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The human La (SS-B) autoantigen interacts
with DDX15/hPrp43, a putative
DEAH-box RNA helicase
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ABSTRACT

The human La (SS-B) autoantigen is an abundantly expressed putative RNA chaperone, functioning in various
intracellular processes involving RNA. To further explore the molecular mechanisms by which La functions in these
processes, we performed large-scale immunoprecipitations of La from HeLa S100 extracts using the anti-La mono-
clonal antibody SW5. La-associated proteins were subsequently identified by sequence analysis. This approach
allowed the identification of DDX15 as a protein interacting with La. DDX15, the human ortholog of yeast Prp43, is a
member of the superfamily of DEAH-box RNA helicases that appeared to interact with La both in vivo and in vitro. The
region needed for the interaction with La partly overlaps the DEAH-box domain of DDX15. Immunofluorescence data
indicated that endogenous DDX15 accumulates in U snRNP containing nuclear speckles in HEp-2 cells. Surprisingly
DDX15 also accumulates in the nucleoli of HEp-2 cells. Moreover, DDX15 and La seem to colocalize in the nucleoli.
Regions of DDX15 involved in nuclear, nuclear speckle, and nucleolar localization are located within the N- and
C-terminal regions flanking the DEAH-box. RNA coprecipitation experiments indicated that DDX15 is associated with
spliceosomal U small nuclear RNAs in HeLa cell extracts. The possible functional implications of the interaction
between La and DDX15 are discussed.

Keywords: pre-mRNA splicing; protein–protein interaction; RNA-binding protein; RNA chaperone; small nuclear
RNA

INTRODUCTION

Nuclear pre-messenger RNA (mRNA) splicing is a pro-
cess used by eukaryotic cells to remove noncoding
introns from mRNA precursors+ A massive ribonucleo-
protein complex called the spliceosome catalyzes the
splicing reaction (Moore et al+, 1993)+ Five small nu-
clear RNAs (snRNAs), U1, U2, U4, U5, and U6, and
more than 50 protein factors form the spliceosome (for
recent reviews, see Will & Lührmann, 1997; Staley &
Guthrie, 1998)+ Although the RNA components of the
spliceosome are thought to form the catalytic core, the
protein components direct RNA structural rearrange-

ments in the spliceosome that are critical for catalysis
(Staley & Guthrie, 1998)+ Among these factors are a
group of spliceosomal proteins that contain DExD/H-
box RNA helicase domains (Prp2, Prp5, Prp16, Prp22,
Prp28, and Prp43) and that were originally identified in
the yeast Saccharomyces cerevisiae+ These proteins
play an essential role at various stages of the splicing
reaction (for reviews, see Staley & Guthrie, 1998; Tan-
ner & Linder, 2001)+Of particular interest for the present
study is the Prp43 protein, acting late in the splicing
process at the step of spliceosome disassembly (Are-
nas & Abelson, 1997; Martin et al+, 2002)+ The mam-
malian orthologs of Prp43, namely mDEAH9 (murine)
and DBP1 (human) have been characterized previ-
ously (Gee et al+, 1997; Imamura et al+, 1997)+Whereas
mDEAH9 was shown to functionally complement Prp43
in yeast, data on the human protein are still scarce+

The human La (SS-B) protein is an RNA-binding phos-
phoprotein of 47 kDa, originally identified as an auto-
antigen in patients suffering from autoimmune diseases
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like Sjögren’s syndrome and systemic lupus erythema-
tosus (Van Venrooij et al+, 1993; Pruijn, 1994)+ The La
protein is ubiquitously expressed in many eukaryotic
organisms including S. cerevisiae, Drosophila melano-
gaster, and Xenopus laevis (Scherly et al+, 1993; Bai
et al+, 1994; Yoo & Wolin, 1994)+ Experiments per-
formed in vitro have implicated La in a variety of cel-
lular processes, for example, RNA polymerase (Pol) III
transcription and transcript processing (Gottlieb & Steitz,
1989a, 1989b; Maraia, 1996) and internal initiation of
translation of poliovirus and hepatitis C virus RNA
(Meerovitch et al+, 1993; Ali & Siddiqui, 1997; Ali et al+,
2000)+ In a process potentially related to these func-
tions, La has been shown to be capable of unwinding
DNA–RNA hybrids and double-stranded RNA in an ATP-
dependent manner (Bachmann et al+, 1990; Xiao et al+,
1994; Huhn et al+, 1997), although recently the double-
stranded RNA-unwinding activity of La has been ques-
tioned (James et al+, 1999)+ A role for La in processing
of Pol III transcripts has been demonstrated for transfer
RNA (tRNA) (Van Horn et al+, 1997; Yoo & Wolin, 1997;
Fan et al+, 1998)+ Despite the large body of evidence
obtained for the various processes in which La plays a
role, the in vivo relevance of these activities of La is still
unknown+ The most extensively documented activity of
La is its binding to and stabilization of newly synthe-
sized Pol III transcripts+ These transcripts are the pre-
cursors to, among others, transfer RNAs, 5S rRNA, 7S
rRNAs, U6 RNA, and the Y RNAs (Hendrick et al+,
1981; Rinke & Steitz, 1982, 1985; Fan et al+, 1998;
Pannone et al+, 1998; Kufel et al+, 2000)+Recently, yeast
La has been shown to be involved in U small nuclear
ribonucleoprotein (snRNP) assembly and to bind to pre-
cursors of U1, U2, U4, U5, and U6 snRNA (Pannone
et al+, 1998; Xue et al+, 2000)+ Furthermore, La has
been shown to associate with the human telomerase
ribonucleoprotein complex and its expression level in-
fluences telomere homeostasis in vivo (Ford et al+,
2001)+ In addition, certain viral RNAs, such as adeno-
virus VA RNAs and the leader RNA of vesicular sto-
matitis virus have been shown to associate with La
(Francoeur & Mathews, 1982; Kurilla & Keene, 1983)+
The common binding site for the La protein on these
RNAs is the sequence UUU-OH, which is present at
the 39 end of all newly synthesized RNA Pol III tran-
scripts (Stefano, 1984)+ In most cases, except for the
mammalian Y RNAs, the Euplotes telomerase RNA
(Aigner et al+, 2000), and the virally encoded VA RNAs,
this association is transient due to the removal of the
39-oligouridine stretch during maturation of these RNAs+
Recently, La has been proposed to act as an RNA
chaperone, which might be consistent with all of its
reported activities (reviewed in Maraia & Intine, 2001)+

Human La normally resides in the nucleoplasm, al-
though nucleolar and cytoplasmic localization has also
been documented (reviewed in Pruijn et al+, 1997)+ In
agreement with its nuclear localization, La contains a

nuclear localization signal (NLS) at the C terminus, and
a region responsible for nuclear retention (Simons et al+,
1996)+ The mechanism(s) underlying the subcellular
distribution of La has not been determined, although
phosphorylation does not seem to play a role (Broekhuis
et al+, 2000)+

To further explore the cellular function(s) of human La,
we have used the mouse anti-La monoclonal antibody
(mAb) SW5, recognizing a conformational epitope in
the RNP motif of La (Pruijn et al+, 1995)+ Large-scale
immunoprecipitations of La from HeLa S100 extracts
using mAb SW5, followed by sequencing of the copre-
cipitated proteins, allowed the identification of a 92-
kDa polypeptide specifically coprecipitated with La+
This protein, previously described as DBP1 (Imamura
et al+, 1997), but renamed DDX15, associates with La
both in vivo and in vitro+ The possible functional impli-
cations of the interaction between La and DDX15 are
discussed+

RESULTS

DDX15 is coprecipitated with La from
a HeLa S100 extract

To identify proteins that either directly or indirectly
interact with La, we performed preparative immuno-
precipitations from HeLa S100 extracts with the anti-La
mAb SW5+ SW5 has been shown to be able to pre-
cipitate the majority of La-associated RNAs (e+g+, the
hY RNAs) from HeLa extracts (Pruijn et al+, 1995),
and thus is likely suited for immunoaffinity selections
of La-associated proteins as well+ Coprecipitated pro-
teins were eluted by raising the salt concentration to
1 M NaCl and were fractionated by SDS-PAGE+ Be-
cause our goal was to identify novel La-associated
proteins, we searched for bands in the anti-La pre-
cipitate that were absent in the control precipitate (rab-
bit anti-mouse IgG)+ The efficient coprecipitation of
Ro60, a protein that together with La is a core pro-
tein of the Ro ribonucleoprotein complexes (Pruijn
et al+, 1997), indicated that La-containing macromolec-
ular complexes were selected by this approach (Fig+ 1)+
As can be seen in Figure 1, lane 3, in addition to
Ro60 many polypeptides were isolated by this ap-
proach using the anti-La mAb+ Several bands were
chosen for further characterization, and the charac-
terization of the polypeptide indicated with p92, clearly
detectable in the anti-La precipitate and absent in the
control precipitate (Fig+ 1, lanes 2 and 3), will be de-
scribed in this article+ The characterization of several
other polypeptides will be reported elsewhere (Fouraux
et al+, 2002a, 2002b)+ To determine the identity of
p92, we excised the band from the gel, subjected it
to trypsin digestion, and analyzed the resulting pep-
tides by mass spectrometry+ The peptide masses ob-
tained for p92 by MALDI-TOF mass spectrometry
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matched with the predicted masses of human DEAH-
box protein 1 (DBP1; Imamura et al+, 1997; data not
shown)+ The identity was confirmed by the results of
tandem Q-TOF mass spectrometry that resulted in
five peptide sequences identical to tryptic peptides of
DBP1 (see Fig+ 2)+ However, an additional peptide
sequence contained an isoleucine residue at a posi-
tion corresponding to amino acid 149 of DBP1 rather
than a glycine residue (DBP1: GenBank accession
number AB001636)+ No additional proteins were iden-
tified in this sample+ Subsequent cloning and sequenc-
ing of p92 cDNAs from two independent human cDNA
libraries (placenta and teratocarinoma) demonstrated
that these cDNAs, which were identical in both librar-
ies, contained a number of differences compared to
the nonredundant database entry of DBP1 (acces-
sion number AB001636)+ At the amino acid level, these
differences resulted in several substitutions as well
as a frameshift in the C-terminal part of DBP1+ The
sequence of the cDNAs isolated from the human li-
braries has been deposited under accession number
AF279891 (GenBank)+ The protein encoded by this
sequence was designated DDX15, for DEAH-box
protein 15 for reasons documented below+ Impor-
tantly, the sequence of the sixth peptide, one residue
of which did not match the DBP1 sequence, was iden-
tical to the corresponding region of DDX15+ Like DBP1,
DDX15 contains the seven distinct and highly con-
served motifs characteristic of the superfamily of
DEAH-box putative RNA helicases (see Figs+ 2 and
4A; Gorbalenya et al+, 1989)+ In addition, extensive
homology was observed between the C-terminal re-
gion (amino acids 475 to 767) of DDX15 and the
yeast members of the DEAH-box RNA helicase fam-
ily, Prp2, Prp16, Prp22, and Prp43+ As noted before
for DBP1, DDX15 displays a high degree of homol-
ogy to the mouse DEAH9 protein, the yeast Prp43
protein, and an uncharacterized Caenorhabditis ele-
gans protein+ In contrast, the N-terminal region of
DDX15 (amino acids 1 to 160; see Fig+ 4A) does not
contain significant homology to other known DEAH-
box RNA helicases+ An extensive region of alternat-
ing positively and negatively charged residues (Arg/
Lys–Asp/Glu) is located between amino acids 25 and
60 in the N-terminal part of DDX15+

FIGURE 1. Monoclonal antibody SW5 coprecipitates a 92-kDa pro-
tein+ Protein A-agarose beads coated with anti-La mAb SW5 (anti-
La) via rabbit anti-mouse IgG antibodies, or coated with rabbit
anti-mouse IgG alone (control), were incubated with a HeLa S100
extract and coprecipitated material was eluted in the presence of 1 M
NaCl and analyzed by SDS-PAGE (12% acrylamide)+ The more ef-
ficient elution of Ro60 than La from the anti-La resin was expected by
this elution method, as antibody–antigen and antibody–Protein A
interactions are not efficiently disrupted by 1 M NaCl+ Nevertheless,
some of the antibody polypeptide chains were observed in the elu-
ates+ Proteins were visualized by Coomassie Brilliant Blue staining+
Lane 1: molecular weight markers (in kilodaltons); lane 2: control
precipitation (rabbit anti-mouse IgG); lane 3: SW5 immunoprecipita-
tion+Arrows indicate the positions of Ro60, La, and p92 and asterisks
mark immunoglobulin heavy and light chains+

FIGURE 2. Protein sequence alignment of DDX15 and orthologs from mouse, yeast, and C. elegans+ The CLUSTAL W
algorithm (Thompson et al+, 1994) was used to create an amino acid sequence alignment of DDX15 and the corresponding
orthologs mDEAH9 from mouse (Gee et al+, 1997), Prp43 from yeast (S. cerevisiae; Arenas & Abelson, 1997), and C.
elegans+ The GenBank accession numbers for the corresponding cDNA sequences are: AF279891 (DDX15), AF017153
(mDEAH9), AF005090 (Prp43), and U13644 (C. elegans)+ Black shading marks the most highly conserved amino acids+
Gray shading marks conservation of similar amino acids+ The tryptic peptides obtained by the tandem Q-TOF mass
spectrometry analysis are depicted above the aligned sequences+ Asterisks below the alignment indicate the positions of
the motifs characteristic of the superfamily of DEAH-box RNA helicases (Gorbalenya et al+, 1989)+
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FIGURE 2. See caption on facing page.
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To confirm the association of DDX15 with La-
containing complexes,we used a rabbit antiserum raised
against a synthetic peptide derived from human Prp43/
DDX15+ Figure 3A shows that this antiserum, in con-

trast to the corresponding preimmune serum, is reac-
tive with both the native DDX15 protein in a HeLa cell
extract (lane 3) and the in vitro-translated recombinant
DDX15 protein (lane 4) in immunoblotting+ The anti-
hPrp43/DDX15 serum also specifically and efficiently
precipitated in vitro-translated DDX15 in an immuno-
precipitation assay, in which DDX15 was mixed with an
equal amount of in vitro-translated hnRNP I (Fig+ 3B,
lane 4)+ Also in this assay, the corresponding pre-
immune serum was not reactive (Fig+ 3B, lane 3)+West-
ern blots containing anti-La immunoprecipitates were
probed with the hPrp43/DDX15-specific antiserum+
Figure 4 shows that DDX15 was indeed coprecipitated
by the anti-La mAb (lane 3), but not by the control
anti-Ro60 antibody (lane 2)+ Because La and DDX15
both contain RNA-binding domains and La is known to
bind to RNA directly (Maraia & Intine, 2001), it was
possible that the association between La and DDX15
was mediated by the binding to a common RNA mol-
ecule+ To investigate this possibility, the HeLa S100
extracts were treated with micrococcal nuclease prior
to the immunoprecipitations, which resulted in efficient
degradation of RNA molecules present in the extract,
including the Ro RNP-associated hY RNAs, as moni-
tored by northern blot hybridization (data not shown)+
The micrococcal nuclease treatment did not affect the
association between La and DDX15, suggesting that
the interaction is direct and not dependent on nucleic
acids (Fig+ 4, lane 5)+ It should be noted, however, that
we cannot completely rule out the possibility that the
interaction between La and DDX15 is mediated by an
RNA molecule that is inaccessible for the nuclease+ To
further substantiate the interaction of La with DDX15,
we performed inverse immunoprecipitations using the
anti-hPrp43DDX15 antiserum and HeLa S100 extracts+

FIGURE 3. The anti-hPrp43/DDX15 serum is reactive with DDX15
both in immunoblotting and immunoprecipitation+ A: The reactivity of
the rabbit anti-hPrp43/DDX15 serum was analyzed on immunoblots
containing both a total HeLa cell extract (2 3 105 HeLa cell equiva-
lents per lane; H: lanes 1 and 3) and in vitro-translated recombinant
DDX15 protein (T: lanes 2 and 4)+ Lanes 1 and 2: preimmune anti-
hPrp43/DDX15 serum; lanes 3 and 4: immune anti-hPrp43/DDX15
serum+ The positions of molecular mass markers are indicated on the
left (in kilodaltons)+ B: Protein A-agarose beads coated with antibod-
ies from the preimmune serum (P) or the immune anti-hPrp43/
DDX15 serum (I) were incubated with a (1:1) mixture of in vitro-
translated 35S-labeled DDX15 and in vitro translated 35S-labeled
hnRNP I (which was used as a control)+ Precipitated proteins were
analyzed by gel electrophoresis and autoradiography+ Lane 1: 30%
input of 35S-labeled DDX15; lane 2: 30% input of 35S-labeled hnRNP
I; lane 3: precipitate of preimmune antibodies; lane 4: precipitate of
anti-hPrp43/DDX15 antibodies+

FIGURE 4. DDX15 coprecipitates with La in an RNA-independent
manner+ Protein A-agarose beads coated with the control anti-Ro60
mAb 2G10 or the anti-La mAb SW5 were incubated with a HeLa
S100 extract preincubated in the absence (2m+n) or presence (1m+n)
of micrococcal nuclease+ Bound DDX15 was analyzed by immuno-
blotting using the anti-hPrp43/DDX15 serum+ Lane 1: 1% input; lanes 2
and 4: anti-Ro60 immunoprecipitate; lanes 3 and 5: anti-La immuno-
precipitate+
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Western blots containing the anti-hPrp43/DDX15 im-
munoprecipitates fractionated by two-dimensional
isoelectric focusing/SDS-PAGE (2D-IEF/SDS-PAGE)
were probed with the anti-La mAb SW5 (Fig+ 5)+ Two-
dimensional gels were used here to prevent inter-
ference by immunoglobulin heavy chains, which are
known to comigrate with La and disturb the interpreta-
tion of this experiment+ In agreement with the results in
Figure 4, La was specifically coimmunoprecipitated with
DDX15+ Also in this case, micrococcal nuclease treat-
ment of the cell extract prior to immunoprecipitation did
not disrupt the association between La and DDX15,
corroborating the suggestion that the interaction is di-
rect and not dependent on nucleic acids (data not
shown)+

La interacts with DDX15 in vitro

To study the interaction between La and DDX15 in more
detail, we used a recombinant GST-La fusion protein
and in vitro-translated 35S-methionine-labeled DDX15
protein in a GST pull-down assay+ In addition to the
GST-La fusion protein (Fig+ 6A, lane 3) GST was used
as a control (Fig+ 6A, lane 2)+ Incubation of in vitro-
translated wild-type DDX15 with GST-La preabsorbed
to immobilized glutathione revealed that DDX15 asso-
ciated with GST-La (Fig+ 6C, lane 10), even under rel-
atively stringent conditions (300 mM KCl)+ No binding
was observed using the GST-protein alone, indicating
that the binding was mediated by the La moiety of the
GST-La fusion protein (Fig+ 6C, lane 19)+ The analysis
of a panel of deletion mutants of DDX15 (Fig+ 6B) in
this assay allowed the mapping of the La-binding site
on DDX15+ The results showed that La interacts with
the region between amino acids 153 and 286 on the
DDX15 protein, as deletion of this region abolished the
association of La and DDX15 completely (Fig+ 6C)+ De-
letion of the N-terminal 152 and/or C-terminal parts of
DDX15 up to amino acid 477 (mutants DC689, DC583,
and DC477) had no effect on the association between
La and DDX15 (Fig+ 6C)+ Analysis of the supernatant
of the pull-down experiment with DN286 revealed that
the lack of precipitation of this mutant was not caused
by degradation during the incubation period (Fig+ 6D,

lane 14)+ As additional controls to demonstrate that the
precipitation of DDX15 under these conditions is spe-
cific,we performed parallel experiments with the in vitro
translated hnRNP I and hnRNP K proteins+ The results
indeed show that under the same experimental condi-
tions, these proteins are not detectably coprecipitated
with the GST-tagged La protein (Fig+ 6D)+

DDX15 accumulates in both nuclear
speckles and nucleoli of HEp-2 cells and
partially colocalizes with La in nucleoli

DDX15 and its orthologs have not been extensively
studied, unlike several other members of the DEAH-
box RNA helicase family (Arenas & Abelson, 1997;Gee
et al+, 1997; Imamura et al+, 1997)+ To gain more insight
into the subcellular localization of this protein, and to
investigate if DDX15 colocalizes with La, which is sug-
gested by the observed interaction between La and
DDX15, we visualized DDX15 in HEp-2 cells using the
anti-hPrp43/DDX15 specific antiserum+ The La protein
was visualized using the anti-La mAb SW5 (Pruijn et al+,
1995)+ As shown in Figure 7A, DDX15 was found both
in nuclear speckles and in the nucleoli+ No detectable
staining of the cells was observed with the correspond-
ing preimmune serum (data not shown)+ In agreement
with many previously published data, the anti-La anti-
body stained the nucleoplasm as well as the nucleoli
(Fig+ 7B)+ The overlay of the anti-hPrp43/DDX15 and
the anti-La stained cells shows that the most pro-
nounced colocalization of these two proteins occurs in
the nucleoli+ To shed more light on the identity of the
nucleoplasmic speckles stained by anti-hPrp43/DDX15,
we performed colocalization experiments with mono-
clonal antibodies against the Sm-proteins (Figs+ 7D–F;
Lerner et al+, 1981) and the U2 snRNP specific B0 pro-
tein (Figs+ 7G–I), which are known to localize to nuclear
speckles that are enriched in splicing factors (Habets
et al+, 1989)+ The nucleoplasmic staining patterns (ob-
tained by confocal microscopy) of the anti-hPrp43/
DDX15 antibodies and the anti-Sm and anti-U2B0 mAbs
were coincident, as indicated by the yellow staining in
the merged images (Figs+ 7F, I)+ These results demon-
strate that DDX15, the Sm-proteins, and U2B0 colocal-

FIGURE 5. La coprecipitates with DDX15+
Protein A-agarose beads coated with anti-
bodies from the preimmune serum or from
the anti-Prp43/DDX15 serum were incubated
with a HeLa cell S100 extract+ Coprecipi-
tated proteins were eluted in 2D sample buffer
and fractionated by 2D-IEF/SDS-PAGE fol-
lowed by immunoblotting using the anti-La
mAb SW5+ The slightly faster migrating spots
that are reactive with SW5 correspond to deg-
radation products of the La protein+
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FIGURE 6. See caption on facing page.
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ize in nuclear speckles+As mentioned above, nucleolar
staining was also observed with anti-DDX15 antibodies
(Fig+ 7A)+ The nucleolar accumulation of DDX15 was
confirmed by the colocalization of DDX15 with the nu-
cleolar protein fibrillarin (Aris & Blobel, 1991;Figs+ 7J–L)+
Taken together, these immunofluorescence data show
that DDX15 accumulates in U snRNP containing nu-
clear speckles as well as in nucleoli of HEp-2 cells+

DDX15 contains multiple localization signals
in both the N-terminal and the C-terminal
part of the protein

To further characterize the DDX15 protein, we con-
structed a series of N-terminally VSV-G-tagged DDX15
mutants and analyzed their subcellular localization by
indirect immunofluorescence microscopy using tran-
siently transfected cells expressing these mutants+ Im-
munoblotting analysis of extracts from the transfected
cells showed that all DDX15 mutants were expressed
to similar levels and that they migrated at positions that
were in accordance with their expected molecular
masses (data not shown)+ As shown in Figure 8A, B,
the wild-type VSV-G-tagged DDX15 localized to speck-
les in the nucleoplasm and to nucleoli, as observed
for the endogenous DDX15 protein (see Fig+ 7)+ This
result shows that the N-terminal VSV-G-tag did not
influence the intracellular distribution of DDX15+ A de-
letion mutant of DDX15 lacking the N-terminal 62
amino acids (DN63) showed a subcellular distribution
similar to the wild-type protein (Fig+ 8C, D) except for
the absence from the nucleoli+ This suggests that the
region between amino acids 1 and 62 is essential for
the nucleolar accumulation of DDX15+ A further trun-
cation from the N-terminal side abrogated nuclear
entry, because mutant DN153 localized primarily to
the cytoplasm (Fig+ 8E, F), suggesting that the region
between amino acids 63 and 152 is required for the
nuclear localization of DDX15+ Interestingly, dele-
tion of C-terminal parts of DDX15, mutants DC689
and DC583, led to a homogeneous nucleoplasmic dis-

tribution with no or hardly any nucleolar staining
(Fig+ 8G, H, and I, J)+ The lack of accumulation in
nucleoplasmic speckles and nucleoli observed with
these mutants suggests that the region between amino
acids 690 to 795 is required for targeting DDX15 to
nuclear speckles+ Nucleolar accumulation of DDX15
apparently depends on two regions of this protein,
namely amino acids 1 to 62 and 690 to 795+

Spliceosomal U snRNAs coprecipitate with
DDX15 from a HeLa extract

Previous studies on DEAH-box proteins (e+g+, Prp16,
Prp22, and Prp43) in yeast revealed that these proteins
are involved in some aspects of RNA metabolism, par-
ticularly pre-mRNAsplicing (reviewed in De la Cruz et al+,
1999)+ This prompted us to investigate if DDX15 asso-
ciates with cellular RNAs+ DDX15 was immunoprecipi-
tated from HeLa cell extracts using the rabbit anti-
hPrp43/DDX15 serum and coprecipitated RNAs were
size-fractionated and visualized by silver staining+ Be-
cause it is possible that La and DDX15 (in part) asso-
ciate as a complex with the same RNAs, we also
included the anti-La mAb SW5 in these experiments,
as well as a monoclonal anti-Sm antibody (Y12) as a
control+The results in Figure 9 (lanes 4 and 5) show that
the anti-hPrp43/DDX15 antibodies coprecipitated sev-
eral RNAs+ Comparison of the pattern of these RNAs
with those coprecipitated by mAb Y12 (Fig+ 9, lane 3),
which has previously been shown to precipitate U snRNP
particles (Lerner et al+, 1981), strongly suggested that
these represent the U1 and U2 snRNAs+ In addition to
these RNAs, we also reproducibly observed RNAs mi-
grating at the positions of the U4, U5, and U6 snRNAs,
although in Figure 9 these RNAs are not visible+ We
have, however, confirmed the identity of the putative U
snRNAs by northern blot hybridization analysis (not
shown)+ The association of DDX15 with the U snRNAs
was not detectable when the immunoprecipitations were
performed at 200 mM or higher NaCl concentrations, in-
dicative of a relatively weak interaction (data not shown)+

FIGURE 6. The La-binding site on DDX15 maps to a region between amino acids 153 and 286+ A: Purity of recombinant
GST-La and GST proteins used in the GST pull-down assay+ Samples of GST-La and GST were fractionated by SDS-PAGE,
and subsequently the gel was stained using Coomassie Brilliant Blue+ Lane 1: molecular weight marker (in kilodaltons);
lane 2: GST protein; lane 3: GST-La protein+ B: Schematic structure of DDX15 truncation mutants+ DDX15-specific regions
are in gray, whereas the highly conserved DEAH-box domain is marked in black+ The region of DDX15 that corresponds to
a region conserved among the yeast DEAH-box proteins Prp2, Prp16, Prp22, and Prp43 is hatched+ Numbers below the
schematic structures refer to amino acid positions in DDX15+ C: Pull-down assay of in vitro-translated DDX15 and deletion
mutants of DDX15+ Glutathione beads coated with GST-La or GST alone were incubated with in vitro-translated 35S-
methionine-labeled DDX15 and mutants thereof, and precipitated proteins were analyzed by gel electrophoresis and
autoradiography+ Lanes 1–9: 5% input; lanes 10–18; GST-La pull-down; lanes 19–27: GST pull-down (control)+ D: Spec-
ificity controls for the GST-La pull-down assay+ Glutathione beads coated with GST-La or GST alone were incubated with
in vitro-translated 35S-methionine-labeled DDX15 (lanes 1, 5, 9, 13), mutant DN286 (lanes 2, 6, 10, 14), or the hnRNP K
(lanes 3, 7, 11, 15) and hnRNP I (lanes 4, 8, 12, 16) proteins+ Precipitated proteins were analyzed by gel electrophoresis and
autoradiography+ Lanes 1–4: 5% input (asterisks mark the positions of the full-length proteins); lanes 5–8: GST-La pull-
down; lanes 9–12: GST pull-down (control); lanes 13–16: unbound material (5% of supernatant) from GST-La pull-down
incubations+
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FIGURE 7. DDX15 accumulates in nuclear speckles and nucleoli of HEp-2 cells and partially colocalizes with La in nucleoli+
A, D, G, J: HEp-2 cells incubated with the anti-hPrp43/DDX15 antibodies, followed by visualization with FITC-conjugated
secondary antibodies and confocal fluorescence microscopy (green)+ B: HEp-2 cells incubated with mAb SW5 (anti-La) and
visualized by Texas Red-conjugated secondary antibodies (red)+ C: Merged image of A and B, showing a partial colocal-
ization of DDX15 and La in nucleoli (yellow)+ E: HEp-2 cells incubated with mAb Y12 (anti-Sm) and visualized by Texas
Red-conjugated secondary antibodies (red)+ F: Merged image of D and E, showing colocalization of DDX15 and Sm-
proteins in nuclear speckles (yellow)+ H: HEp-2 cells incubated with mAb 4G3 (anti-U2B0) visualized by Texas Red-
conjugated secondary antibodies (red)+ I: Merged image of G and H, showing colocalization of DDX15 and U2B0 in nuclear
speckles (yellow)+ K: HEp-2 cells incubated with mAb 72B9 (anti-fibrillarin) visualized by Texas Red-conjugated secondary
antibodies (red)+ L: Merged image of J and K, showing colocalization of DDX15 and fibrillarin in nucleoli (yellow)+All images
were generated by confocal microscopy+
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Some coprecipitation of the small ribosomal 5+8S and 5S
RNAs was reproducibly observed+ Comparison of the
RNAs coprecipitated with DDX15 (Fig+ 9, lane 5) with

those coprecipitated with La (Fig+ 9, lane 2) revealed
hardly any overlap, although weak signals at the U1,U4,
and U6 positions were observed in the La lane+

FIGURE 8. Subcellular localization of VSV-G-
tagged DDX15 and DDX15-mutants in HEp-2 cells+
A–J: HEp-2 cells were transiently transfected with
constructs encoding the VSV-G-tagged wild-type
DDX15 (A), DN63 (C), DN153 (E), DC689 (G), and
DC583 (I)+ Twenty-four hours after transfection, cells
were fixed and incubated with a mouse anti-VSV-
G-tag antibody, which was visualized with a FITC-
conjugated rabbit anti-mouse antibody+ B, D, F, H,
J: corresponding phase-contrast images; bar rep-
resents 10 mm+ All images in this figure were gen-
erated by epifluorescence microscopy+

Interaction between La and DDX15/hPrp43 1437

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org


DISCUSSION

Using the anti-La mAb SW5 to identify La-interacting
proteins, we identified human DDX15, a member of the

superfamily of DEAH-box putative RNA helicases (Gor-
balenya et al+, 1989)+ Proteins of this superfamily are
thought to unwind double-stranded RNA molecules in
an energy-dependent fashion through the hydrolysis of
NTP (generally ATP)+ In addition, some DExD/H heli-
cases may be involved in disrupting or rearranging
RNA–protein interactions (Jankowsky et al+, 2001; Linder
et al+, 2001)+ The putative RNA helicases, also called
“unwindases”, function in a variety of cellular processes
involving RNA, including ribosome biogenesis, pre-
mRNA editing and splicing, transcription, RNA export,
and RNA degradation (for reviews, see Staley & Guth-
rie, 1998; De la Cruz et al+, 1999; Tanner & Linder,
2001)+ The cDNA sequence of DDX15 appeared to be
very similar to the previously identified DBP1 cDNA
(Imamura et al+, 1997)+ Because only a single cDNA
sequence for DDX15 was isolated from two indepen-
dent cDNA libraries (placenta and teratocarcinoma),
the possibility exists that the differences between the
DDX15 and DBP1 cDNAs are due to sequencing er-
rors in the database entry for DBP1+ This is further
supported by the fact that the sequence of all tryptic
peptides of this protein isolated from HeLa cells and
analyzed by mass spectrometry corresponded to the
DDX15 sequence, whereas one peptide did not fully
match the DBP1 sequence+

Although our data suggest a direct interaction be-
tween La and DDX15 both in vivo and in vitro, we
cannot completely exclude the possibility that the ob-
served interaction is mediated by another macromol-
ecule, which may be present in both HeLa cell extracts
and reticulocyte lysates+

Previously, a helicase activity has been reported to be
associated with immunoaffinity-purified La protein from
mouse and calf cell extracts (Bachmann et al+, 1990)+ If
we assume that DDX15 indeed can act as an (RNA) heli-
case, the question is raised whether this can account for
the reported La-associated helicase activity+ This pos-
sibility seems unlikely, however, because the helicase ac-
tivity was found to be associated with La purified to
homogeneity and to be inhibited by anti-La antibodies,
thus suggesting that La itself also possesses helicase
activity+This was further substantiated by the finding that
recombinant, bacterially expressed human La is able to
unwind double-stranded RNA (Huhn et al+, 1997)+

Specificity of DDX15

The modular structure of DDX15, consisting of a heli-
case core (DEAH-box) and the N- and C-terminal ex-
tensions, is common for the family of DExD/H proteins
(Fig+ 8; De la Cruz et al+, 1999)+ It has been proposed
that the regions flanking the DexD/H-box domain of
DExD/H-box family members,which are unique for each
of these proteins,may determine their specificity (Wang
& Guthrie, 1998; Tanner & Linder, 2001)+ For instance,
the N-terminal domain of Prp16 is required for its spe-

FIGURE 9. Anti-hPrp43/DDX15 antibodies coprecipitate U snRNAs+
A HeLa cell extract was subjected to immunoprecipitation using mAbs
SW5 (anti-La) and Y12 (anti-Sm), the anti-hPrp43/DDX15 serum
(immune), and the corresponding preimmune serum+ Coprecipitated
RNAs were isolated and analyzed by denaturing polyacrylamide gel
electrophoresis and subsequent silver staining+ The input lane con-
tains RNAs isolated from the complete cell extract (10% of the amount
used in the immunoprecipitations)+ The positions of U1–U6 snRNAs
and of the most prominent RNAs in the input lane are indicated+
Lane 1: 10% input RNAs; lane 2: anti-La immunoprecipitation (SW5);
lane 3: anti-Sm immunoprecipitation (Y12); lane 4: anti-Prp43/DDX15
preimmune serum immunoprecipitation; lane 5: anti-hPrp43/DDX15
immunoprecipitation+
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cific association with the spliceosome (Wang & Guth-
rie, 1998)+ However, in some cases, the DExD/H-box
domain itself may also determine specificity, because
eIF4A, a prototype DEAD-box RNA helicase, consists
essentially of a helicase core without extensions, but
still is a highly specific enzyme (Linder et al+, 1989)+
This hypothesis is strengthened by the fact that the
regions responsible for the interactions between the
human DEAD-box RNA helicases p68 and hDbp5 with
fibrillarin and CAN/Nup159p, respectively, are located
within the DEAD-box region of the two proteins (Schmitt
et al+, 1999; Nicol et al+, 2000)+ Similarly, our in vitro
binding studies using GST-La and 35S-labeled DDX15
indicate that residues exposed at the surface of the
helicase core of DDX15 (between amino acids 153 and
285; Fig+ 10) mediate the interaction with La+ Determi-
nation of the identity of several other proteins copre-
cipitated with La did not identify other DExD/H-box RNA
helicases, strongly suggesting that this interaction is
specific for the helicase core of DDX15 (M+A+ Fouraux
& G+J+M+ Pruijn, unpubl+ data)+A deletion analysis of La
did not allow the determination of the region bound by
DDX15 (all mutations abrogated the interaction), sug-
gesting that various regions of La are important for this
interaction (data not shown)+

Subcellular localization of DDX15

The N-terminal and C-terminal extensions of DDX15
seem to play a role in the subcellular localization of
DDX15+ Using the anti-hPrp43/DDX15 rabbit serum,
we showed that endogenous DDX15 localizes to nu-
clear speckles and, surprisingly, to nucleoli of HEp-2
cells (Fig+ 7)+ The subcellular localization of DDX15 to
nuclear speckles and colocalization with the splicing
factor U2B0 and the Sm-proteins are in agreement with
the fact that the yeast ortholog Prp43 has been re-
ported to be involved in spliceosome disassembly (Are-
nas & Abelson, 1997)+Moreover, recently it was reported

by Martin et al+ (2002) that Prp43 represents an essen-
tial RNA-dependent ATPase required for the release of
the excised lariat-intron from the spliceosome+ The ob-
servation that DDX15 also accumulates in nucleoli sug-
gests that, besides functioning in splicing, DDX15 is
also involved in other processes (see below)+Data from
the literature on the localization of DDX15 and its ho-
mologs is very limited+ The nucleolar accumulation
of DDX15 was recently corroborated by the proteomic
analysis of purified human nucleoli, in which DDX15
was identified as a nucleolar protein (Andersen et al+,
2002)+Whereas several DExD-box RNA helicases were
identified, no other members of the DExH-box RNA
helicase family were identified in this analysis of nucle-
olar proteins (Andersen et al+, 2002)+ Imamura et al+
(1997) reported that a GFP-tagged version of DBP1
localized to the nucleus of HeLa cells+ However, they
did not observe the nuclear speckles and nucleolar
accumulation we report in this article+ The mouse
ortholog of DDX15,mDEAH9, was shown to localize to
nuclear speckles, but was not observed in the nucleoli
(Gee et al+, 1997)+ The discrepancies between our re-
sults and the results obtained with DBP1 and mDEAH9
might be explained by sequence differences between
the three proteins+ First, the sequence of DBP1 con-
tains a frameshift, resulting in an alternative C-terminal
end in comparison with DDX15; second, whereas the
murine and human proteins are almost identical over
the whole protein sequence, mDEAH9 does have a
shorter C-terminal part compared to DDX15 (see Fig+ 2)+
Based on these observations we suggest that the
C-terminal part is important for the subnuclear local-
ization of DDX15+ This is corroborated by the results
from the deletion analysis of DDX15+ In agreement with
the nuclear localization of DDX15, we identified a re-
gion required for its entry into the nucleus between
amino acids 63 and 153 (see Fig+ 10)+ A deletion of
amino acids 690 to 795 abolished its association with
nuclear speckles, substantiating the importance of this
region for its subnuclear localization+ Other DExD/H
family members, like hPrp16 and HRH1, also have been
reported to accumulate in speckles+ The localization of
hPrp16 and HRH1 to nuclear speckles is mediated by
their RS domains (Ohno & Shimura, 1996;Ortlepp et al+,
1998), which is not discernable in the DDX15 se-
quence+Detailed analysis of the region spanning amino
acids 690 to 795 is therefore needed to identify the
amino acids involved in the targeting of DDX15 to nu-
clear speckles+ The nucleolar accumulation of DDX15
appeared to require two, spatially separated regions of
the protein (Fig+ 10)+ Deletion of amino acids 1 to 62 in
the N-terminal part abolished nucleolar accumulation,
whereas the association with nuclear speckles re-
mained unaffected+ The sequence of this region is char-
acterized by the presence of a stretch of alternating
basic and acidic residues between amino acids 25 and
60+ This repeat can be subdivided into two parts based

FIGURE 10. Schematic structure of DDX15+ DDX15-specific re-
gions are depicted in gray, whereas the highly conserved DEAH-box
domain is marked in black (DEAH)+ The region of DDX15 that cor-
responds to the region conserved among the yeast DEAH-box pro-
teins Prp16, Prp2, Prp22, and Prp43 is hatched (diagonal hatch)+ The
region required for nuclear localization is indicated by Nu (vertical
hatch); the region bound by La is marked by La and a bar above the
scheme+ Regions involved in nucleolar localization are indicated by
No (bar above scheme), whereas the region involved in the localiza-
tion of DDX15 to nuclear speckles is indicated by Sp (bar above
scheme)+ Numbers below the structure refer to amino acid positions
in DDX15+

Interaction between La and DDX15/hPrp43 1439

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org


upon the presence of mainly aspartic acids (amino acids
25 to 48) or glutamic acids (amino acids 49 to 60)+
Arg–Asp repeats have been previously implicated in
RNA binding (Staknis & Reed, 1995) and regions rich
in basic residues have been shown to mediate nucle-
olar accumulation (Van Eenennaam et al+, 2001)+ Fur-
ther experiments are required to determine whether
these charged regions are involved in the nucleolar
localization of DDX15+ Deletion of amino acids 690 to
795 in the C-terminal part of DDX15 also abolished
nucleolar accumulation of DDX15+ The lack of nucleo-
lar localization of mDEAH9, the murine homolog of
DDX15 (Gee et al+, 1997) suggests that amino acids
756 to 795 of DDX15 play a crucial role in its nucleolar
localization+ In sum, all data on the localization of DDX15
mutants support the notion that N-terminal and
C-terminal extensions of DEAH-box proteins confer
specificity to these proteins+ It should be noted how-
ever, that also the DEAH-box domain itself is determin-
ing part of the specificity of DDX15, namely the
association of La with a part of the DEAH-box region+

Functional aspects of DDX15 and the
interaction between La and DDX15

Both the localization of endogenous DDX15 to nuclear
speckles and the coprecipitation of spliceosomal U
RNAs from a HeLa cell extract suggest that DDX15
might play a role in pre-mRNA splicing+ This hypothesis
is in agreement with the observations that the yeast
ortholog of DDX15, Prp43, is involved in a late step in
pre-mRNA splicing, namely spliceosome disassembly
(Arenas & Abelson, 1997; Martin et al+, 2002)+ Also the
murine ortholog, mDEAH9, contains a similar activity,
as it could functionally replace Prp43 in yeast (Gee
et al+, 1997)+ DDX15 represents the first example of a
human DEAH-box protein that localizes to both nuclear
speckles and nucleoli in mammalian cells+ This sug-
gests that besides a function in pre-mRNA splicing,
DDX15 also plays a role in other processes+ In yeast,
several DEAH-box proteins, including Dhr1p and Dhr2p,
localized to nucleoli, where they function in pre-rRNA
processing (Colley et al+, 2000)+ In analogy, the nucle-
olar pool of DDX15 might function in pre-rRNA process-
ing+What then could be the functional relevance of the
DDX15-La interaction? In yeast, the La ortholog, Lhp1p,
has been shown to be involved in the biogenesis of the
U1, U2, U4, U5, and U6 snRNPs (Pannone et al+, 1998;
Kufel et al+, 2000; Xue et al+, 2000)+ La is the first pro-
tein to bind to newly transcribed RNA polymerase III
transcripts, including U6 snRNA+ A fraction of the La
protein molecules is known to reside in the nucleolus
(Pruijn et al+, 1997; Maraia & Intine, 2002), and several
RNA polymerase III transcripts like U6 snRNA (Lange
& Gerbi, 2000), pre-tRNAs (Bertrand et al+, 1998), SRP
RNA (Jacobson & Pederson, 1998; Grosshans et al+,
2001), 5S rRNA (Michael & Dreyfuss, 1996), RNAse P

(Jarrous et al+, 1999), and RNAse MRP RNA (Jacob-
son et al+, 1995) are (transiently) localized to this com-
partment as well+ Therefore it has been suggested that
La accompanies these RNAs to the nucleolus (Maraia,
2001)+We observed a (partial) colocalization of DDX15
and La in the nucleoli+ Moreover, our results suggest
that there is only a low level of association between La
and DDX15 indicating that only part of the La mol-
ecules associate with DDX15+ It is possible that this
interaction only occurs in the nucleoli or in another nu-
clear subcompartment, where the action of both pro-
teins is required in concert+ It is tempting to speculate
that La recruits DDX15 to the RNAs mentioned above
in the nucleolus, where DDX15 might be required for
further processing of these RNAs and for their assem-
bly into RNPs+ Proof for such a concerted action of La
and DDX15 might be provided by yeast strains lacking
both Lhp1p and the yeast DDX15 protein, Prp43+

MATERIALS AND METHODS

Sera and antibodies

Monoclonal antibodies 2G10 (anti-Ro60; Veldhoven et al+,
1995), SW5 (anti-La; Pruijn et al+, 1995), 4G3 (anti-U2B0;
Habets et al+, 1989), 72B9 (anti-fibrillarin;Reimer et al+, 1987),
and Y12 (anti-Sm; Lerner et al+, 1981) have been described
before+ Anti-VSV-G-tag antibody was purchased from Roche
Diagnostics (Almere, The Netherlands)+Rabbit serum against
human Prp43/DDX15 was a kind gift of Dr+ C+L+ Will (Max
Planck Institute for Biophysical Chemistry, Göttingen, Ger-
many)+ Peroxidase-conjugated, Texas Red-conjugated, and
FITC-conjugated secondary antibodies were from Dako Im-
munoglobulins (Glostrup, Denmark)+

Cell extracts

S100 extracts were prepared from HeLa cells purchased from
Computer Cell Culture Center (Mons, Belgium)+ Briefly, cells
were washed twice in isotonic buffer (10 mM Tris-HCl, pH 7+9,
140 mM KCl, 1+5 mM MgCl2, 1 mM EDTA, 1 mM DTE, 20%
glycerol), resuspended in 2 vol of buffer A (25 mM Tris-HCl,
pH 7+4, 50 mM KCl, 1+5 mM MgCl2, 1 mM EDTA, 1 mM DTE,
20% glycerol) and disrupted by dounce homogenization+ Nu-
clei were removed by centrifugation (3,000 3 g, 5 min) and
the supernatant was first centrifuged for 20 min at 20,000 3
g, followed by centrifugation at 100,000 3 g for 1 h+

Extracts from HeLa cells were prepared after harvesting
(800 3 g, 5 min) and washing of the cells with ice-cold PBS+
Cells were lysed in lysis buffer (25 mM Tris-HCl, pH 7+5,
100 mM KCl, 1 mM DTE, 2 mM EDTA, 0+5 mM PMSF, 1%
NP-40)+After 15 min, insoluble material was removed by cen-
trifugation (16,000 3 g, 15 min) and the extract was stored at
270 8C+

Isolation of proteins coprecipitating
with SW5

Protein A-agarose beads were coated with SW5 using a
rabbit anti-mouse bridge, or rabbit anti-mouse alone as a
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control antibody, by overnight end-over-end rotation at 4 8C
in IPP500 (10 mM Tris-HCl, pH 8+0, 500 mM NaCl, 0+05%
NP-40)+ HeLa S100 extract (from 1 3 109 cells) was di-
luted in IPP100 (10 mM Tris-HCl, pH 8+0, 100 mM NaCl,
0+05% NP-40) and incubated with SW5-, or rabbit-anti-
mouse-coated protein A-agarose beads for 2 h at 4 8C+ Af-
ter extensive washing with IPP100, proteins were eluted in
IPP1000 (10 mM Tris-HCl, pH 8+0, 1,000 mM NaCl, 0+05%
NP-40; 30 min, 4 8C), followed by acetone precipitation and
solubilization in SDS sample buffer+ Proteins were resolved
by 12% SDS-PAGE and stained with Coomassie Brilliant
Blue+ Bands of interest were excised, destained, and sub-
sequently digested with trypsin and processed for Q-TOF-
mass spectrometry according to Raymackers et al+ (2000)+
Peptide sequences obtained by mass spectrometry were
used to identify the coprecipitated proteins using the NCBI
nonredundant protein database+

Immunoprecipitation

Protein A-agarose beads were coated with 2G10, SW5, Y12,
anti-hPrp43/DDX15 rabbit serum, or the corresponding pre-
immune serum, by overnight incubation at 4 8C in IPP500+
Subsequently, the antibody-coated beads were incubated with
either HeLa S100 extracts or total HeLa extracts (for RNA
isolation) in IPP150 for 2 h at 4 8C+ Then the beads were
extensively washed with IPP150, and the coprecipitating RNAs
were isolated by phenol/chloroform extraction and ethanol
precipitation+ The coprecipitated RNAs were separated by
denaturing polyacrylamide gel electrophoresis and visual-
ized by silver staining according to the protocol by Blum et al+
(1987)+ Alternatively, coprecipitated proteins were solubilized
in SDS sample buffer or two-dimensional sample buffer (for
2D-IEF/SDS-PAGE analysis) and processed for immunoblot-
ting+ Two-dimensional-IEF/SDS-PAGE was done according
to protocols described by Broekhuis et al+ (2000)+

Immunoblotting

Western blots containing HeLa S100 extracts or immunopre-
cipitated proteins were prepared, blocked in wash buffer (5%
nonfat dried milk, 0+1% NP-40, PBS) for 1 h at room temper-
ature, and incubated with antibodies against DDX15 (anti-
hPrp43/DDX15; 1:500), for 1 h at room temperature+ After
washing, filters were incubated with HRP-conjugated second-
ary antibodies and bound antibodies were visualized by
chemiluminescence+

Constructs and recombinant
protein expression

For in vitro transcription/translation and transfection analy-
ses, an N-terminally VSV-G-tagged DDX15 protein construct
was generated+ The N-terminal VSV-G-tag (MEIYTDIEMNR
LGK) was introduced via PCR using the following primers:
DDX15-1 (59-GCGAATTCGCCACCATGGAGATTTATACAG
ACATAGAGATGAACCGACTTGGAAAGCGCGGCCGCAT
GTCCAAGCGGCACCGGTTG-39) and DDX15-2 (59-GCCTC
GAGTCAGTACTGTGAATATTCCTTGGATTG-39) using DNA
from a human placental cDNA library as template+ Indicated
in bold are the introduced EcoRI, NotI, and XhoI sites, re-

spectively+ The VSV-G-tag encoding sequence is underlined+
The PCR product was digested with EcoRI/XhoI and cloned
in the corresponding sites of the pcDNA3 vector (Invitrogen)+
Deletion mutants of DDX15 were generated using a PCR-
based approach by amplifying the desired regions of DDX15
using gene-specific primers and the full-length DDX15 cDNA
as template+ The following mutants were made: DN63 (amino
acids 63 to 795), DN153 (amino acids 153 to 795), DN286
(amino acids 286 to 795), DC689 (amino acids 1 to 689),
DC583 (amino acids 1 to 583), DC477 (amino acids 1 to 477),
63–477 (amino acids 63 to 477), and 153–477 (amino acids
153 to 477)+ The integrity of all constructs was confirmed by
DNA sequencing+ Constructs for the in vitro translation of
human hnRNP I and hnRNP K have been described (Fabini
et al+, 2001)+ A GST-La fusion-protein construct was gener-
ated by inserting the full-length human La cDNA (Pruijn, 1994)
in-frame to a GST-encoding sequence from the pGEX-4 vec-
tor (Pharmacia, Roosendaal, The Netherlands)+ GST-La and
GST were expressed and purified according to protocols sup-
plied by the manufacturer (Pharmacia)+

Transfection and indirect
immunofluorescence of HEp-2 cells

HEp-2 cells were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% heat-inactivated fetal calf serum and
penicillin and streptomycin at 37 8C in the presence of 5%
CO2+ Logarithmically growing HEp-2 cells were transfected
with the VSV-G-tagged DDX15 protein transfection plasmids
by means of electroporation+ Per transfection, 5 3 106 cells
were electroporated with 10 mg of plasmid DNA in 0+8 mL of
medium at 276 V and a capacity of 950 mF using a Gene
Pulser II (BioRad)+After transfection, cells were resuspended
in 10 mL of culture medium and grown on coverslips for 24 h+
Subsequently, the HEp-2 cells were fixed in 100% methanol
(220 8C, 5 min), rehydrated in PBS, and incubated with anti-
VSV-G-tag antibody diluted 1:1,000 in PBS+Cells were washed
three times in PBS and incubated with FITC-conjugated rab-
bit anti-mouse immunoglobulins+

Colocalization experiments

For colocalization experiments, HEp-2 cells grown on cover-
slips were fixed and incubated with anti-hPrp43/DDX15 rab-
bit serum (diluted 1:100 in PBS), followed by washing and
incubation with secondary FITC-conjugated swine anti-rabbit
antibody+ Subsequently, the cells were incubated with either
anti-La (mAb SW5), anti-Sm (mAb Y12), or anti-U2B0 (mAb
4G3), or anti-fibrillarin (mAb 72B9) diluted 1:10 in PBS, fol-
lowed by washing and incubation with Texas Red-conjugated
sheep anti-mouse antibody+ The cells were analyzed by con-
focal fluorescence microscopy+

In vitro translation and immunoprecipitation

In vitro-translated 35S-methionine labeled wild-type DDX15
protein and mutants thereof and hnRNP I and hnRNP K were
synthesized using the TNT T7 Quick Coupled Reticulocyte
Lysate System (Promega) as described by the manufacturer,
using the VSV-G-tagged DDX15 (mutant) proteins in the
pcDNA3 vector as templates+ For GST pull-down experi-
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ments, glutathione beads (10 mL of packed beads) were in-
cubated with equimolar amounts of recombinant GST (control;
100 ng protein) or recombinant GST-La in PDB300 (20 mM
HEPES, pH 7+5, 300 mM KCl, 5 mM MgCl2, 0+5 mM EDTA,
0+05% NP-40, 5 mM DTE, 0+02% BSA) for 1 h at room tem-
perature+After extensive washing with PDB300, 35S-methionine
labeled DDX15 proteins were incubated with the GST- or
GST-La-coated beads in PDB300 in a total volume of 0+5 mL
for 1 h at 4 8C+ After extensive washing, bound protein was
eluted in SDS-sample buffer, separated by SDS-PAGE and
visualized by autoradiography+
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