase resistant. The images are optical sections with a
thickness of �1 �m. Bar, 20 �m.

 

Table I. 

 

Drosophila

 

 RNAs coimmunoprecipitated with Hrp59

Hrp59 vs. input RNA

 

a

 

Hrp59 vs. mock IP

 

a

 

Gene Description [ga][atc]ggagg[atc][gct]

 

b

 

3.8 4.6

 

CG9373

 

c

 

RNA-binding protein

 

�����

 

3.7 5.6

 

CG8301

 

Transcription regulator, Zn finger C2H2

 

�����

 

3.7 2

 

TpnC25D

 

Ca ion–binding protein, ligand binding or carrier

 

��

 

2.6 2.4

 

Lsd1

 

Chaperone, lipid storage

 

����

 

2.6 2

 

CG11417

 

Unknown function

 

������

 

2.5 2.4

 

tra

 

mRNA splicing, sex determination
2.5 2.2

 

CG18854

 

Inositol-triphosphate-3-kinase activity

 

�

 

2.3 4.6

 

up

 

Up/tropomyosin binding

 

����������������

 

2.3 3.6

 

wun2

 

Phosphatidate phosphatase activity
2.3 2.7

 

PP2A-B

 

Protein phosphatase 2A regulatory B subunit

 

����

 

2.3 2.6

 

taiman

 

Border cell migration, regulation of transcription

 

��������������������

 

2.3 2.1 tra-2 mRNA splicing, sex determination �

2.3 2.1 PtP4E Protein tyrosine phosphatase 4E ��

2.3 2 mod(mdg4) RNA polymerase II transcription factor �

2.2 2.5 chiffon DNA binding domain, regulation of replication �������

2.2 2.3 CG3689 mRNA cleavage �

2.2 2.1 CG17361 Nucleic acid binding, Zinc finger C2H2 ��

2.1 3.6 vvl RNA polymerase II transcription factor ����

2.1 2.3 CG3635 Triacylglycerol lipase-like enzyme �

2.1 2.1 CG5315 Hormone-mediated signaling �

2.1 2 CG6388 tRNA modification ��

2 2.3 CG14896 Unknown function ��

2 2.3 CG7255 Cationic amino acid transporter ���

aThe table includes RNAs from two independent experiments with at least two-fold average enrichment in relation to both the input and the mock IP.
bNo. of matches in each gene. Closed and open circles indicate the occurrence of the GGAGG-containing motif in exons and introns, respectively.
chrp59.
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is in agreement with its location at nonchromatin structures in
the nucleoplasm.

Hrp59 binds preferentially to a subset of 
mRNAs
The specific distribution of Hrp59 in the polytene chromo-
somes (Fig. 4 A), and the observation that recruitment of
Hrp59 to the transcribed loci is not proportional to the amount
of synthesized RNA (Fig. 4 C), suggest that in vivo Hrp59
binds preferentially to a subset of transcripts. To identify the
mRNAs associated with Hrp59 in vivo we took advantage of
the evolutionary conservation of Hrp59 and we used the tools
available for genome-wide studies in Drosophila. The anti-
Hrp59 antibody cross-reacts against the Drosophila Hrp59
orthologue (Fig. 7 A) and was used to immunoprecipitate
Hrp59-containing RNP complexes from Drosophila S2 cells.
The coimmunoprecipitated RNA was purified and hybrid-
ized to high density oligonucleotide microarrays covering

�13,500 Drosophila genes. Four chips were probed with the
following RNA preparations: RNA from two independent
Hrp59 IPs (IP arrays), RNA from a mock IP performed in the
absence of primary antibody (mock array), and total RNA pu-
rified from the same extract used for IP (input array). The sig-
nal intensities of each transcript in the IP arrays were com-
pared to the mock and to the input arrays (four comparisons
in total), and the transcripts showing stronger signals in the IP
arrays than in the mock and input arrays in all four compari-
sons were selected for further study. We then averaged the
fold increase of the two independent IPs and selected those
genes for which the increase was greater than a factor of two,
i.e., at least twofold average enrichment in relation to both the
input and the mock arrays. This procedure resulted in the
identification of the most represented target RNAs (Table I).
Among them, we found the mRNA coding for Drosophila
Hrp59 itself, indicating the Hrp59 binds to its own mRNA.
Interestingly, tra and tra-2, two mRNAs that code for regula-

Figure 6. Hrp59 accompanies the BR RNP particles to
the nuclear pore. (A) Schematic representation of BR
premRNP particles showing successive stages of synthesis
and assembly of the premRNP at the BR gene, transport
through the nucleoplasm including transient interactions
with CFs and fibrogranular clusters (FGCs), and trans-
location through the nuclear pores. (B) Immuno-EM analysis
of Hrp59 in the nucleoplasm of the salivary gland cells.
Cryosections of salivary gland were labeled with anti-
Hrp59 and with a gold-conjugated secondary antibody.
The figure shows examples of immunolabeling on BR
particles as well as on CFs (arrows). Interpretations of the
images are provided next to each micrograph. (C) Immuno-
EM analysis of Hrp59 in BR particles in translocation
through the NPC. Bars, 100 nm.
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tors of alternative splicing (Forch and Valcarcel, 2003), were
also significantly enriched.

Two types of control experiments were performed to as-
sess the specificity of our results. First, the enrichment of se-
lected transcripts in the Hrp59-IP was analyzed by RT-PCR.
As expected, the analyzed transcripts were detected in the
Hrp59-IP, but not in the mock IP (Fig. 7 B). Second, the hrp59
gene in the polytene chromosomes of C. tentans was located by
in situ hybridization, and the presence of the Hrp59 protein at
the hrp59 locus was visualized by immunofluorescence (Fig. 7
C). This result confirms that Hrp59 binds to its own transcript
cotranscriptionally.

Hrp59 is required for proper expression 
of its target mRNAs
Next we asked whether the binding of Hrp59 to the target
mRNAs identified above was of functional importance for

their expression. We depleted Hrp59 in S2 cells by RNA inter-
ference (RNAi) and analyzed the levels of some of the Hrp59
target RNAs by RT-PCR. As shown in Fig. 8 A, the levels of
Hrp59 protein were strongly reduced 48 h after administration
of dsRNA corresponding to the hrp59 gene. The depletion was
specific as judged by the constant levels of tubulin observed
throughout the experiment (Fig. 8 A), and by the observation
that administration of an unrelated dsRNA complementary to
GFP did not affect the expression of hrp59 (Fig. 8 B, top). The
expression of hrp59, up, tra-2, tra, CG3689, and CG17361 was
analyzed by RT-PCR at 24 and 48 h. As shown in Fig. 8 B, all
the analyzed targets showed specific reduction of RNA levels
at 48 h. To assess the specificity of the observed effects, three
unrelated RNAs were analyzed in parallel and were found un-
changed (Fig. 8 C).

Although we have not yet analyzed all the Hrp59 tar-
gets identified in the microarray experiment, the reproducible
effects observed for the five targets analyzed suggest that
binding of Hrp59 to its target mRNAs is required for their
correct expression.

Identification of common sequence 
patterns among the Hrp59 targets 
reveals an exonic purine-rich motif
A search for conserved sequence motifs among the Hrp59 tar-
gets was performed using the Teiresias software, a two-phase
combinatorial algorithm for general purpose pattern discovery
(Rigoutsos and Floratos, 1998). The Teiresias alignment of the
sequences of the 23 most enriched transcripts revealed a com-
mon purine-rich motif present in exons and characterized by a

Figure 7. Coimmunoprecipitation of Hrp59-bound mRNA. (A) Western
blot showing the specificity of the anti-Hrp59 antibody in D. melanogaster
(Dm) and C. tentans (Ct). The mobility of molecular mass standards is
indicated (kD). (B) Extracts were prepared from D. melanogaster S2 cells
and the Hrp59-bound RNAs were coimmunoprecipitated with anti-
Hrp59 antibody and protein A Sepharose (Hrp59 IP). Negative control
IPs were performed in parallel in the absence of antibody (mock IP).
RNA was purified from Hrp59 and mock IPs, and the coIP of transcripts
corresponding to hrp59, taiman, tra-2, and up was analyzed by RT-PCR.
Two additional transcripts not enriched in the Hrp59-IP but abundant in
the total RNA, pasilla and vinculin, were also analyzed in parallel as
negative controls. Input RNA was purified from 1% of the original extract
used for IP, and analyzed in parallel. (C) Control experiment showing
association of Hrp59 with the hrp59 locus in C. tentans chromosomes.
Polytene chromosome squashes were hybridized with the hrp59 probe
(green) and immunolabeled with anti-Hrp59 antibodies. The hrp59 locus
(arrowheads) is labeled by the anti-Hrp59 antibody. Bar, 10 �m.

Figure 8. Effect of Hrp59 depletion on the expression of Hrp59 target
transcripts. S2 cells were treated with either Hrp59 dsRNA or GFP dsRNA
(control) as indicated. (A) The effect of the RNAi treatments on the expression
of Hrp59 was analyzed by Western blotting with anti-Hrp59 antibody 24
and 48 h after dsRNA administration. Staining with an anti-tubulin anti-
body served as a loading control. (B) Total RNA was isolated 24 and 48 h
after addition of the dsRNAs. The levels of expression of hrp59, up, tra-2,
tra, CG3689, and CG17361 were analyzed by RT-PCR. In all cases, the
RNA levels were found to be drastically reduced at 48 h after dsRNA
treatment. The effect was specific for Hrp59 as administration of GFP-
dsRNA did not change the expression of the analyzed targets. (C) The levels
of expression of three unrelated transcripts were also analyzed in parallel
to assess the specificity of the RNAi treatment.
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GGAGG core (Fig. 9, A and B). The occurrence of this motif,
defined as [gc][ga][atc]ggagg[atc][gct], is significantly higher
among the Hrp59 targets than in the total Drosophila transcrip-
tome (P � 0.005) or in RNAs enriched in the mock-IP (P �
0.01), as shown in the statistical analysis available as Online
supplemental material at http://www.jcb.org/cgi/content/full/
jcb.200407173/DC1.

We next asked whether Hrp59 shows any preference for the
identified purine-rich motif, and we performed protein–RNA
binding assays in vitro. Hrp59 was isolated by IP under denaturing
conditions in order to disrupt protein–protein and RNA–protein in-
teractions, and the isolated Hrp59 immobilized on Sepharose
beads was incubated with 32P-labeled 20-mer oligoribonucleotides
containing either a random sequence (RNA1), a repeated AU
motif (RNA2) or the purine-rich motif (RNA3). The amount of
bound oligoribonucleotide was measured by liquid scintillation.
As shown in Fig. 9 C, Hrp59 showed higher affinity for the purine-
rich motif (RNA3) than for the random oligonucleotide (RNA2) or
for the AU oligonucleotide (RNA1).

Interestingly, the purine-rich sequence identified above
as a binding site for Hrp59 has been described as an exonic
splicing enhancer (ESE; see Discussion). This raised the possi-
bility that Hrp59 is involved in premRNA splicing regulation.
If this is the case, Hrp59 should bind to its targets before intron
removal. To check whether this is the case, we tested the ability
of the anti-Hrp59 antibody to coimmunoprecipitate intron-con-
taining transcripts. RNAs coimmunoprecipitated with the anti-
Hrp59 antibody were reverse transcribed and the presence of
specific intron-containing transcripts was analyzed by PCR us-

ing primer pairs designed to detect exclusively intron-contain-
ing transcripts. The tra, taiman, up and hrp59 transcripts were
tested, and in all cases the intron-containing transcripts could
be detected specifically in the Hrp59-IP (Fig. 9 D). Moreover,
the RT-PCR reactions shown in Fig. 7 B were performed using
primers that cover the exon-exon junctions and amplify spliced
transcripts exclusively. Therefore, we can conclude that Hrp59
binds to the intron-containing premRNAs and remains bound
to the transcripts after splicing.

Discussion
We have identified and characterized Hrp59, an insect hnRNP
M protein. Hrp59 has many features in common with typical
hnRNP proteins: it is a relatively abundant protein, has a mod-
ular domain organization containing three RRM domains, is
dynamically recruited to transcribed genes, and binds to
premRNA cotranscriptionally. Hrp59 accompanies the mRNA
from the gene to the nuclear envelope, and is released from the
mRNA at the nuclear pore complex (NPC), as shown by im-
muno-EM studies in C. tentans. The association of Hrp59
with transcribed genes is not quantitatively dependent on the
amount of synthesized RNA, and in vivo Hrp59 binds prefer-
entially to a subset of transcripts. Using a genome-wide ap-
proach in D. melanogaster, we have identified the preferred
RNA targets of Hrp59, and we have shown that Hrp59 is re-
quired for the normal expression of these target transcripts.
Moreover, we have shown that Hrp59 binds preferentially to
exonic splicing enhancer sequences.

Figure 9. Hrp59 binds preferentially to an
exonic purine-rich motif. (A) Examples of com-
mon motifs found in exons of Hrp59 targets.
Sequences of the Drosophila genes tra2,
CG6514, CG17361, up, and hrp59 are
aligned and matches to the purine-rich motif
are shown bold. (B) Sequence logo displaying
the base frequencies over a 10-bp sequence
obtained from alignment of the Hrp59 targets
shown Table I. The y axis indicates the sequence
conservation in each position expressed in
bits, being two bits the maximum possible se-
quence conservation per site (Crooks et al.,
2004). The figure was made using the se-
quence logo software at http://weblogo.
berkeley.edu/. (C) Relative binding affinities
of Hrp59 to different ribonucleotides. Hrp59
protein isolated from S2 cells by IP was incu-
bated with increasing amounts of radio-
actively labeled oligonucleotides, and the
bound radioactivity was measured by liquid
scintillation. RNA1 (UA)10, RNA2 N20, RNA3:
N5GAGGAGGNGN6. Error bars represent
SDs from three independent experiments.
RNA3 displays the highest affinity for Hrp59.
(D) Total RNA was purified from either Hrp59
IP or mock IP, and the presence of intron-
containing transcripts in the immunoprecipi-
tated material was analyzed for hrp59,
taiman, tra-2, and up by RT-PCR. Input RNA
was purified from 1% of the original extract
used for IP, and analyzed in parallel.
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Hrp59 binds to the RNA during 
transcription and is released at the NPC
The hnRNP M proteins are evolutionarily conserved from
yeast to human (Datar et al., 1993; Kafasla et al., 2000, 2002).
However, little was known about their cellular distribution and
about their association with premRNAs in vivo. Here, we have
addressed these questions in C. tentans. Using immuno-EM,
we have found that the insect orthologue of hnRNP M, Hrp59,
binds to the premRNP cotranscriptionally and remains bound
to BR RNP particles in the nucleoplasm. In agreement with
this observation, we have shown by IP and RT-PCR that
Hrp59 is bound to both intron-containing and spliced tran-
scripts, which indicates that Hrp59 remains associated with
the mRNA after splicing.

Hrp59 is also associated with BR RNP particles at the
NPC. Interestingly, only the nuclear side of the translocating
BR particles was labeled in immuno-EM studies, which indi-
cates that either the epitopes recognized by the antibody
become concealed during translocation or, more likely,
Hrp59 leaves the BR RNP during translocation through the
NPC. We conclude that the insect counterpart of mammalian
hnRNP M accompanies the RNP to the nuclear pore and is re-
leased during nucleo-cytoplasmic translocation. HnRNP M is
a target for SUMO (small ubiquitin-related modifier) modifi-
cation (Vassileva and Matunis, 2004; Vertegaal et al., 2004),
and a model has been proposed in which reversible SUMO
modification of hnRNP M at the NPC facilitates remodeling
of mRNP complexes during translocation through the nuclear
pore, thus facilitating the transport of the mRNPs to the cyto-
plasm (Vassileva and Matunis, 2004). This model is based on
the fact that Nup358, a nucleoporin located at the cytoplasmic
filaments of the NPC, is a SUMO E3 ligase and enhances the
SUMO modification of hnRNP M in vitro, and on the obser-
vation that SUMO modification alters the interactions be-
tween hnRNP proteins and nucleic acids (Vassileva and Ma-
tunis, 2004). Our present observation that Hrp59 is indeed
associated with mature mRNP complexes during nucleo-cyto-
plasmic transport is consistent with the model proposed by
Vassileva and Matunis (2004).

RNA coimmunoprecipitation and hnRNP 
protein function
Different experimental approaches have been used to determine
the RNA-binding specificity of hnRNP proteins in vitro, but
studies of hnRNP protein function in vivo have been difficult
due to the lack of methods to identify their endogenous RNA
targets. The combination of RNA–protein coimmunoprecipita-
tion with genome-wide analysis of the immunoprecipitated tran-
scripts allows the identification of the RNA targets for specific
RNA-binding proteins. Such an approach, referred to as ribo-
nomics by Tenenbaum et al. (2002), has been successfully ap-
plied to study the specificity of mRNA export factors in yeast
(Hieronymus and Silver, 2003). We have followed a similar
strategy to determine the specificity of Hrp59 in vivo. Due to the
lack of genome-wide tools in Chironomus, we have taken ad-
vantage of the tools available in Drosophila and we have identi-
fied transcripts associated with Hrp59 in Drosophila S2 cells.

We applied scaling factors in the microarray experiments
based on the average intensities of the whole chips according to
standard Affymetrix procedures. This provides a reliable identifi-
cation of the most enriched transcripts, but results in overestima-
tion of the intensity values for the mock IP and, for this reason,
our present study cannot provide a comprehensive description of
all the endogenous targets for Hrp59. New scaling algorithms
based on external calibrators are under development that will
make it possible to estimate the total number of Hrp59 targets
and to describe the complete transcriptome bound to Hrp59.

Hrp59 binding to exonic splicing 
enhancers
The analysis of the preferred Hrp59 targets led to the iden-
tification of a purine-rich sequence motif recognized by Hrp59.
This purine-rich motif resembles a common ESE of the (GAR)n
type (for review see Blencowe, 2000). Consensus sequences at
the intron-exon boundaries of premRNAs are not sufficient for
splice-site selection, and ESEs contribute to the definition of
splice-sites by binding SR proteins that promote prespliceo-
some assembly (Shen et al., 2004). SR proteins contain RNA-
binding domains of the RRM type, and the RRMs target spe-
cific SR proteins to particular ESE sequences (for review see
Black, 2003).

The enhancer function of purine-rich motifs has been best
documented in mammals. However, several observations sug-
gest that in insects Hrp59 binds to purine-rich sequences that
may be involved in splicing regulation. First, the Hrp59 motif
is located mostly in exons. Second, an ESE similar to the
Hrp59 target motif has been identified in the avian troponin T
mRNA, where this sequence is required for the regulation
of exon 5 splicing (Xu et al., 1993), and the Drosophila or-
thologue of troponin T, up, is one of the targets identified in
our RNA coimmunoprecipitation study. Interestingly, several
copies of the Hrp59 motif are located in the exon 5 of the Dro-
sophila up mRNA. Third, the Hrp59 target sequence is also
identified as a ESE by ESEfinder, a web-based resource for
identification of putative ESEs responsive to several human SR
proteins (Cartegni et al., 2003). Moreover, ESEfinder identifies
the Hrp59 motif as a binding site for SF2/ASF2, an SR protein
involved in splicing regulation known to bind (GAR)n se-
quences. Fourth, BLAST analyses show that one of the RRMs
of Hrp59, RRM3, is very similar to the RRM of human ASF/
SF2. In fact, the RRM3 of Hrp59 is as similar to the ASF/SF2
RRM as it is to the RRM3 of human hnRNP M.

We have shown that Hrp59 is required for expression of
its target mRNAs. Although we have not directly addressed
whether this requirement is at the level of transcription, splic-
ing, export or stability, the observations reported above suggest
that Hrp59 competes with ASF/SF2 for binding to the purine-
rich ESE and plays a role in splicing maybe by preventing pre-
spliceosome assembly.

Materials and methods
Animals and cell culture
C. tentans were raised under the conditions described by Lezzi et al.
(1981). Fourth instar larvae were used for the experiments. For heat shock
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treatment, larvae were kept in water at 37�C for 90 min C. tentans tissue
culture cells were cultivated at 22�C as described by Wyss (1982) and
heat shock was for 90 min at 37�C.

Antibodies
The mAbs 3G10, 2E4 and 4E9 against Hrp36, Hrp45 and Hrp65 have
been previously characterized by Kiseleva et al. (1997), Wurtz et al.
(1996) and Miralles et al. (2000). The rabbit anti-Hrp59 antibody was
raised and characterized by Falk et al. (2003), who referred to it as Y38
antibody. This antibody was used either as serum or affinity purified on re-
combinant Hrp59. The anti-U2B antibody was purchased from Research
Diagnostics Inc.

Yeast two-hybrid
The complete coding sequence of Hrp65-1 (DBD-Hrp65) was used to
screen a cDNA library of C. tentans tissue culture cells as described previ-
ously (Kiesler et al., 2003). Upon isolation from positive yeast clones, the
library plasmid pAD-Hrp59 was cotransformed into AH109 yeast cells
(CLONTECH Laboratories, Inc.) together with plasmids pBDGAL4-Hrp65
(Kiesler et al., 2003), pBDGAL4 or p53 control plasmid (Stratagene), re-
spectively. Transformants were grown on selective medium to monitor the
expression of the HIS3 and ADE2 reporter genes.

In vitro protein–protein binding
T7-Hrp65-2-His (Kiesler et al., 2003) was expressed in E. coli Bl21(DE3)
cells and purified on Ni-NTA agarose (QIAGEN). The rabbit reticulocyte
TnT system (Promega) was used for the in vitro synthesis of [35S]methio-
nine-labeled Hrp59 and chloramphenicol acetyltransferase (CAT) pro-
teins. Ni-NTA agarose containing purified Hrp65 (or Ni-NTA agarose
without bound protein) was washed in RIPA buffer (1% NP-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 0.1 mg/ml PMSF in PBS) and incubated
with 35S-labeled Hrp59 or with 35S-labeled CAT in RIPA buffer containing
50 mM imidazole. After extensive washing in RIPA buffer containing 50
mM imidazole, proteins were eluted, separated by 10% SDS-PAGE and
analyzed by autoradiography.

Preparation of nuclear extracts from C. tentans tissue culture cells
C. tentans tissue culture cells were homogenized in PBS containing 0.2%
NP-40 using a glass homogenizer. The homogenate was centrifuged at
2,000 g for 10 min at 4�C. For native IP experiments, the pellet contain-
ing the nuclei was resuspended in PBS, whereas for IP experiments using
cross-linked cells the pellet was resuspended in PBS containing 8 M
urea. Nuclei were sonicated three times for 4–5 s each time, and centri-
fuged as above. The resulting supernatant was the soluble nuclear ex-
tract, and it was supplemented with NP-40 to a final concentration of
0.1% and used as the input for IP experiments. All buffers contained 0.1
mg/ml PMSF.

IP of native protein complexes for analysis of protein–protein interactions
The monoclonal antibody 4E9 against hrp65 was added to nuclear ex-
tracts prepared from C. tentans tissue culture cells, and the specimen
was incubated for 90 min at 4�C with gentle rotation. Rabbit anti–mouse
IgG immunoglobulins covalently coupled to protein G–Sepharose beads
(Zymed Laboratories) were added, and the incubation was continued for
an additional 90 min at 4�C. The beads were washed four times with PBS
containing 0.1% NP-40, once with PBS, and the proteins were eluted with
0.5% SDS at RT. The eluted proteins were precipitated with acetone and
analyzed by Western blotting.

To test RNA-mediated interactions, the beads were incubated with
antibodies and Sepharose beads as above, washed twice in PBS contain-
ing 0.1% NP-40, and incubated in 0.1 mg/ml of RNase A in PBS, or in
PBS alone, for 40 min at 4�C followed by a 10-min incubation at RT. The
beads were then washed and eluted as above.

To test DNA-mediated interactions, an equivalent amount of beads
were incubated with 40 U/ml rDNase I (Ambion) in DNase I buffer (10
mM Tris-HCl, pH 7.5, 2.5 mM MgCl2, 0.5 mM CaCl2), or in PBS, for 30
min at 37�C. The beads were then washed three times with PBS contain-
ing 5 mM EDTA and 0.1% NP-40 and once with PBS, and the proteins
were eluted as above.

IP of proteins after in vivo cross-linking
Proteins in C. tentans tissue culture cells were cross-linked for 20 min at RT
with DSP (Sigma-Aldrich) dissolved in DMSO, or with DMSO alone, in
standard culture medium to a final concentration of 1.5 mM. Nuclear ex-
tracts were prepared in 8 M urea as described above, diluted 10 times
with PBS containing 0.2% NP-40 and 1 mM PMSF, and immediately incu-

bated with mAb 4E9 for 90 min at 4�C, followed by a 90-min incubation
upon addition of protein G agarose (Zymed Laboratories).

Immunostaining of C. tentans chromosome squashes
Salivary glands were dissected, fixed in 3.7% formaldehyde/45% acetic
acid/PBS for 10 min and squashed in a drop of 45% acetic acid. The
slides were frozen on dry ice, the coverslips pried off, and the prepara-
tions were further fixed with 3.7% formaldehyde in PBS for 15 min. The
slides were washed with PBSG (PBS containing 0.1 M glycine) for 10 min,
and blocked with a solution of 3% BSA in PBSG. The slides were incu-
bated with either mAB 4E9 against Hrp65 or mAb 2E4 against Hrp45 for
2 h, followed by incubation with Texas red– and FITC-conjugated second-
ary antibodies (ICN/Cappel).

Immunofluorescent labeling of salivary glands
Salivary glands were fixed in 3.7% formaldehyde in PBS for 15 min,
washed in PBS, and permeabilized for 9 min in 0.2% SDS in PBS. After
washes in PBS, the glands were incubated with primary antibodies diluted
in 0.3% BSA in PBS. Immunolabelings were visualized using Texas red–
and FITC-conjugated secondary antibodies (ICN/Cappel).

Labeling of transcription sites by BrUTP incorporation
Salivary glands were dissected, washed in TBS and incubated in glycerol
buffer (20 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 0.5 mM PMSF, 0.5 mM
EGTA, 25% glycerol) for 3 min. The glands were then preextracted by a
3-min incubation in 0.05% Triton X-100 in glycerol buffer, washed in tran-
scription buffer (50 mM Tris-HCl, pH 7.4, 100 mM KCl, 5 mM MgCl2,
0.5 mM EGTA, 25% glycerol) and incubated for 20 min with transcription
buffer supplemented with 0.5 mM each of ribonucleotides ATP, CTP and
GTP, and 0.2 mM of BrUTP. Glands were subsequently washed for 3 min
in 0.5% Triton X-100/TBS, 5 min in TBS, and fixed and coimmunostained
with an mAb against bromo-uridine (Roche) and the polyclonal anti-
Hrp59, as described above for immunofluorescent labeling of salivary
gland cells.

RNase treatment of C. tentans salivary glands
Salivary glands were dissected and preextracted as for BrUTP incorpora-
tion, washed in TBS and incubated for 30 min with 0.1 mg/ml DNase-free
RNase A (Sigma-Aldrich) in TBS, or with TBS alone. The glands were then
fixed and immunostained using antibodies against either Hrp65 or Hrp59
as described for immunofluorescent labeling of salivary gland cells.

Acquisition of confocal images
Images were taken with a laser scanning microscope (model LSM 510;
Carl Zeiss MicroImaging, Inc.) equiped with PlanApochromat objectives
40�/1.0 oil and 63�/1.4 oil, using immersion oil Immersol 518F (Carl
Zeiss MicroImaging, Inc.). The optical sections are �1-�m thick.

Immuno-EM
IEM was performed using cryosectioned salivary glands as described by
Kiesler et al. (2002). Salivary glands were fixed for 20–25 min in 4%
PFA and 0.1% glutaraldehyde, and cryoprotected with 2.3 M sucrose.
Secondary antibodies were conjugated to 6-nm gold particles (Jackson
ImmunoResearch Laboratories). After immunolabeling, the sections were
stained with 2% aqueous uranyl acetate and embedded in polyvinyl alco-
hol (Sigma-Aldrich). The specimens were examined and photographed in
a electron microscope (model CEM 902; Carl Zeiss MicroImaging, Inc.) at
80 kV.

RNA coimmunoprecipitation and microarray hybridization
Drosophila S2 cells were homogenized in lysis buffer containing PBS, 2
mM MgCl2, 30 mM EDTA, 0.2% NP-40, 1 U/�l RNase OUT (Invitrogen),
and supplemented with Complete Protease Inhibitor Cocktail (Roche). The
homogenate was sonicated and centrifuged at 10,000 g for 15 min at
4�C. The supernatant was precleared using protein A–Sepharose beads
(Sigma-Aldrich) and used for IP as indicated above for native protein com-
plexes, using affinity-purified anti-Hrp59 antibody and protein A Sepha-
rose (Sigma-Aldrich). Total RNA and the coimmunoprecipitated RNAs
were purified using an RNeasy Mini Kit (QIAGEN) and analyzed with the
Agilent Bioanalyzer using the RNA 6000 Nano LabChip Kit. Antisense
cRNAs (targets) were generated using the Superscript Choice system (Invi-
trogen) and the ENZO BioArray HighYield RNA Transcript Labeling Kit
(Enzo Inc.), and hybridized onto GeneChip Drosophila Genome Arrays
(Affymetrix). The chips were hybridized using the Affymetrix Gene chip
Fluidic Station 400 and analyzed with the Hewlett Packard Gene Array
Scanner.
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Microarray data analysis
The GCOS and DMT software from Affymetrix were used for data analy-
sis. All files were user defined normalized to 1 and the target intensity sig-
nal set to 100. The Hrp59-IP RNA was compared with the mock-IP RNA.
The data was filtered for probe sets either absent in the mock IP or in-
creased in the hrp59-IP RNA with a factor of increase that was greater
than two. This data was further filtered by comparing Hrp59-IP RNA to the
input RNA, selecting for probe sets present and increased in hrp59-IP
RNA with a factor of increase greater than two. Finally, we paired the two
hrp-59 IP arrays and averaged the signal log ratios. Given the small num-
ber of experiments performed, no statistical criteria could be applied to
determine the optimal increase factor to be used in the comparisons and a
cutoff 2 was chosen arbitrarily. However, the statistical analysis of the
frequency of the purine-rich motif (Supplement 2, available at http://
www.jcb.org/cgi/content/full/jcb.200407173/DC1) indicated that set-
ting the cutoff at 2 resulted in a group of targets with significantly higher
representation of the purine-rich motif, compared with mock-IP and to the
total Drosophila transcriptome.

Protein–RNA binding assay
The following oligoribonucleotides (Ambion) were used: RNA-1 was N20,
RNA-2 was (UA)10, and RNA-3 was N4GAGGAGGNGN5. The oligonu-
cleotides were 5� end labeled with �-[32P]ATP using T4 polynucleotide ki-
nase (Ambion) and purified using G-25 Sephadex columns (Roche). For
the RNA binding assay, 10, 20, and 30 pmol of radiolabeled RNA oligo-
nucleotide were incubated at RT for 1 h with 30 �l Hrp-59–bound beads
in a total of 200 �l RNA-binding buffer containing PBS, 100 mM KCl, 2
mM MgCl2, 1 mM EDTA, 1% glycerol, 0.1% Triton X-100, 0.3 mg/ml
tRNA, and 1 unit/�l RNase OUT (Invitrogen). The beads were then
washed three times in RNA-binding buffer containing 0.5% Triton X-100.
After the final wash the pelleted beads were incubated in 1% SDS in PBS
at 65�C for 10 min to elute the bound RNA. The eluted RNA was quanti-
fied by liquid scintillation.

RT-PCR
Coimmunoprecipitated RNA was isolated as described above, and used
as a template for the generation of single-stranded cDNA using a hexanu-
cleotide mix (Roche) as primer and Superscript reverse transcriptase (Invi-
trogen). Different primer sets were designed to amplify 150–300-bp frag-
ments for selected transcripts. For detection of unspliced transcripts, one
primer was placed on exonic sequences and the other primer on intronic
sequences. PCR amplification was performed using Taq Polymerase (Invi-
trogen). The reaction conditions were slightly different for the different
primer combinations, but in all cases the Hrp59 and mock IPs were run in
parallel under the same conditions. The sequences of the PCR primers are
provided in Supplement 1, available at http://www.jcb.org/cgi/content/
full/jcb.200407173/DC1.

In situ hybridization on polytene chromosome squashes
The hrp59 cDNA was digoxigenin labeled by nick translation and used as
a probe. Salivary gland polytene chromosomes were hybridized as de-
scribed by Miralles and Visa (2001). Detection of the hybridization signal
was performed with a FITC-conjugated anti-DIG antibody (Roche) and an
anti-FITC conjugated to Alexa-188 (Molecular Probes).

RNA interference in Drosophila S2 cells
For RNAi studies, dsRNA was produced with the Ambion MEGAscript
RNAi kit. A 560 bp fragment corresponding to the second exon of the
hrp59 gene was amplified by PCR from Drosophila genomic DNA. T7
promotor sequences were added at both ends of the initial PCR product in
a second PCR reaction. For control experiments, GFP T7-tailed DNA was
produced. RNAi treatment of Drosophila S2 cells was performed as de-
scribed in Clemens et al. (2000). In brief, 20 nM of dsRNA was added to
106 cells in 1-ml serum-free Schneider’s Drosophila medium. After 1 h, 2
ml of Schneider’s medium containing 15% FBS were added, and the cells
were cultured for 24 or 48 h before analysis. Total RNA was isolated from
cells with RNAsy Mini Kit (QIAGEN) and reverse transcribed following
standard procedures.

Online supplemental material
The sequences of the PCR primers used in this study are provided in Sup-
plement 1. Supplement 2 presents the statistical analysis of the frequency
of the purine-rich motif in the Hrp59 targets. Online supplemental material
available at http://www.jcb.org/cgi/content/full/jcb.200407173/DC1.
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