Research Article

3949

The Hrp65 self-interaction is mediated by an
evolutionarily conserved domain and is required for
nuclear import of Hrp65 isoforms that lack a nuclear

localization signal

Eva Kiesler 1, Francesc Miralles 1*, Ann-Kristin Ostlund Farrants

2 and Neus Visa L%

1Department of Molecular Biology and Functional Genomics, Stockholm University, SE-10691 Stockholm, Sweden
2Department of Zoological Cell Biology, The Wenner-Gren Institute, Stockholm University, SE-10691 Stockholm, Sweden

*Present address: Cancer Research UK, 44 Lincoln’s Inn Fields, London WC2A 3PX, UK
*Author for correspondence (e-mail: neus.visa@molbio.su.se)

Accepted 28 May 2003
Journal of Cell Science 116, 3949-3956 © 2003 The Company of Biologists Ltd
doi:10.1242/jcs.00690

Summary

Hrp65, an evolutionary conserved RNA-binding protein

from the midge Chironomus tentanshas a conserved DBHS
(Drosophila behavior, human slicing) domain that is also

present in several mammalian proteins. In a yeast two-
hybrid screening we found that Hrp65 can interact with

itself. Here we confirm the Hrp65 self-interaction by in

vitro pull-down experiments and map the sequences
responsible for the interaction to a region that we refer to
as the protein-binding domain located within the DBHS

domain. We also show that the protein-binding domains
of Drosophila NonA and human PSF, two other proteins
with conserved DBHS domains, bind to Hrp65 in the yeast
two-hybrid system. These observations indicate that the

protein-binding domain can mediate homodimerization of
Hrp65 as well as heterodimerization between different
DBHS-containing proteins. Moreover, analyses of
recombinant Hrp65 by gel-filtration chromatography show
that Hrp65 can not only dimerize but also oligomerize into
complexes of at least three to six molecules. Furthermore,
we have analyzed the functional significance of the Hrp65
self-interaction in cotransfection assays, and our results
suggest that the interaction between different Hrp65
isoforms is crucial for their intracellular localization.
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Introduction

CFs interact with pre-mRNP particles in the cell nucleus,

In eukaryotic cells, pre-messenger RNA precursors (prévhich suggests that Hrp65 is involved in mRNA biogenesis at
mMRNAS) are cotranscriptionally ~ assembled intothe post-transcriptional level (Miralles et al., 2000). But recent
ribonucleoprotein complexes (pre-mRNPs), processed intgtudies have shown that the Hrp65-2 isoform plays a role in
mature mRNA and exported to the cytoplasm to direct proteitranscription by RNA polymerase Il (Percipalle et al., 2003).
synthesis. The salivary gland cells of the dipteaironomus Hrp65 is evolutionary conserved in metazoans and has high
tentans have been used as a model system to study thgquence similarity to a group of RNA-binding proteins that
intranuclear steps of gene expression, and several RNApcludes the mammalian proteins paraspeckle protein 1 (PSP1),
associated proteins @. tentanshave been characterized in polypyrimidine tract-binding protein-associated splicing factor
recent years (reviewed by Daneholt, 2001). In previous studie?SF) and p34%/NonO, and th®rosophilaprotein NonA/Bj6
we identified Hrp65 as a basic protein of 65 kDa (Wurtz et al(Fox et al., 2002; Patton et al., 1993; Dong et al., 1993; Yang
1996; Miralles et al., 2000). Hrp65 has a modular structure argt al., 1993; von Besser et al., 1990; Jones and Rubin, 1990;
contains two classical RNA recognition motifs (RRMs). ThreeShav-Tal and Zipori, 2002). These proteins, together with
Hrp65 isoforms have been characterized, which differ in theiHrp65, share a conserved central domain of 320 amino acids
C-terminal sequences and which are generated by alternatikeferred to as the DBHS domain, fDrosophila behaviour
splicing from a single pre-mRNA (Miralles and Visa, 2001).and fuman _glicing (Dong et al., 1993). The DBHS domain
The C-terminal sequences of the Hrp65 isoforms are importanonsists of two RRMs followed by a downstream element of
for intracellular localization. The Hrp65-1 isoform contains aapproximately 100 amino acids recently identified as a protein-
nuclear localization signal (NLS) in its C-terminus thatprotein interaction domain [(Peng et al., 2002) and this study].
mediates efficient import into the nucleus, whereas Hrp65-2 The DBHS proteins appear to play several different roles in
and Hrp65-3 lack the NLS (Miralles and Visa, 2001). gene expression. The most studied DBHS protein, the human
In the salivary glands . tentansHrp65 is located in non- PSF, was first characterized as a splicing factor (Patton et al.,
chromatin nucleoplasmic fibers, referred to as connectin$993). PSF is often found in a complex with another DBHS
fibers (CFs), as shown by immuno-electron microscopy studiggotein, p54°/NonO, and several studies have implied a
using an antibody that recognizes all the Hrp65 isoforms. Thieinction for the PSF/p3% complex in transcriptional
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regulation (Basu et al., 1997; Yang et al., 1997; Mathur et al415), cloning of the deletion construct was first made in a mammalian
2001; Sewer et al2002; Emili et al., 2002), splicing (Peng et expression vector. A PCR fragment encoding Hrp65 amino acids 1-
al., 2002) and nuclear retention of viral RNA (Zhang and258, N-terminally fused to a Flag-epitope, was amplified from
Carmichael, 2001). IBrosophila mutations of the NonA gene PEGFP-C3-Hrp65-2 using thé5Bgl-Flag oligonucleotide and a'3
cause defects in the central nervous system that affect visi Hgonucleotlde that gives amplification from Hrp65 amino acid 258.

PR ; . nother PCR fragment encoding the Hrp65 amino acids 416-517 was
and behavior in the fly (Jones and Rubin, 1990; Rendahl et_a implified from the same template using specific oligonucleotides. The

1992), but the function of NonA at the molecular level ISHrp65(1-258) and Hrp65-2(416-517) fragments were joined in-frame
unknown. by a two-step cloning of the fragments into the mammalian vector,
In mammalian cells, PSF and 84NonO have been found generating pCS2-Hrp654&259-415). From this plasmid, a new PCR
to be stably associated with each other, which suggesfs&igment encoding the full sequence of Hrp65-2 with the 259-415
that dimerization among proteins of the DBHS group isdeletion (amino acids 1-258/416-517) was amplified with
functionally important. In a yeast two-hybrid screening that wevligonucleotide$5Bgl-Flagand652-R-X This fragment was inserted
report here, we have found that Hrp65 can interact with itselfnto theBanHI-Xhd site of the isolated pADGAL4 vector to obtain

We have confirmed the Hrp65 self-interaction both in vivo andAD-Hrp65-2(4259-415). _
in vitro, shown that the different hrp65 isoforms can interact 10 9enerate DBD-NonA(448-603) and DBD-PSF(443-601) fusion

with each other, mapped the Hrp65 self-interaction domain t onstructs, total RNA was isolated frobrosophila S2 Schneider

. lls or human Hela cells, respectively, and used as templates for
the downstream element of the DBHS domain, and found th verse transcriptase-polymerase chain reaction (RT-PCR). PCR

Hrp65 can not only dimerize but also oligomerize iNtOfagments corresponding to amino acids 448-603 of NonA and 443-
complexes of at least 400 kDa. Moreover, we have analyzeghl of PSF were amplified using specific oligonucleotides and
the functional significance of the Hrp65 self-interaction andnserted into theEcoRI-Psi sites of pBDGAL4 to generate
found that the NLS of Hrp65-1 is required for the nucleapBDGAL4-NonA(448-603) and pBDGAL4-PSF(443-601).

location of Hrp65-2 and Hrp65-3, which suggests that the

interaction between different isoforms is necessary for th

nuclear import of those isoforms that lack a NLS. VYeast two-hybrid system

The interaction screen was performed essentially according to the
supplier's instructions (Stratagene). A HYBRI-ZAP cDNA library
. from C. tentangissue culture cells was constructed and cloned into
Mater.lals and M_ethods o theEcaRI andXhd sites of the pAD-GAL4-2.1 phagemid vector. The
Plasmid constructions for expression in HeLa cells cDNA library was transformed into the yeast strain AH109 (Clontech)
To obtain the Flag-Hrp65-2 fusion construct, a PCR fragmenthat had been pre-transformed with DBD-Hrp65. The expression of
encoding the complete open reading frame (ORF) of Hrp65-2, Nthe fusion proteins encoded in the GAL4 DBD- and AD- fusion
terminally fused to a Flag epitope, was amplified from pEGFP-C3eonstructs was assayed by western blotting before assessment of
Hrp65-2 (Miralles and Visa, 2001) using a sense oligonucleotid@rotein-protein interactions. The fusion proteins were also expressed
65Bgl-Flag (5'-gaagatctgccaccatggactacaaagacgatgacgataaagcaaggge by one in yeast to rule out reporter gene activation.
atgtgaaagcggaagcd-and an antisense oligonucleotigig2-R-X(5'-
gtcagtcctcgagccattcctataacgtgcit-3and subsequently cloned in a )
mammalian expression vector to generate Flag-Hrp65-2. Multipex PCR
DNA from isolated library plasmids was used as template in a
multiplex PCR reaction with a sen§&F5 oligonucleotide that is
Plasmid constructions for expression in Escherichia coli common to all known Hrp65 isoforms plus two antisense
The three Hrp65 isoforms were expressed in bacteria with an Nsligonucleotides65S, specific for Hrp65-2 cDNA, an@5L, which
terminal T7 tag and a C-terminaki8is tag by cloning their cDNAs anneals both Hrp65-1 and Hrp65-3 cDNAs (Miralles and Visa, 2001).
into pET21b (Novagen). A DNA fragment containing the complete
ORF of Hrp65-2 was subcloned from pEGFP-C3-Hrp65-2 (Miralles o
and Visa, 2001) into thBarHI-Sal site of pET21b to generate T7- In vitro binding assay
Hrp65-2-His. This construct was subsequently digested BgtiR| Plasmids encoding T7-Hrp65-1-His, T7-Hrp65-2-His or T7-Hrp65-3-
and Sal, releasing the C-terminus of Hrp65-2. The backbone wadlis were introduced int&. coli Bal21(DE3). After induction with
ligated with EcoRI-Sal and EcaRI-Xhd fragments obtained from isopropylf3-D-thiogalactopyranoside (IPTG), bacterial extracts were
pCR2.1-Hrp65-1 and pCR2.1-Hrp65-3 (Miralles and Visa, 2001), tprepared in 50 mM MOPS at pH 7.0, 300 mM NaCl, 15 mM
obtain T7-Hrp65-1-His and T7-Hrp65-3-His, respectively. imidazole, and the recombinant proteins were purified on Ni-NTA-
agarose (Qiagen). The rabbit reticulocyte coupled transcription/
] ) o translation system (TnT; Promega) was used for the expressiesr of
Plasmid constructions for expression in yeast methionine-labeled proteins in vitro. Ni-NTA-agarose containing
The bait construct DBD-Hrp65 was generated by inserting a PCRurified Hrp65-1, -2 or -3 was washed in radioimmunoprecipitation
fragment encoding the complete ORF of Hrp65-1 intcShEsite of (RIPA) buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% sodium
the pBDGAL4 vector (Stratagene), generating pBDGAL4-Hrp65.dodecyl sulphate (SDS), 0.1 mg/ml PMSF in PBS) and incubated with
PCR fragments encoding Hrp65-1 sequences corresponding to amitranslation mixtures3fS-methionine-labeled Hrp65-1, -2 or -3) in
acids 1-95, 1-267 and 416-535 were inserted int&tduoR|-Sal sites  RIPA buffer containing 50 mM imidazole. After extensive washing in
of pBDGAL4 to obtain pBDGAL4-Hrp65(1-95), pBDGAL4- RIPA buffer containing 50 mM imidazole, proteins were eluted,
Hrp65(1-267) and pBDGAL4-Hrp65(416-535). separated by SDS-PAGE and analyzed by autoradiography.
PCR fragments encoding either the complete ORF of Hrp65-3 or
amino acids 89-273 and 259-415 were each cloned intBatell- o
Xhd sites of the pADGAL4 phagemid vector (Stratagene), generatinpe! filtration
pADGAL4-Hrp65, pADGAL4-Hrp65(89-273) and pADGAL4- Recombinant His-Hrp65-1 protein was expressedEincoli as
Hrp65(259-415). For the construction of pADGAL4-Hrp8859- described for the in vitro binding assay and purified on Ni-NTA-
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A DBHS domain 499 2 or with pEGFP-C3-Hrp65(1-499) and pCS2-Flag-Hrp65-2.
f 1 Transfection medium was removed after 5 hours and cells were
Hrp65-1[ IGGIUNIGGIPA T | cultured in serum-containing medium for 12 hours before
immunoflourescence. Transfection experiments were repeated at least
Hpes-2[___ TN | B3 three times with reproducible results.
Hrpes-3 [ | I Immunofluorescence

Transfected Hela cells were treated for fluorescence using standard
procedures. Briefly, cells were fixed for 15 minutes in 3.7%
formaldehyde/PBS and permeabilized for 5 minutes in 0.5% Triton
X-100 in PBS. Flag-tagged proteins were visualized using an anti-
Flag monoclonal antibody (Sigma) and a Texas Red-conjugated
secondary antibody (ICN/Cappel). Fluorescence was observed in a
Zeiss Axioplan-2 microscope. Cells transfected with a single
construct were also analyzed using both filters to rule out possible
overlap between the GFP and the Texas Red signals.
Salivary glands from fourth instar larvae ©f tentanswvere fixed

C DBHS domain in PBS containing 4% paraformaldehyde for 60 minutes at room
[ 1 temperature, cryoprotected with 2.3 M sucrose and frozen by
immersion in liquid nitrogen. Semi-thin sections were obtained in a
56 cryoultramicrotome (Ultracut S/FC S, Reichert) and mounted onto
71 glass slides as previously described (Visa et al., 1996). Indirect
75 immunofluorescence was performed according to standard procedures
;g using a FITC-conjugated secondary antibody.
146
183
235 Results
Hrp65 interacts with itself in the yeast two-hybrid system

Fig. 1. Hrp65-encoding clones isolated in yeast two-hybrid and in vitro

screening. (A) Graphical depictions of the three Hrp65 isoforms. The L
sequence between amino acids 1-499 is common to all isoforms, buthe full-length Hrp65-1 fused to the GAL4 DNA-binding
the C-terminal sequences are variable. (B) Identification of the Hrpgdomain (DBD-Hrp65) was used as a bait to screen an
isoforms isolated in the yeast 2-hybrid screening. Plasmids isolatedexpression library obtained by fusion of the GAL4

from each Hrp65-encoding clone were used as templates for transactivation domain (GAL4 AD) to cDNA frof. tentans
multiplex PCR reactions with one sense oligonucleotide that is The interactions between bait and GAL4AD-fusion proteins
common to all known Hrp65 isoforms and two antisense were analyzed in a yeast strain containing three reporter genes

oligonucleotides that discriminate between the three Hrp65 isofor_m%.H S3, ADE2 and lacZ/MEL1). After screening 40 clones
The PCR products were separated by agarose gel electrophoresis N iscy)lated 54 positive clones, approximately 40% of V\;hiCh
stained with ethidium bromide. The figures above the lanes indicateencoded the Hrp65 protein itsélf

the first amino acid encoded in each cDNA. (C) Schematic . . .
representation of individual Hrp65 cDNAs isolated in the two-hybrid e have previously described three isoforms of the Hrp65

screening. For each clone, the first encoded amino acid downstreanProtein that are generated by alternative splicing of one pre-
of the GAL4 AD is indicated to the left. The differences in length at MRNA (Miralles and Visa, 2001). The three isoforms share

the C-terminus indicate the isoform as determined in (B). amino acids 1-499 but vary in their C-termini (Fig. 1A). To
determine the isoform-specificity of the Hrp65-encoding
clones obtained from the two-hybrid screening, plasmid DNA
agarose (Qiagen). The purified protein was concentrated usingjgplated from individual cDNA clones was subjected to a
Nanosep device (Pall) and stored in 50 mM MOPS, 300 mM NaCly, ,tinlex PCR reaction with oligonucleotides designed to
250 mM imidazole. The protein was fractionated on a Superose H mplify the distinct Hrp65 cDNAs. All three Hrp65 isoforms

column (Amersham Biosciences) at a flow rate of 0.2 ml/minute, an f di imatel | i Fia. 1B
fractions of 0.5 ml were collected. The proteins in the fractions wer ere found in approximately equal proportions (Fig. ),

precipitated with acetone, separated on 12% SDS-PAGE and detect¥fich showed that Hrp65-1 could interact with all three Hrp65

by Coomassie staining. isoforms. . '
Sequence analysis revealed that all the cDNAs encoding

Hrp65 isolated in the screening were N-terminally truncated,

C. tentans protein extracts ~asillustrated in Fig. 1C. Isolation of clones lacking amino acids
Cytoplasmic and nuclear protein extracts were prepared as previously182 or 1-234 indicated that the Hrp65 self-interaction is
described (Miralles et al., 2000). mediated by a sequence downstream of the first RRM.

To verify whether the full-length Hrp65 can also self-
Transfection of Hela cells interact, we co-expressed DBD-Hrp65 with a construct

Hela cells plated onto coverslips in 35 mm dishes were transient ncod_lng the full ORF of Hrp6S fused to_the GAL4 activation
transfected pwith pEGFP-C3-ﬂrp65-1, pEGFP-Cs-Hrp65(1-499§°mam (AD-Hrp63). Yeast cells expressing both DBD-Hrp65
(Miralles and Visa, 2001) or pCS2-Flag-Hrp65-2 using theand AD-Hrp65 were able to grow in -His -Ade selective
Lipofectamine reagent (Invitrogen). In the same experiment, cellsiedium, which confirmed the ability of full-length Hrp65 to
were cotransfected with pEGFP-C3-Hrp65-1 and pCS2-Flag-Hrp65Snteract with itself.
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Fig. 2.In vitro binding of the three
Hrp65 isoforms. Recombinant His-
tagged Hrp65-1, -2 and -3 were purified
on Ni-NTA-agarose and incubated in
the presence 6PS-methionine labeled
Hrp65-1, -2 or -3 obtained by in vitro
translation in rabbit reticulocyte lysate
(lanes 7-15). As a negative control, Ni-
NTA agarose beads without His-tagged
proteins were incubated in the presence
of each®®S-labeled Hrp65 isoform
(lanes 4-6). The bound proteins were
eluted, resolved in a 10% SDS-PAGE
gel and autoradiographe®¥S-labeled
Hrp65-1, -2 and -3 proteins were loaded
as inputs (lanes 1-3). The multiple
Hrp65 bands observed in each input
lane (bracket) are due to partial
degradation and to alternative
translation initiation sites. The mobility
of molecular mass standards is
indicated on the right (kDa).

To confirm the results of the yeast two-hybrid screening, wéncubated in a high stringency RIPA buffer wit?s-labeled
assayed the interaction of Hrp65-1 with the three Hrp6%rp65-1, -2 or -3 obtained by in vitro translation. In parallel,
isoforms in vitro. Recombinant Hrp65-1 was expressed with 8S-labeled proteins were incubated with Ni-NTA agarose
C-terminal &His-tag (His-Hrp65-1) and immobilized on Ni- without His-Hrp65 as a negative control. TH&-Hrp65-1, -2
NTA agarose. The immobilized His-Hrp65-1 was thenand -3 bound with similar efficiencies to His-Hrp65-1

immobilized on Ni-NTA (Fig. 2, lanes 7-9), but showed very
little or no binding to the Ni-NTA agarose alone (Fig. 2, lanes

A 4-6). A control35S-chloramphenicol acetyltransferase (CAT)
—DBHS domain , protein did not bind to His-Hrp65 proteins immobilized on Ni-
65(1-535) m NTA agarose (not shown).
To investigate whether Hrp65-2 and Hrp65-3 can also
6s(1-95) ] _ interact with themselves and/or each other, we expressed
recombinant His-tagged Hrp65-2 and -3 and assayed the
65(1-267) [ T _ interaction of these isoforms with ti#S-Hrp65 isoforms.
Similarly to His-Hrp65-1, His-Hrp65-2 and -3 bound all three
65(89-273) ([T _ Hrp65 isoforms to the same extent (Fig. 2, lanes 10-15). These
observations confirm that the in vitro interaction of Hrp65 is
65(250-415) ] m isoform-independent, in agreement with the results from the

ssresss ) |

yeast two-hybrid screening reported above (Fig. 1C).

osiasoars) o~ [

Fig. 3. Mapping of the self-interaction domain. Truncations and

deletions of the Hrp65 protein (or PSF in part B) were expressed as
B GAL4-AD or -BD fusions and assayed for their ability to interact
with full-length Hrp65 in the yeast two-hybrid system. Graphical

ct g3 B ERInET 0 clie B KELEEIKED YRKEIRTG P RF ALY KMy D
pm 31 IDDTDCLPEKLNRUIKILP D ERERG P RF ALY SRwWrQLEEIAS
Hs [HVI }ppiEDp cL P EXMLINk NPTy K EREENTP RF AT He YENRWRELEN
ct LIDALKREMP}PEE[JK LEAQMEY AlSJE HET EGL RMLRK REMDIIRMKIIEWEHRE QAT
Dm DALKREFKUEEDKLEAQMEY ALEMETELLROFLRERE\DUIARAKIA KLIE
Hs REQVEKNIIADAKELINS EGIIDLNY HIFTO A N R DM RGO EELREMEELHNQEMQOKRK

[P ECIR IR E LM R RS0 MO RMNRODIEIMRR ROOE | 1:]L I
Dm [ARISE EfiM R RITIQNE MOTIMITIRO EEN MR RO EIly, S
He Lioe REGIR EESNM I 0 REMS0 IO REEIS ¥ SRMG

representations of the assayed constructs are shown on the left.
(A) Mapping of the Hrp65 self-interaction domain. Yeast cells were
transformed with a full-length Hrp65 construct plus a
truncation/deletion construct. The protein-protein interactions were
detected by plating serial dilutions of the co-transformants onto
double selective -His -Ade medium. (B) ClustalW alignment of the

protein binding domains (PBDsj C. tentan$irp65 (residues 259-
415),Drosophila melanogastéMonA (residues 448-603) amtbmo

sequences are shown in black boxes, identical residues in two out of
three compared sequences are shown in dark grey and similar
residues in two out of three compared sequences are shown in light
grey. (C) Interaction of the PBDs of Hrp65 and PSF with the full-
length Hrp65. Protein-protein interactions were detected as in

C sapiensPSF (residues 443-601). Residues identical in all three
PSF(443-601) [

(A), except that the transformants were selected on -His plates.
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670 282 158 67 kDa Fig. 4. Chromatographic analysis of Hrp65
> i ¢ l Jy oligomers. Recombinant Hrp65-1 purified on
& Ni-NTA agarose was fractionated on a
27 28 29 30 31 32 33 34 35 36 37 Superose HR® gel filtration column and the
97 — protein in each fraction was analyzed by 12%
66 — W= T e W <+ hrp65 SDS-PAGE and Coomassie staining. Hrp65
45 — was detected from fraction 27 to fraction 37.
A major part of the protein fractionated as a
broad peak between fractions 29-33. The
31— J—— fractionation of molecular mass standards in
the gel filtration column is indicated at the
215 — top. The mobilities of molecular mass
standards in the SDS-PAGE are shown on the
left, in kDa.
Hrp65 self-interaction is mediated by the downstream selective medium could be detected with a construct
element of the conserved DBHS domain comprising the entire N-terminal domain plus the two RRMs,

To identify the region of Hrp65 that mediates Hrp65-Hrp6565(1-267), we concluded that the 259-415 region alone is
interaction, we expressed truncated Hrp65 mutants and assayedponsible for mediating Hrp65-Hrp65 interaction. Moreover,
their ability to interact with full-length Hrp65 in the two-hybrid removal of the same regiohZ59-415) totally abolished the
system. The results from these experiments are shown in Figteraction, showing that the 259-415 region is not only
3A. Yeast transformed with two full-length Hrp65 constructssufficient but necessary for mediating interaction between
could grow readily under -His as well as -His -Ade selectiorHrp65 proteins.

(Fig. 3A, top). As expected from the isolation of N-terminally In view of the present results, the DBHS domain can be
truncated clones in the two-hybrid screening, a truncatiodescribed as a compound domain that contains two functional
construct encoding the N-terminal domain of Hrp65, 65(1-95)elements: an upstream element with two juxtaposed RRMs,
showed no interaction with the full-length protein. A constructand a downstream element that mediates protein self-
containing the C-terminal domain, 65(416-535), did notinteraction. We refer to this latter element as thetgin
show any interaction either. We then tested two constructsinding domain, or PBD.

corresponding to the central DBHS element, one containing Other proteins of the DBHS group have been found to be
the two RRMs, 65(89-273), and another containing thessociated with each other (see Discussion), and sequence
downstream region of the DBHS domain, 65(259-415). Theomparisons show that the PBD is evolutionarily conserved
transformants of the 65(89-273) construct showed poor growtimong proteins of the DBHS group (Fig. 3B). The PBD of
on double-selective medium, but the transformants of thelrp65 is 57% and 38% identical to the PBDsDwbsophila
65(259-415) construct were able to grow on -His -AdeNonA and human PSF, respectively. To analyze the ability of
medium, which showed that the downstream DBHS elemerthe PBD to mediate interactions between DBHS proteins, we
interacted strongly with Hrp65. As no growth on double-expressed the PBDs of the NonA (amino acids 448-603) and

A B
& &
200—
o—hrp65-2 pre-immune
97 —
66— w =
45—

Fig. 5. Subcellular localization of the Hrp65-2 isoformGntentansells. (A) Immunoreactivity of the anti-Hrp65-2 antibody analyzed by
western blot analysis of nuclear and cytoplasmic protein extracts prepared.ftentangissue culture cells. The proteins in each extract were
separated by SDS-PAGE and blotted to transfer membranes. The membranes were cut into strips and incubated with the antidéigh65-2
The mobilities of molecular mass standards, in kDa, are shown on the left. (B) Semi-thin cryose@ideatahsalivary gland cells were
stained with the anti-Hrp65-2 specific antibody followed by a FITC-conjugated secondary antibody. An illustration of théasisinattures
that are visible after immunofluorescent labeling is shown in the middle. Cp, cytoplasm; chrom, polytene chromosomestist, maicleol
nucleoplasm. The broken line represents the nuclear envelope and the solid line represents the cell surface. The presmwamassat in
parallel as a negative control, and the picture was overlaid with a broken line to demarcate the border between nuaiglessamnd cyt



3954 Journal of Cell Science 116 (19)

the PSF (amino acids 443-601) in the yeast two-hybrid systekrp65-2, we expressed Hrp65-1 as a fusion with GFP and
and analyzed their interaction with the full-length Hrp65. WeHrp65-2 with a Flag tag. Transfection of the Flag-Hrp65-2
found that both PSF(443-601) and NonA(448-603) interactonstruct showed that Flag-Hrp65-2 localizes mainly to the
with Hrp65 (Fig. 3C and data not shown). This result showsytoplasm (Fig. 6A), which agrees with the previously reported
that the PBD is a conserved self-interaction domain for DBHSlocalization of GFP-Hrp65-2 (Miralles and Visa, 2001). GFP-
proteins, capable of mediating both homodimerization antirp65-1 localizes to the nucleus, while a truncation of the
heterodimerization. C-terminal sequence of Hrp65-1 that contains the NLS
[GFP-Hrp65-1(1-499)] renders the protein cytoplasmic. We
) S then proceeded to cotransfection experiments to analyze
Hrp65 oligomerization in vitro the distribution of Hrp65-2 in the presence of Hrp65-1.
The observed Hrp65 self-interaction raised the possibility thahterestingly, when co-expressed with GFP-Hrp65-1, the
the Hrp65 could form oligomers, which could be importantdistribution of Flag-Hrp65-2 became mainly nuclear (Fig. 6B).
for the formation of CFs in vivoTo learn more about the Moreover, when Flag-Hrp65-2 was co-expressed with GFP-
Hrp65-Hrp65 association, we analyzed oligomerization oHrp65-1(1-499) instead of GFP-Hrp65-1, both GFP-Hrp65-
recombinant Hrp65 in vitro. Electrophoretic analysis 0f1(1-499) and Flag-Hrp65-2 remained in the cytoplasm. Similar
purified Hrp65 by SDS-PAGE in the absence of reducingesults were obtained for Hrp65-1 and Hrp65-3: Hrp65-3
agents revealed the formation of high-molecular-weightvas cytoplasmic when expressed alone, but nuclear when co-
complexes that were not affected by RNAse A digestion (datexpressed with Hrp65-1 (not shown). Our experiments show
not shown). To analyze the molecular mass of the detectedat Hrp65-2 and -3 can enter the nucleus by association with
Hrp65 complexes, we purified recombinant Hrp65 andHrp65-1.
fractionated it on a size-exclusion Superose HR6
chromatography column. The proteins in each fraction were )
collected and separated by SDS-PAGE. Most of the protein wé3scussion
detected in fractions 29-33, corresponding to molecular mass&se ability of Hrp65 to interact with itself was first detected in
in the 200-400 kDa range (Fig. 4). This range corresponds ® yeast two-hybrid screening. We have subsequently carried
Hrp65 complexes between the size of a trimer and a hexameut in vitro binding experiments, electrophoretic analysis of
Thus, we conclude that in our experimental conditions most aecombinant Hrp65, and gel filtration assays to confirm and
the Hrp65 protein is in complexes that consist of three to sifurther characterize the Hrp65-Hrp65 interaction. Using these
Hrp65 molecules. methods we have shown that all three Hrp65 isoforms can bind
to themselves and to each other, that the Hrp65-Hrp65
_ interaction is direct and RNA-independent and that, at least
Hrp isoforms that lack NLS can enter the nucleus by in vitro, Hrp65 can build oligomers of up to 400 kDa.
interacting with Hrp65-1 Furthermore, cotransfection studies have revealed that the
We have previously shown by transient transfection assays thidtp65-Hrp65 interaction is necessary for intracellular targeting
the variant C-terminal sequences of the Hrp65 proteins ai different Hrp65 isoforms.
relevant for the subcellular location of each isoform (Miralles
and Visa, 2001). When expressed in human RErasophila ) ) o )
cells, GFP-Hrp65-2 and GFP-Hrp65-3 locate mainly to thd’he DBHS domain contains a protein-binding domain
cytoplasm, while GFP-Hrp65-1 is efficiently imported to theWe have mapped the sequences responsible for Hrp65 self-
nucleus due to the presence of a NLS in its C-terminugiteraction to a part of the protein that we refer to as the PBD
(Miralles and Visa, 2001). To analyze the cellular distributionocated next to the RRMs in the DBHS domain. The PBD of
of endogenous Hrp65-2 i@. tentanscells, we used a rabbit Hrp65 is conserved in all the members of the DBHS group and
antibody against the C-terminal sequence of Hrp65-2he degree of similarity in this region is comparable to that
(Percipalle et al., in press). This antibody labeled a protein afbserved in the RRMs.
approximately 65 kDa in both cytoplasmic and nuclear extracts In mammalian cells, PSF and #84have been found to be
of C. tentandissue culture cells (Fig. 5A). We also used theassociated with each other (e.g. Mathur et al., 2001; Zhang and
anti-Hrp65-2 antibody for immunoflourescent labeling®f Carmichael, 2001), and deletions covering the PBD region of
tentanssalivary gland cells. The Hrp65-2 antibody labeledp54"™ have been shown to disrupt the p84SF association
chromosomes and nucleoplasm, and also gave a faint spott@teng et al., 2002). We have now shown that the PBDs of NonA
staining in the cytoplasm (Fig. 5B). Thus, a significant fractiorand PSF are sufficient to mediate the interaction with full-
of the endogenous Hrp65-2 is present in the nucleCof length Hrp65 in vivo. Altogether, these observations indicate
tentanscells, despite the absence of an NLS in Hrp65-2. Thishat the PBD is an evolutionary conserved domain able to
suggested that in vivo nuclear import of Hrp65-2 is mediatedhediate not only self-interaction but also heterodimerization
by interaction with another protein. Given the strongbetween different proteins of the DBHS group.
interaction observed between Hrp65 isoforms, we decided to The DBHS proteins appear to be able to interact with a large
investigate the possibility that Hrp65-2 enters the nucleus bgumber of proteins in different physiological situations. For
binding to Hrp65-1. For this purpose, we analyzed theénstance, PSF has been associated with several pre-mRNA
simultaneous expression of different Hrp65 isoforms. Owingplicing factors (Patton et al., 1993; Lutz et al., 1998; Peng et
to the absence of methods for transfecindentanscells, we  al., 2002). PSF and p%%, in a complex with matrin 3, have
performed transient transfections of Hrp65 constructs in HeLbeen implicated in nuclear retention of inosine-rich RNA, as
cells. To be able to analyze co-expression of Hrp65-1 angart of a cellular defense mechanism aimed at preventing
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Fig. 6. Nuclear import of Hrp65 isoforms analyzed by transient transfection
assays. GFP fused to either Hrp65-1 or to Hrp65 amino acids 1-499, and Hrp65-
2 fused to a Flag epitope were expressed in human HelLa cells. The Flag-Hrp65-
2 signal was detected by immunostaining using monoclonal anti-Flag antibody
followed by a Texas-red conjugated secondary antibody. (A) Single transfection
of HelLa cells with constructs encoding GFP-Hrp65-1, Flag-Hrp65-2 and GFP-
Hrp65(1-499). (B) Flag-Hrp65-2 was expressed together with either GFP-
Hrp65-1 or GFP-Hrp65(1-499) by cotransfection of two constructs into HeLa
cells. Transfected cells are shown in phase contrast on the right.

GFP-Hrp65(1-499)

expression of viral genomes (Zhang and Carmichael, 2001pasis of the dimensions of the CFs, characterized by a
PSF has been found associated with nuclear structures suchdéameter of approximately 5-7 nm and a variable length in
the nuclear envelope (Otto et al., 2001) and the nucleolus (Fakke 50-100 nm range, it can be estimated that a typical CF is
et al., 2002). PSF and pgB2have also been found associatedcomposed of 50-100 protein molecules of average size. Thus,
with the RNA polymerase Il (Emili et al.,, 2002), and thethe molecular mass of the oligomers detected in our in vitro
p54"0-PSF complex has been implicated in transcriptionahssay is not sufficient to explain the formation of CFs as it
regulation through interactions with nuclear hormone receptorsccurs in vivo. Perhaps Hrp65 contributes only to the
and Sin3A (Mathur et al., 2001; Sewer et al., 2002)CIn proximal part of the CF, in contact with the pre-mRNP, as
tentans Hrp65 has been found to be associated, directly ssuggested by previous immuno-electron microscopy
indirectly, with a large number of proteins, including theexperiments showing that Hrp65 is not located along the full
hnRNP protein hrp36 (Wurtz et al., 1996), the putativdength of the CFs but only in the proximal part (Miralles et
transcription factor p2D10 (Sabri et al.,, 2002), and actiral., 2000). It is also likely that other proteins contribute to the
(Percipalle et al., 2003). These many different interactions ararchitecture of CFs.
the multiple functions attributed to the DBHS proteins, suggest We attempted to study the functional significance of Hrp65
that a general role of this family of proteins is to serve aself-interaction in CF formation by microinjecting recombinant
platforms for protein-protein interactions in different cellular PBD into live salivary gland cells. However, such experiments
processes. In this context, the dimerization or oligomerizatiofailed beause we could not prevent the recombinant PBD from
of the DBHS proteins may constitute a mechanism to mediafgolymerizing in vitro under the physiological conditions
long-range intermolecular interactions. required for microinjection.
It is also important to notice that bath tentandHrp65 and

_ ) S recombinant Hrp65 produced ih coliare prone to form large
A role for Hrp65 in the formation of connecting fibers? insoluble aggregates under native conditions. The buffers used
Hrp65 was identified in the salivary gland cellsbftentans  in our protocol for Hrp65 purification were optimized to keep
as a protein located in connecting fibers (CFs), thin fiberhe recombinant Hrp65 in solution (see Materials and
associated with pre-mRNPs in transit from the gene to th®lethods), and by doing so we may have impaired the
nuclear envelope (Miralles et al., 2000). Whether hrp65 is #ormation of larger Hrp65 multimers. In summary, our results
structural component of the CFs or a protein bound to the Chisdicate that the Hrp65 protein has the ability to form
remains to be established. However, our present finding thatigomeric complexes, but the molecular mass of Hrp65
Hrp65 can build oligomeric complexes suggests that thisligomers in vivo and their contribution to the formation of
protein could be a structural component of the CFs. On théFs must be further investigated.
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The Hrp65-Hrp65 interaction is required for intracellular R., Blencowe, B. J. and Ingles, C. J2002). Splicing and transcription-
localization of Hrp65 isoforms associated proteins PSF and p54nrb/nonO bind to the RNA polymerase I

. . . CTD.Rna8, 1102-1111.
Our present results reveal that the Hrp65-Hrp65 interaction is,y A 1 Lam. v W. Leung, A. K., Lyon, C. E., Andersen, J., Mann

required for the localization of the Hrp65 isoforms inside the M. and Lamond, A. 1. (2002). Paraspeckles: a novel nuclear don@inr.
cell. The nuclear import of Hrp65-1 is mediated by an NLS Biol. 12, 13-25.
located in the C-terminus of the proteln’ whereas Hrp65_2 an@nes, K.R.and Rubln, G. M(1990) M'Olecula.r analySiS of no-on-transient
Hrp65-3 lack this NLS and are cytoplasmic when transiently f 3.9 reduired for rormal vision '”K'gg‘;i‘;zmm;ma”n% T2,
expressed in heterologous systems (Miralles and Visa, 2001 -(1598). The snRNP-free UlAY(S-F—A) complex(és); identification of the
We have now reported that the PBD of PSF can interact with largest subunit as PSF, the polypyrimidine-tract binding protein-associated
Hrp65, which suggests that the endogenous PSF coull\ﬁjstlﬁr"”crinﬁﬂfaCTtOf-Ef:aé 1\,‘\1/93%93- els. H. H.(2001). PSE s & novel
potentlally mediate .nUdear import of _Hrp_65 isoforms I.n iorléxry)res-’sorutch:{média.tez its e?fegteti’rou-gh éinBA)énd theISD?\let\)li(ra]ding
transfected mammalian cells. Indeed, in single transfection yomain of nuclear hormone receptdvtol. Cell. Biol. 21, 2298-2311.
experiments, a certain increase in nuclear fluorescence wW@salles, F. and Visa, N.(2001). Molecular characterization of Ct-hrp65:
observed after long post-transfection times for both Hrp65-2 identification of two novel isoforms originated by alternative splicixp.
and Hrp65-3. However, in the conditions of our experiments, Cell Res264, 284-295. _ _ _
Hp65-2 and Hipos-3 appeared as mainly cytoplasmic due (315, & QUersedt L € Sabr v Assou, ¥, velnan b,
the high overexpression levels. posttrans&riptional bindin'g of pre-MRNPs to specific fibers in the
Immunoblot and immunofluorescence analysis with an nucleoplasmJ. Cell Biol.148 271-282.
antibody specific for Hrp65-2 showed that the endogenoustto, H., Dreger, M., Bengtsson, L. and H_ucho, F_(.2001). Identification of
Hrp65-2 isoform is not restricted to the cytoplasm but is also ?’rgisc"’;f‘épggzghg%ﬁez‘é proteins assaciated with the nuclear erElape.
present in the nuqleus @. tentanscells, in a_gr_eeme_m with Paﬁon, J. G., Porro, E. B, .Galceran, J., Tempst, P. and Nadal-Ginard, B.
the reported location of Hrp65-2 at transcription siteSCon  (1993). Cloning and characterization of PSF, a novel pre-mRNA splicing
tentanspolytene chromosomes (Percipalle et al., 2003). Our factor.Genes Dev7, 393-406.
cotransfection experiments indicate that the import of Hrp65Eeng. R., Dye, B. T, Perez, I., Bamard, D. C., Thompson, A. B. and Patton,
2 and Hrp65-3 is dependent on the presence of Hrp65-1 and,& {2002), P'S™ and poanrb bind a conserved stem in US snRNA
requires the C-terminal NLS of Hrp65-1. Thus, we CondUd@Jercipalle, P., Fbmproix, N., Kylberg, K., Miralles, F., Bjorkroth, B.,
that Hrp65-2 and Hrp65-3 are imported into the nucleus Daneholt, B. and Visa, N.(2003). An actin-ribonucleoprotein interaction
associated with Hrp65-1. Given the role of Hrp65-2 in ﬁsirAVfé\aegigstrgzggription by RNA polymerase Rroc. Natl. Acad. Sci.
transcrlptlon (Permpalle_ et 5."" 2003)’ Itis temptlng o SpeCUIat&endahl, K. G, Jones; K. R., Kulkarni, S. J., Bagully, S. H. and Hall, J.
that this heterOd'me”Zat'on'dependem import could be C. (1992). The dissonance mutation at the no-on-transient-A locus of D.
regulated and could influence other intranuclear events. melanogaster: genetic control of courtship song and visual behaviors by a
NonA, PSP1 and PSF also exist in several isoforms with protein with putative RNA-binding motifg. Neuroscil2, 390-407.
variable C-terminal sequences, and in each case one of th@Pri. N., Ostlund Farrants, A. K., Hellman, U. and Visa, N.(2002).
isoforms is similar to Hrp65-1. Moreover, at least in the case E‘r’]'i?gr?gfnuf;’rteﬁtaiﬁglragfg'Fgf”nfé T%%_f;ﬁ TRéliike Protein in
of PSF, one isoform lacks the C-terminal NLS (Dye and Pattorsewer, M. B., Nguyen, V. Q., Huang, C. J., Tucker, P. W., Kagawa, N. and
2001), as does Hrp65-2. The present results about Hrp65waterman, M. R. (2002). Transcriptional activation of human CYP17 in
together with the conservation of isoform structure among H295R adrenocortical cells depends on complex formation among
DBHS proteins, suggest that the intracellular localization of p54(nrb)/NonO, protein-associated splicing factor, and SF-1, a complex that

: . - A also participates in repression of transcriptiBndocrinology143 1280-
other DBHS proteins is also based on dimerization/ 1290P P P P oy143

oligomerization mechanisms. Shav-Tal, Y. and Zipori, D.(2002). PSF and p54(nrb)/NonO-multi-functional
nuclear proteins=EBS Lett531, 109-114.
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