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Heterogeneous nuclear ribonucleoprotein L (hnRNP L) is one of the principal pre-mRNA-binding proteins found in
human cells. The hnRNP L protein is fairly abundant. However, it is not restricted to the nucleus, and instead shuttles
between the nucleus and the cytoplasm. It is composed of 558 amino acid residues and harbours four loosely conserved
RNP-consensus RNA-binding domains. In an attempt to characterize the interaction occurring between cellular
proteins and hnRNP L, yeast two-hybrid screening was conducted using a HeLa cDNA library. Some of the cDNA
clones were found to harbour a partial human hnRNP D/AUF1 cDNA (GeneBank accession number NM_031369). In
this study, we determined that hnRNP L interacts speciﬁcally with the hnRNP D/AUF1 in the yeast two-hybrid system.
This interaction was veriﬁed via an in vitro pull-down assay.
[Park H-G, Yoon J-Y and Choi M 2007 Heterogeneous nuclear ribonucleoprotein D/AUF1 interacts with heterogeneous nuclear ribonucleoprotein
L; J. Biosci. 32 1263–1272]

1.

Introduction

Ribonucleic acids (RNAs) in cells are bound to proteins.
Heterogeneous nuclear ribonucleoprotein (hnRNP) is one
of the representative proteins bound to RNAs in eukaryotic
cells. More than 30 hnRNPs have been determined to
exist in human nuclei, and are referred to as hnRNPs A1
through U (Choi and Dreyfuss 1984; Krecic and Swanson
1999). It has also been determined that pre-mRNAs begin
to bind to hnRNPs as soon as they are synthesized from the
RNA polymerase II transcriptional machinery (Dreyfuss
et al 1993). Furthermore, the RNAs remain bound to
the hnRNPs while pre-mRNA is processed into mature
mRNA, which is exported into the cytoplasm. The major
hnRNPs are extremely abundant components of HeLa
nuclei, their amount is approximately the same as that of
the core histones. The hnRNP perform crucial functions in

the biogenesis of mRNA and RNA metabolism, including
transcriptional activation, mRNA processing, mRNA
export, translation and turnover (Krecic and Swanson
1999). It has been determined that hnRNP A1, A2, D, E,
I, K, and L continuously shuttle between the nucleus and
the cytoplasm, whereas hnRNP C1, C2, and U are conﬁned
to the nucleus (Krecic and Swanson 1999; Lee et al 2003).
Shuttling hnRNP proteins are known to be involved
not only in nuclear functions but also in cytoplasmic
functions, including the transport of mature mRNAs to
the cytoplasm, translation regulation and mRNA stability
regulation.
The hnRNP L protein is one of the major pre-mRNAbinding proteins in human cells. It consists of 558 amino
acid residues, and harbours four loosely conserved RNPconsensus (CS) RNA-binding domains (RBDs). It was
identiﬁed as a nuclear protein in lampbrush chromosomes
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(Pinol-Roma et al 1989). The hnRNP L protein has been
shown to interact speciﬁcally with the hepatitis C virus
(HCV) internal ribosomal entry site (IRES) and this
interaction has been correlated with the translational
efﬁciency of HCV RNA (Hahm et al 1998b). It has been
determined that hnRNP L binds to the pre-mRNA processing
enhancer of the herpes simplex virus (HSV) thymidine
kinase gene, and enhances both the polyadenylation and
nucleocytoplasmic export of intronless mRNAs (Guang
et al 2005). It was demonstrated that hnRNP L stimulates
stability and splicing by binding to a CA repeat in human
endothelial cell nitric oxide synthase (eNOS) pre-mRNA
(Hui et al 2003, 2005). hnRNP L has been found to repress
exon splicing by speciﬁcally binding to the exonic splicing
silencer (ESS) on human CD45 pre-mRNA (Rothrock et al
2005; Tong et al 2005; Melton et al 2007). It was suggested
that murine inducible nitric oxide synthase (iNOS) mRNA
degradation is promoted upon binding of hnRNP L and
hnRNP I to a destabilizing region within iNOS 3′-UTR
(Soderberg et al 2007). hnRNP L has been detected
primarily in the nucleoplasm via immunoﬂuorescence
microscopy. However, it is not restricted to the nucleus, and
instead shuttles between the nucleus and the cytoplasm (Lee
et al 2003).
To know more about the functions of hnRNP L, we
attempted to detect hnRNP L-interacting proteins in a
HeLa cDNA library using a yeast two-hybrid screening
system. We identiﬁed several independent cDNA clones,
and their nucleotide sequences, and the predicted amino
acid sequences were analysed. Two of these clones
showed sequence identity with the human hnRNP D/
AUF1 transcript variant 2 (GeneBank accession number
NM_031369). hnRNP D/AUF1 has been identiﬁed as
an abundant and ubiquitous protein, which speciﬁcally
binds to RNA and DNA sequences. hnRNP D/AUF1 is a
member of the 2xRBD-Gly protein family, all members
of which harbour two RNA-binding domains arranged
in tandem and a glycine-rich region in the C-terminus.
hnRNP D/AUF1 has been shown to be present in the
majority of cell types, and is encoded by a single gene
(Dempsey et al 1998). hnRNP D/AUF1 occurs in four
isoforms; p45-, p42-, p40-, and p37-hnRNP D/AUF1.
These vary in accordance with the presence or absence of
N-terminal 19 (exon 2)- and C-terminal 49 (exon 7)-amino
acid-long inserts, which result from the alternative splicing
of the same pre-mRNA (Wagner et al 1998). This has been
associated with the regulation of mRNA turnover rates
via binding to the AU-rich element (ARE) present within
the 3′ untranslated region of several mRNAs (Kiledjian
et al 1997). In this study, we determined that hnRNP L
speciﬁcally interacts with the hnRNP D/AUF1 in a yeast
two-hybrid system, and this interaction was conﬁrmed via a
biochemical assay.
J. Biosci. 32(7), December 2007

2.
2.1

Materials and methods

Plasmid construction and preparation

The pGBT9, pGAD424 and pACT2 plasmids were provided
by Clontech, Inc. The pGBT9 plasmid was employed as a
source of the DNA-binding domain (DB). The pGAD424
and pACT2 plasmids were employed as sources of the
activation domain (Ac). The pGBT9/hnRNP L (1~558) and
pGAD424/hnRNP L (1~558) plasmids were generously
provided by Dr S K Jang at Pohang University of Science and Technology (POSTECH) (Hahm et al 1998a).
The procedures for the construction of plasmids pGBT9/
hnRNP A1 (1~320) and pGAD424/hnRNP A1 (1~320)
have been described previously (Kim et al 2000; Park et al
2003).
The original clone #21, pGAD10/hnRNP D (78~336+3′UTR) includes the DNA fragment harbouring the p42hnRNP D/AUF1 coding sequences corresponding to
amino acids 78~336. In order to construct pGBT9/hnRNP
D (78~336+3′-UTR), the pGBT9 plasmid was digested
with BamHI and ﬁlled in with Klenow fragments for the
preparation of the vector portion. The pGAD10/hnRNP
D (78~336+3′-UTR) plasmid was digested with EcoRI
and XhoI and blunted with Klenow fragments. The DNA
fragment that included the hnRNP D coding sequence
corresponding to amino acids 78~336 and 3′-UTR was
then inserted into the pGBT9 vector. This construct was
conﬁrmed via sequencing (Bionex, Korea).
In order to construct pGBT9/hnRNP D (2~336), which
harbours the full-length coding region of hnRNP D cDNA,
oligonucleotide-directed polymerase chain reaction (PCR)
ampliﬁcations were sequentially operated, as conducted
in a previous study (Park et al 2003). The following
oligonucleotides were utilized as primers.
D-N26

D-N1

D-C337

5′CGGGATCCAGGAGGGAGCCATGG
TGGCGGCGACACAGGGGGCAG
CGGCGGCGGCGGGAAGCGGAGCC
GGGACCGGGGGCGGAACCGCGTCT
GG3′
5′CGGGATCCTGTCGGAGGAGCAGT
TCGGCGGGGACGGGGCGGCGG
CAGCGGCAACGGCGGCGGTAGGCG
GCTC 3′
5′CCGCTCGAGTTAGTATGGTTTGTA
GCTATTTTGATGACC 3′

Clone #30, pGAD10/hnRNP D (48~336+3′-UTR), which
included the DNA fragment harbouring the p42-hnRNP
D/AUF1 coding sequences corresponding to amino acids
48~336, was employed as a template. Two primers, D-N26
harbouring the BamHI site and D-C336 harbouring the
stop codon (TAA) and the XhoI site, were employed in the
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ampliﬁcation of the DNA fragment encoding for hnRNP D
(26~336). The ampliﬁed DNA fragments were then digested
with BamHI and XhoI. The resultant 940bp-DNA fragment
harbouring hnRNP D (26~336) was isolated and inserted
into the BamHI and XhoI sites of pGBT9. Secondly, primers
D-N1 and D-C336, which harboured the BamHI and XhoI
sites, respectively, were coupled with pGBT9/hnRNP D
(26~336) in order to amplify the DNA fragment encoding
for hnRNP D (2~336). The ampliﬁed DNA fragments were
digested with BamHI and XhoI, and then inserted into the
similarly treated pGBT9 vector. The PCR products were
conﬁrmed via sequencing (Bionex, Korea).
For the construction of pGBT9/hnRNP D (127~336), the
pGBT9 plasmid was digested with BamHI, ﬁlled in with
Klenow fragments, and digested with SalI for preparation of
the vector portion. The pGBT9/hnRNP D (2~336) plasmid
was digested with DraI and XhoI. The DNA fragment
including the hnRNP D coding sequence corresponding
to amino acids 127~336 was inserted into the pGBT9
vector. This construct was veriﬁed via sequencing (Bionex,
Korea).
To create pTM1/hnRNP D (78~336+3′-UTR), the pTM1
plasmid was digested with EcoRI, ﬁlled in with Klenow
fragments, and then digested with XhoI for the preparation
of the vector portion. The DNA fragment from pGAD10/
hnRNP D (78~336+3′-UTR) treated with EcoRI–Klenow–
XhoI was inserted into the pTM1 vector. This construct was
veriﬁed via sequencing (Bionex, Korea).
The pTM1/hnRNP L (1~558) plasmid was obtained as a
gift from Dr S K Jang at POSTECH (Hahm et al 1998a). In
order to create pGEX-KG/hnRNP L (141~558), the pGEXKG plasmid was digested with EcoRI, ﬁlled in with Klenow
fragments, and digested with XhoI for the preparation of the
vector portion. The pMC421 plasmid, which harbours mycPK-hnRNP L (24~558), was digested with HincII and XhoI
(Lee et al 2002). The DNA fragment including the hnRNP
L coding sequence corresponding to amino acids 141~558
was inserted into the pGEX-KG vector. This construct was
veriﬁed via sequencing (Bionex, Korea).
2.2

Yeast two-hybrid screening system

The cloning vectors, yeast strains and HeLa cDNA
library were purchased from Clontech, Inc. The yeast
two-hybrid screening system (Fields and Song 1989) was
operated in accordance with the manufacturer’s protocols.
Saccharomyces cerevisiae strain HF7c (MATa, ura3-52,
his3-200, lys2-801, ade2-101, trpl-901, leu2-3, 112, gal4542, gal80-538, cyhr2, LYS2::GAL1uas-GALtata-HIS3, URA3:
:GAL417mers(X3)-CyCltata-laZ) encodes for HIS3 and βgalactosidase as reporters and harbours trp1, leu2 and cyhr2
as marker genes (Feilotter et al 1994). HF7c was transformed
using pGBT9/hnRNP L cDNA and the HeLa cDNA library.
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Approximately 1.4x106 transformants were plated onto
synthetic medium lacking leucine, tryptophan and histidine.
His+ growers were transferred onto ﬁlter paper, on which
they were assessed for β-galactosidase expression. The
β-galactosidase activity assay was conducted as described
previously (Kim et al 2000; Lee et al 2003). A blue colour
change indicated β-galactosidase activity in the transformed
yeast cells. Alternatively, the viability of the transformed
yeast cells on plates of synthetic medium lacking leucine,
tryptophan and histidine was monitored to verify protein–
protein interaction. Twenty-six of the His+ growers were
blue. Library plasmids were recovered from the blue
colonies and transformed into E. coli JBE181. True positive
clones were veriﬁed by the observation of their ability to
transactivate HIS3 and LacZ reporters when retransforming
HF7c with only pGBT9/hnRNP L cDNA. The plasmid
inserts were sequenced (GenoTech, Korea; Bionex, Korea).
Identiﬁcation in the human genome was performed via the
BLAST program search.
2.3

Production of proteins

Glutathione S-transferase (GST) and GST-hnRNP L
(141~558) were expressed in E. coli BL21(DE3)pLysS
from the pGEX-KG and pGEX-KG/hnRNP L (141~558)
plasmids, respectively. Isopropyl-β-D-thiogalactopyranoside
(IPTG) was added in a ﬁnal concentration of 0.5 mM to the
cells when absorbance at 600 nm of 0.5 was reached. After 6
hours of further incubation at 27°C, the cells were harvested,
resuspended in lysis buffer (20 mM Na-phosphate [pH 7.6],
150 mM NaCl, 0.5 mM phenylmethylsulfonyl ﬂuroride
[PMSF], 1 mM β-mercaptoethanol and 10% glycerol).
The cells were then ruptured by sonication (550 Sonic
Dismembrator; Fisher Scientiﬁc). After centrifugation, the
supernatant was preserved.
2.4

In vitro pull-down assay

Identical quantities of GST and GST-fusion proteins were
bound to glutathione sepharose 4B resin in lysis buffer for
2 hours at 4°C. These resin-bound samples were washed
three times with lysis buffer after incubation. The quantity
of resin-bound proteins was determined on 12% SDSpolyacrylamide gel. The [35S]-labelled proteins were then
synthesized in a rabbit reticulocyte lysate (Promega) via an
in vitro transcription–translation reaction in the presence of
[35S] methionine and cysteine (Perkin Elmer Life Sciences,
Inc.). The pTM1/hnRNP L (1~558) and pTM1/hnRNP
D (78~336) plasmids were employed in order to obtain
[35S]-labelled hnRNP L and hnRNP D, respectively. This
in vitro translation mixture was incubated with resin-bound
samples in binding buffer (20 mM Na-phosphate [pH 7.6],
J. Biosci. 32(7), December 2007
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150 mM NaCl, 0.5 mM PMSF, 1 mM β-mercaptoethanol,
0.5 mM dithiothreitol [DTT], 0.2% NP-40, 0.1% EDTA,
10% glycerol) containing 10 µg of RNase A and 200 units
of RNase T1 for 30 min at room temperature in order to
remove contaminated RNAs, and incubated for an additional
2 h at 4°C for protein–protein interaction. The resins were
then washed four times with 1 ml of the binding buffer,
and the resin-bound proteins were resolved on 12% SDSpolyacrylamide gel.

3.
3.1

Results

hnRNP D/AUF1 is an hnRNP
L-interacting protein

A yeast two-hybrid screening system (Fields and Song
1989) was employed in order to identify proteins that
interact with human hnRNP L. The hnRNP L cDNA fused
to the DNA-binding domain of the GAL4 yeast transcription
factor (GAL41-147-hnRNP L; DB-hnRNP L) was employed
as bait. A HeLa cDNA library fused to the GAL4 activation
domain was utilized as the target. We conducted selection
in the HF7c yeast strain harbouring both the HIS3 and LacZ
reporter genes, under the control of the GAL4-responsive
elements. Approximately 1.4x106 transformants were
screened. Twenty-six colonies showed both β-galactosidase
activity and histidine prototrophy. Library plasmids that
conferred His+ and a blue colour to the reporter strains in
the presence of GAL41-147-hnRNP L were then recovered
and sequenced. A BLAST search for the sequences of the
library plasmids revealed that two independent clones
harboured a partial human hnRNP D/AUF1 (GeneBank
accession number NM_031369). This clone was designated
hnRNP D/AUF1 transcript variant 2, which encodes for
p42-hnRNP D/AUF1. This does not include an N-terminal
19 amino acid addition, but does harbour a C-terminal 49
amino acid addition (ﬁgure 1). The cDNA of the hnRNP
D/AUF1 transcript variant 2 comprises 2200 nucleotides
and includes a 1011 bp coding sequence, which encodes for
336 amino acid residues between nt#319 and nt#1329. The
size of the insert DNAs of the two clones was determined to
be approximately 1.2 kb. One of the clones, #21, pGAD10/
hnRNP D (78~336+3′-UTR), harboured a partial cDNA
of hnRNP D transcript variant 2 from nt#549 to nt#1685,
corresponding to amino acid residues 78~336 and the 3′UTR (ﬁgure 1). The nucleotide sequences of clone #21
are the same as those reported in GeneBank for hnRNP D
(GeneBank accession number NM_031369) (ﬁgure 1). This
clone was inserted in-frame with the Gal4 activation domain,
and was employed in an in vivo analysis of the interaction
occurring between hnRNP L and hnRNP D/AUF1. The
other clone, #30, pGAD10/hnRNP D (48~336+3′-UTR),
J. Biosci. 32(7), December 2007

was determined to harbour a partial cDNA of hnRNP D
transcript variant 2 from nt#458 to nt#1685, corresponding
to amino acid residues 48~336 and the 3′-UTR (ﬁgure 1). It
was inserted out-of-frame with the Gal4 activation domain,
and was utilized for PCR ampliﬁcation in order to construct
full-length hnRNP D.
The protein–protein interaction of hnRNP L and hnRNP
D/AUF1 was veriﬁed following re-transformation into
a host strain. Individual colonies of HF7c yeast cells
harbouring the pGBT9/hnRNP L (1~558) and pGAD10/
hnRNP D (78~336+3′-UTR) plasmids were streaked onto
Trp- Leu- plates. The yeast cells were transferred onto ﬁlter
paper, which was then incubated for β-galactosidase activity.
At the same time, cells were plated onto Trp- Leu- His- plates
that were incubated for histidine prototrophy. Visual
inspection of HIS3 and LacZ reporter activation
indicated that hnRNP L interacted with hnRNP D/AUF1.
hnRNP D did not induce β-galactosidase activity and
histidine prototrophy in cells harbouring only the GAL4
DNA-binding domain (ﬁgure 2, table 1). These results
suggest that hnRNP L (1~558) interacts speciﬁcally
with human hnRNP D (78~336+3′-UTR) in yeast cells.
As hnRNP L can exert homomeric interactions (Kim
et al 2000), yeast cells expressing two hnRNP L fusion
proteins showed both β-galactosidase activity and histidine
prototrophy.
To further verify the interaction of hnRNP L with hnRNP
D/AUF1, the plasmid harbouring the hnRNP D (78~336)
cDNA fused to the Gal4 DNA-binding domain was also
constructed. The interaction between hnRNP L (1~558) and
hnRNP D (78~336) was then characterized. When the fusion
proteins of DB-hnRNP D (78~336) and Ac-hnRNP L were
expressed in yeast cells, none of the transformants proved
able to induce His+ and β-galactosidase activity (table 1). In
order to further characterize the interaction between hnRNP
L and hnRNP D/AUF1 in the yeast two-hybrid system, the
pGBT9/hnRNP D (2~336) and pGBT9/hnRNP D (127~336)
plasmids were also constructed. When the fusion proteins of
DB-hnRNP D (2~336) and Ac-hnRNP L were expressed in
yeast cells, none of the transformants proved able to induce
His+ and β-galactosidase activity (table 1). In contrast,
when fusion proteins of DB-hnRNP D (127~336) and
Ac-hnRNP L were expressed in yeast cells, both His+ and
β-galactosidase activity were detected (ﬁgure 3, table 1).
hnRNP D (127~336) induced no β-galactosidase activity
in cells harbouring only the GAL4 transcription activation
domain (ﬁgure 3, table 1). Thus, these results indicate that
hnRNP L interacts speciﬁcally with human hnRNP D/AUF1
in yeast cells. When fusion proteins of DB-hnRNP D
(127~336) and Ac-hnRNP D (78~336) were expressed in
yeast cells, His+ and β-galactosidase activity was detected
(ﬁgure 3, table 1). This suggests that hnRNP D can exert
homomeric interactions.
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Figure 1. Schematic diagram of hnRNP D/AUF1 and the nucleotide, and the deduced amino acid sequences of hnRNP D/AUF1 transcript
variant 2. The nucleotide sequence is numbered from nucleotide #1 of hnRNP D cDNA. A putative initiation codon ATG at nt 319–321 and
the stop codon of the open reading frame TAA at nt 1327–1329 are shown. An open reading frame comprising 336 amino acid residues is
shown. The boxes indicate two RNP CS-RBDs, the RBD I and RBD II domains. The two pairs of RNP2 (hexamer) and RNP1 (octamer)
sequences are marked with double lines or underlined, respectively. The arrows show the starting points of the original library clone
plasmids, clone #30 (nt#458) and clone #21 (nt#549) and end-points (nt#1685) of two clones. A vertical arrowhead indicates the site of the
19-amino acid (exon 2) addition of p45 and p40-hnRNP D/AUF1. The C-terminal 49-amino acid addition is marked with a dotted line.
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Table 1. Interaction of hnRNP L with hnRNP DL in yeast two-hybrid system
Fusion protein
β-galactosidase

His

pGBT9-

pACT2 (or pGAD-)

DB-hnRNP L (1~558)

Ac-hnRNP L (1~558)

+

blue

DB

Ac

–

white

DB-hnRNP L (1~558)

Ac- hnRNP D (78~336)

+

blue

DB-

Ac- hnRNP D (78~336)

–

white

DB- hnRNP D (78~336)

Ac-hnRNP L (1~558)

–

white

DB- hnRNP D (2~336)

Ac-hnRNP L (1~558)

–

white

DB- hnRNP D (127~336)

Ac-hnRNP L (1~558)

+

blue

DB- hnRNP D (127~336)

Ac-hnRNP D (78~336)

+

blue

DB-hnRNP A1 (1~320)

Ac-hnRNP A1 (1~320)

+

blue

DB-hnRNP D (127~336)

Ac

–

white

Individual colonies of HF7c yeast cells harbouring the pairs of indicated plasmids were streaked onto Trp- Leu- plates. Yeast cells were
plated onto Trp- Leu- His- plates or transferred onto ﬁlter paper which was then incubated for histidine prototrophy or a β-galactosidase
ﬁlter assay. Interaction results in the activation of the HIS3 and LacZ reporters, growth in the absence of histidine or change in colour
to blue by β-galactosidase ﬁlter assay are indicated.

Figure 2. In vivo analysis of the protein–protein interactions
between hnRNP L and hnRNP D using a yeast two-hybrid system.
The pairs of indicated plasmids were transformed into HF7c yeast
cells. The protein–protein interactions between the two proteins
were evaluated via a viability test of the yeast cells on Trp- Leu- Hisplates. The growth of the yeast cells shows interactions between the
hybrid proteins. DB-hnRNP L (1~558) and Ac-hnRNP L (1~558)
were employed as positive controls.

3.2 Analysis of protein–protein interactions between
hnRNP L and hnRNP D/AUF1 via in vitro pull-down assay
In order to further conﬁrm the interaction between hnRNP
L and hnRNP D/AUF1, we examined the protein–protein
interactions between the two using an in vitro pull-down
assay. hnRNP L(141~558) was expressed as a fusion protein
with bacterial GST (ﬁgure 4). The GST protein expressed
J. Biosci. 32(7), December 2007

in bacteria was employed as a negative control. hnRNP D
was produced and labelled with methionine and cysteine
via in vitro transcription–translation in the reticulocyte
lysates. The pTM1/hnRNP D (78~336) plasmid was utilized
in order to obtain [35S]-hnRNP D. This migrates as a ~32
kDa band (ﬁgure 6). The GST protein or GST-hnRNP L
(141~558) fusion protein immobilized on glutathione–
sepharose (ﬁgure 5) was incubated either with [35S]-labelled
hnRNP D (78~336) or as a positive control, with the [35S]labelled hnRNP L(1~558) protein. RNase A and RNase T1
were included in reaction mixtures in order to preclude
the possibility of protein interactions mediated by
protein–RNA–protein interactions. After washing, the
bound GST fusion protein and any associated proteins
were dissociated by boiling in SDS-containing buffer,
and then analysed via SDS-PAGE. As shown in ﬁgure 6,
both hnRNP L and hnRNP D/AUF1 were co-precipitated
with GST-hnRNP L (141~558) (ﬁgure 6, lanes 3 and 4).
However, these proteins could not be precipitated by GST
alone (ﬁgure 6, lanes 5 and 6). We conclude that the hnRNP
D/AUF1 is capable of interacting speciﬁcally with hnRNP
L in vitro.

4.

Discussion

Certain functions in the regulation of mRNA export, RNA
processing, IRES-dependent translation and mRNA stability
have been previously associated with hnRNP L (Guang
et al 2005; Hahm et al 1998b; Soderberg et al 2007).
More recently, it has been suggested that hnRNP L
may have the broad function of splicing (Hui et al 2005;
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Figure 3. In vivo analysis of the protein–protein interactions
between hnRNP L and hnRNP D using a yeast two-hybrid system.
The pairs of indicated plasmids were transformed into HF7c yeast
cells. The protein–protein interactions between the two proteins
were evaluated via a viability test of the yeast cells on Trp- Leu- Hisplates. The growth of the yeast cells shows interactions between the
hybrid proteins. DB-hnRNP L (1~558) and Ac-hnRNP L (1~558)
were employed as positive controls. DB-hnRNP A1 (1~320) and
Ac-hnRNP A1 (1~320) were also used as positive controls.

Melton et al 2007). These functions of hnRNP L are likely
to be accomplished with the assistance of other cellular
factors.
In order to identify the hnRNP L-interacting proteins,
yeast two-hybrid screening was conducted, employing a
HeLa cDNA library as the ‘prey’. Some positive clones were
obtained via the screening of approximately 1.4 million yeast
colonies. Twenty-six colonies showed both β-galactosidase
activity and histidine prototrophy. A BLAST search for the
sequences of the library plasmids that conferred His+ and
a blue colour revealed that several hnRNPs and several
non-hnRNPs were identiﬁed. Examination of the speciﬁc
interaction between hnRNP L and the identiﬁed proteins is
in progress. One of the identiﬁed proteins was the gene for
human hnRNP L. This supports the notion that hnRNP L
exists in an oligomeric, as well as a monomeric form (Kim
et al 2000). One of these was the gene for human hnRNP
I. This corroborates the conclusion that hnRNP L can exert
heteromeric interaction with hnRNP I (Kim et al 2000).
Three of these were identiﬁed as human hnRNP E1 (Park
H-G and Choi M, unpublished). Six of the cDNA clones
harbour a human hnRNP D-like protein JKT41-binding
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protein (JKTBP) cDNA (Park et al 2007). Two of these
were identiﬁed as human p42-hnRNP D/AUF1. When the
fusion proteins of hnRNP L and hnRNP D were expressed
in yeast cells, both His+ and β-galactosidase activity was
detected, regardless of the fused domains (ﬁgure 3, table 1).
This interaction between hnRNP L – hnRNP D/AUF1 was
newly observed in this study, and was also subsequently
conﬁrmed via an in vitro pull-down assay. When fusion
proteins of DB-hnRNP D (127~336) and Ac-hnRNP
D (78~336) were expressed in yeast cells, His+ and βgalactosidase activity were detected (ﬁgure 3, table 1). This
suggests that p42-hnRNP D/AUF1 can exert homomeric
interactions.
The hnRNP D, which is also referred to as AUF1, was
initially identiﬁed in HeLa cell nuclear extracts as a protein
that binds speciﬁcally to single-stranded d(TTAGGG)4
and r(UUAGGG)4 oligonucleotides, which correspond to
the human telomeric repeat and the pre-mRNA 3′ splice
site, respectively (Ishikawa et al 1993). hnRNP D/AUF1
is an abundant and ubiquitous protein. It is composed of
two RNA-binding domains arranged in tandem, as well
as a glycine- and tyrosine-rich carboxyl-terminal domain.
hnRNP D/AUF1 has been determined to exist in the
majority of cell types, and is encoded for by a single gene
(Dempsey et al 1998). Four isoforms, referred to as hnRNP
D/AUF1 transcript variants 1, 2, 3 and 4, can be generated
via the alternative splicing of exon 2 and exon 7 (Wagner
et al 1998). hnRNP D/AUF1 exists as four isoforms; p45-,
p42-, p40-, and p37-hnRNP D/AUF1. These isoforms vary
in accordance with the presence or absence of N-terminal
19 (exon 2)- and C-terminal 49 (exon 7)-amino acid-long
inserts (Wagner et al 1998). Our clone is hnRNP D/AUF1
transcript variant 2, which encodes for p42-hnRNP D/
AUF1. p42-hnRNP D/AUF1 comprises 336 amino acids
and harbours a C-terminal addition of 49 amino acids (ﬁgure
1). The hnRNP D/AUF1 protein has been implicated in
the transcriptional regulation of the human complement
receptor 2 gene (Tolnay et al 1997). It has been associated
with the regulation of mRNA stability via the recognition
of AU-rich elements present in the 3′ untranslated region of
several mRNAs (Kiliedjian et al 1997). hnRNP D has been
shown to shuttle continuously between the nucleus and the
cytoplasm (Krecic and Swanson 1999). hnRNP D/AUF1 has
been shown to be phosphorylated by cells expressing NPMALK, and its hyperphosphorylation was correlated with
the enhanced stability of several hnRNP D/AUF1 target
mRNAs encoding for key regulators of cell proliferation
(Fawal et al 2006).
Recently, it has been suggested that hnRNP L has the
broad function of splicing (Hui et al 2005; Melton et al
2007). It was reported that hnRNP K, L and A2/B1 are
candidate proteins involved in the nutritional regulation
of mRNA splicing (Grifﬁth et al 2006). hnRNP L has
J. Biosci. 32(7), December 2007
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Figure 4. Expressed GST and GST-hnRNP L (141~558) in Coomassie blue-stained 12% SDS-polyacrylamide gels. The extracts from
E. coli BL21(DE3)pLysS carrying pGEX-KG/hnRNP L(141~558) or pGEX without and with induction are shown in lanes 2 and 3,
respectively. The induced cell extracts were ruptured via sonication. After centrifugation, the supernatant and pellet were observed in lanes
4 and 5, respectively. The arrows indicate GST-hnRNP L (141~558) and GST.

Figure 5. The amount of glutathione sepharose 4B resinbound GST-hnRNP L (141~558) and GST proteins are shown on
Coomassie blue-stained 12% SDS-polyacrylamide gel. The arrows
indicate GST-hnRNP L (141~558) and GST.
J. Biosci. 32(7), December 2007

Figure 6. In vitro analysis of the interaction between hnRNP L
and hnRNP D via biochemical assay. The in vitro translated hnRNP
L and hnRNP D proteins are shown in lanes 1 and 2, respectively.
These [35S]-labelled proteins were incubated with resin-bound
GST-hnRNP L (141~558) (lanes 3 and 4) or GST (lanes 5 and 6) in
the presence of RNase A and RNase T1. After washing the samples
with binding buffer, the resin-bound proteins were resolved on 12%
SDS – polyacrylamide gel.

hnRNP D/AUF1 is an hnRNP L-interacting protein
been shown to repress exon splicing by binding to ESS on
human CD45 pre-mRNA (Rothrock et al 2005; Tong et al
2005). More recently, it was found that the main functional
components of the ESS-binding complex contain hnRNP L,
hnRNP I/PTB, hnRNP E2, hnRNP K, hnRNP D and hnRNP
A1, as well as several other splicing regulatory proteins,
although the existence of protein–protein interaction
between hnRNP L and hnRNP D has not been identiﬁed yet.
It has been determined that hnRNP L can exert heteromeric
interaction with hnRNP D-like protein JKTBP, hnRNP E1,
hnRNP E2, hnRNP I/PTB, hnRNP K (Park et al 2007; Kim
et al 2000; Park H-G and Choi M, unpublished). In this
report we demonstrate that hnRNP L interacts speciﬁcally
with hnRNP D/AUF1.
Considering our results in conjunction with the reported
functions of hnRNP L and hnRNP D/AUF1, it is possible
to speculate on the role of the interaction occurring between
hnRNP D/AUF1 and hnRNP L. hnRNP L and hnRNP D/
AUF1 may function in tandem in the export of mRNA from the
nucleus to the cytoplasm, as well as in splicing, mRNA turnover
and the translation of certain mRNAs. Although the molecular
mechanism for the protein–protein interaction between
hnRNP L and hnRNP D/AUF1 has not been established, we
can conjecture that the interaction occurring between the two
proteins may contribute to bringing the effector molecule,
which mediates mRNA export, splicing, mRNA turnover and
translation, near the reactive site of the RNA and/or facilitate
RNA binding of the functional complex.
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