
Identification and Characterization of a Novel Protein
That Regulates RNA–Protein Interaction
Yaacov Hod,1,2* Srinivas N. Pentyala,1 Terry C. Whyard,1 and M. Raafat El-Maghrabi2

1Prostate Cancer Research Center, Departments of Urology and Radiation Oncology, State University
of New York, Stony Brook, New York 11794–8093
2Department of Physiology and Biophysics, State University of New York,
Stony Brook, New York 11794–8661

Abstract In a previous study [Nachaliel et al., 1993], we identified an RNA-binding protein (RBP) in FTO-2B rat
hepatoma cells whose activity was stimulated upon the dissociation of a protein factor. We report in this article that the
RBP is a complex protein of about 400 kDa, composed of RNA-binding subunit(s) (RBS), and regulatory subunit(s) (RS).
We purified the RS to near-homogeneity (Mr ,25,000) and determined the amino acid sequence of a peptide derived
from RS. On the basis of this sequence information, the cDNA for RS was obtained. Recombinant RS protein expressed in
Escherichia coli had the capacity to bind RBS and inhibit its RNA-binding activity. The cDNA contains the complete
coding sequence because the recombinant protein has the same electrophoretic mobility as that of the native RS in
SDS-polyacrylamide gels. Sequence comparison showed that RS is almost identical to DJ-1, a recently discovered
protein with an oncogenic potential, and CAP1, a rat sperm protein. However, the protein does not contain any known
motifs that can provide a clue as to its exact function. Indirect immunofluorescence analyses showed that in addition to
the cytoplasm, where RS is associated with microtubular filaments, the polypeptide is localized to the cell nucleus. The
possible role of RS is discussed. J. Cell. Biochem. 72:435–444, 1999. r 1999 Wiley-Liss, Inc.
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RNA-binding proteins play an important role
in the post-transcriptional control of gene ex-
pression [Siomi and Dreyfuss, 1997]. The activ-
ity of this family of proteins is mediated through
specific recognition of sequences and structural
elements within the mRNA transcripts [McCar-
thy and Kollmus, 1995; Dreyfuss et al., 1996].
Characterization of these proteins resulted in
the identification of several RNA-binding mo-
tifs, including the RNP motif, KH domains, and
the RGG box [Burd and Dreyfuss, 1994]. It has
been suggested [Herschlag, 1995] that at least
some of these proteins may function as RNA
chaperones, acting to facilitate proper folding of

the RNA, thereby ensuring that the molecule is
accessible for its biological function. In addition
to the RNA-binding motifs, auxiliary domains
that are involved in protein–protein interaction
have been identified in several RNA-binding
proteins [Biamonti and Riva, 1994]. For ex-
ample, hnRNP protein A1 was shown to form
both homo- and heterocomplexes with other
hnRNP proteins through a specific glycine-rich
domain located at the C-terminal region of
hnRNP A1 [Cartegni et al., 1996]. Although the
function of the protein–protein interaction in
the control of RNA–protein interaction remains
known, it is likely to have a regulatory role. The
importance of these interactions is reflected in
the recent discoveries of genetic disorders
caused by aberrant expression of an RNA-
binding protein in the fragile X syndrome [Siomi
et al., 1996] and in myotonic dystrophy [Philips
et al., 1998], or of a protein that interacts with
an RNA-binding protein in spinal muscular
atrophy [Liu and Dreyfuss, 1996].

We have previously identified a cyclic adeno-
sine monophosphate (cAMP)-regulated RNA-
binding protein (RBP) with an affinity for
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double-stranded sequences [Nachaliel et al.,
1993]. The RBP did not show sequence prefer-
ence and interacted with a variety of sequences
with predicted stem-loop structures. Binding
was lost when the RNA probe was heat-dena-
tured but restored after being renatured by
slow cooling. We also demonstrated that the
RNA-binding activity was reduced in rat hepa-
toma FTO-2B cells incubated with cAMP, or in
livers from starved rats, a metabolic adaptation
known to have increased levels of cAMP [Claus
and Pilkis, 1981]. Incubation of the protein
extract with alkaline phosphatase stimulated
RNA-binding activity, suggesting that phosphor-
ylation may regulate the RNA-binding activity.
Further experiments demonstrated that
FTO-2B cell extract contains a protein factor
that inhibits the RNA-binding activity, suggest-
ing that protein–protein interaction regulates
the RNA–protein interaction. In the present
study, we report on the isolation of the protein
factor (RS) that regulates the RNA-binding ac-
tivity, the identification of a cDNA clone and
that RS is a component of a high-molecular-
mass complex protein that also contains an
RNA-binding activity (RBS). RS is uniquely
distributed in the cytosol and nucleus in differ-
ent cells, and is associated with microtubular
filaments. RS was found to be almost identical
to DJ-1, an oncogene shown recently to have
the capacity to transform mouse fibroblasts in
cooperation with ras [Nagakubo et al., 1997]
and to CAP1, a sperm protein that is important
in fertilization [Wagenfeld et al., 1998], suggest-
ing that RS may have a broader cellular role
than anticipated.

MATERIALS AND METHODS
Purification of RS

Extracts of the rat hepatoma cell line FTO-2B
(confluent cultures from 250 3 10-cm2 plates)
were prepared as previously described [Nachal-
iel et al., 1993]. All subsequent steps, unless
otherwise indicated, were performed at 4°C.
The lysate was subjected to differential precipi-
tation with (NH4)2SO4 into a fraction that
contains the RBS (30–50% saturation of
(NH4)2SO4), and a fraction containing RS (.70%
saturation of (NH4)2SO4). The fraction contain-
ing RS was loaded at room temperature onto a
10 ml column of phenyl-Sepharose (Amersham
Pharmacia Biotech, Piscataway, NJ), pre-equili-
brated with 70% saturated solution of (NH

4
)2SO4

and 1 mM DTT. The column was developed

with 5-bed volumes successively of 50%, then
20% saturated solutions of (NH4)2SO4. RS activ-
ity was eluted in the 20% (NH4)2SO4 wash.
After dialysis, the fraction was loaded onto a
5-ml column of hydroxylapatite (Calbiochem,
San Diego, CA) pre-equilibrated with potas-
sium-phosphate buffer (10 mM, pH 6.8) (KPB)
containing 1 mM DTT, and the column was
developed by stepwise incremental concentra-
tions of KPB containing 1 mM DTT.

Digestion and Protein Sequencing

The proteins eluted from the hydroxylapatite
were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE),
electroblotted onto a polyvinylidene fluoride
(PVDF) membrane (Immobilon-P; Millipore,
Bedford, MA) and visualized using Ponceau S
(0.2% w/v). Targeted polypeptides were excised
for Edman degradation sequence analysis on
an Applied Biosystems model 475a protein se-
quencing system using pulsed-liquid chemistry.
To generate smaller peptides for internal se-
quencing, the membrane-bound polypeptide was
cleaved with CNBr as described by Stone and
Williams [1993]. The resulting peptides were
resolved by SDS-PAGE using the Tris-Tricine
buffer system [Schagger and von Jagow, 1987]
and electroblotted onto a PVDF membrane (Im-
mobilon-P, Millipore). The amino acid sequence
obtained was compared to known sequences in
the standard data base using BLAST.

Analysis of RNA–Protein Interaction

Determination of RNA–protein interaction
was carried out by a gel shift mobility assay
using a 30-nucleotide P-enolpyruvate carboxyki-
nase-derived sequence as an RNA probe (Lp8),
as previously described [Nachaliel et al., 1993].
The final volume of the binding reaction was 25
µl and an aliquot of 10 µl was loaded onto the
gel.

Construction of Prokaryotic Expression Vector
and Isolation of Recombinant Protein

The protein-coding sequence of RS was ampli-
fied by PCR (94°C 30 s; 56°C 30 s; 72°C 1 min,
30 cycles) using RS cDNA (GenBank Accession
No. T35410; see under Results), and the oligom-
ers 58-CATATTACATAACCATGGCTTCC and
58-GAGAATGGATCCCTAACGGCC as coding
and complementary primers, respectively. The
amplified product was digested with NcoI and
BamHI and inserted into the corresponding
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sites in the T7 RNA polymerase-based bacterial
expression vector pET-15b (Novagen, Madison,
WI), to generate the construct pET-RS. Inser-
tion into the NcoI site of pET-15b eliminated
the vector sequence for His-Tag, resulting in a
translation product identical to the wild-type
RS. The constructed DNA was confirmed by
sequencing using ABI PRISM Dye Terminator
chemistry and an ABI 373 DNA Sequencer (PE
Biosystems, Foster City, CA). The pET-RS con-
struct was introduced into Escherichia coli
BL21(lDE3), using standard transformation
techniques, and expression of transfected gene
was induced with IPTG (0.4 mM) for 4 h at
37°C. The recombinant RS was purified from
bacterial extract by (NH4)2SO4 precipitation
(.70% saturation), followed by fractionation on
phenyl-Sepharose and hydroxyapatite, as de-
scribed for the native protein.

Coupling of RS to CNBr-Activated Sepharose

The purified recombinant RS was ligated to
CNBr-activated Sepharose as recommended by
the manufacturer (Amersham Pharmacia Bio-
tech).

Production of Antibody Directed Against RS

Antibody to RS was prepared by initial subcu-
taneous injection of 500 µg of the purified recom-
binant RS in complete Freund’s adjuvant into a
rabbit, followed by one additional booster injec-
tion of 100 µg, 21 days later. Serum was col-
lected before injection and 3 and 6 weeks later,
and the IgG fraction was purified by absorption
onto protein A-Sepharose CL-4B (Amersham
Pharmacia Biotech).

SDS-PAGE and Western Blot Analysis

PAGE and electroblotting of proteins onto
PVDF membrane (Immobilon-P; Millipore) were
carried out under standard conditions. Blots
were incubated with nonfat milk to block unre-
acted sites and then with the RS antibody (1:
5,000 dilution of rabbit antiserum) for 1 h at
room temperature. After washing and incuba-
tion with horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit antibody (1:15,000 dilu-
tion) (Sigma Chemical Co., St. Louis, MO), blots
were developed using the SuperSignal en-
hanced chemiluminescence detection kit from
Pierce (Rockford, IL).

Immunofluorescence Microscopy

Cells grown on glass coverslips for 24 h were
fixed with methanol at 218°C for 10 min and
blocked with 1% bovine serum albumin (BSA)
in phosphate-buffered saline (PBS) for 30 min
at 22°C. The fixed cells were incubated with the
rabbit polyclonal antiserum to RS (1:200 dilu-
tion) and mouse monoclonal antibody to b-tubu-
lin (Sigma Chemicals, clone TUB 2.1, 1:100
dilution) in blocking solution. After washing,
cells were exposed to fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit antibody
(Sigma) and lissamine rhodamine (LRSC)-
conjugated goat anti-mouse IgG (Jackson Im-
munoResearch Laboratories, West Grove, PA),
each diluted 1:100 in blocking solution. The
cells were visualized using confocal laser scan-
ning microscopy as described [Berrios and
Colflesh, 1995] .

RESULTS
RS is a Component of a High-Molecular-Mass

Complex Protein

We have previously shown [Nachaliel et al.,
1993] that RNA-binding activity was markedly
increased in the presence of high concentra-
tions of KCl (.300 mM) (e.g., see Fig. 1, lanes
11 and 12) and proposed that the activation
may have been mediated by dissociation of an
inhibitory activity. Further experiments demon-
strated that the RNA-binding and inhibitory

Fig. 1. RS is a component of a high-molecular-mass complex.
RNA-binding activity was measured in fractions of FTO-2B
cellular extract separated by gel filtration on Sephacryl S300.
Cell lysis and chromatography were carried out using a low-
ionic-strength buffer containing 40 mM KCl. A: RNA-binding
activity in the Sephacryl S300 fractions measured in the pres-
ence of 40 mM KCl concentration (lanes 1–10). Activity of the
whole cell extract applied to the column measured in the
presence of 40 mM KCl (lane 11) or 500 mM KCl (lane 12).
B: RNA-binding activity in the Sephacryl S300 fractions mea-
sured in the presence of 500 mM KCl concentration (lanes
1–10). Lanes 11 and 12 are as in A. Complex formation in the
RNA-binding assay was determined as described under Materi-
als and Methods. Column calibration was carried out with
ferritin (440,000 Da), catalase (230,000 Da), and alcohol dehy-
drogenase (150,000 Da). These proteins were eluted at fractions
1–2, 4–5, and 7, respectively.
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activity were separable by chromatography on
an anion exchanger and that reconstitution of
the fractions containing the separated activi-
ties resulted in the arrest of RNA-binding activ-
ity. To examine whether the factor carrying the
inhibitory activity (RS) is a component of the
RBP complex, extracts from FTO-2B cells were
fractionated by gel filtration on Sephacryl S300.
To maintain the association of RS with RBS,
cell lysis and gel chromatography were carried
out using a low-ionic-strength buffer containing
40 mM KCl [Nachaliel et al., 1993]. The eluted
fractions were analyzed for RNA-binding activ-
ity by performing the assay in the presence of
low (40 mM) or high (500 mM) concentrations of
KCl.As shown in Figure 1A, RNA-binding activ-
ity was detected only in fractions 4–5 when
assayed in the presence of low concentration of
KCl. However, when assayed in the presence of
high concentrations of KCl, an additional peak
of activity was detected in fractions 1–2 (Fig.
1B), suggesting the presence of an inhibitory
activity co-migrating with the RBS in a com-
plex of higher molecular mass. Fractions 4–5
contain an uninhibited form of RBS, since frac-
tionation of the protein extract in the presence
of 0.5 M KCl, a condition that favors RBP
dissociation, resulted in a single peak of the
RNA-binding activity in these fractions (not
shown). Calibration of the gel filtration column

with several proteins of known molecular mass,
indicated that the active RBS (fractions 4–5)
migrated as a 250-kDa protein, and the inhib-
ited RBP complex in fractions 1–2 is .400 kDa.
Because RBS was previously found to have a
molecular mass of 110–120 kDa under denatur-
ing conditions [Nachaliel et al., 1993], we sus-
pect that RBP contains 2 subunits of RBS.

Purification of RS and Identification
of a cDNA Clone

RS was purified from the rat hepatoma cells,
FTO-2B, as described under Materials and
Methods. Fractionation of the final active frac-
tion (eluted with 200 mM KPB from hydrox-
ylapatite) by SDS-PAGE showed that this frac-
tion contained two major proteins with
molecular masses of ,35 and 25 kDa (Fig. 2).
Partial sequencing of the 35- kDa polypeptide
identified this protein as the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), a 37-kDa tetrameric protein, which
has been shown to have several other addi-
tional activities unrelated to its role in glycoly-
sis [Meyer-Siegler et al., 1991; Singh and Green,
1993; Nagy and Rigby, 1995]. Because several
commercial preparations of GAPDH failed to
inhibit complex formation, and several monoclo-
nal antibodies to GAPDH/uracil DNA glyco-

Fig. 2. Purification of regulatory subunit (RS) by chromatogra-
phy on hydroxylapatite. RS was fractionated on hydroxylapa-
tite as described under Materials and Methods. A: SDS-
polyacrylamide gel analysis of proteins in an aliquot of the
extract applied to the column (lane 1), and those eluted with
100, 200, 300, and 500 mM of KPB, (lanes 2–5), respectively.
The position of the molecular-mass markers (kDa) on the gel is
indicated. B: Analysis of RNA-binding activity of partially
purified RBS (0.8 mg/ml) alone (lane 0), or in the presence of
the fraction loaded on the column (lane 1), or hydroxylapatite
fractions eluted with 100, 200, 300, and 500 mM of KPB (lanes
2–5), respectively. Prior to the assay, each fraction was de-
salted on Sephadex G-25 pre-equilibrated with 100 mM KPB,
and an aliquot of 10 µl was used in the assay. The RNA-binding
assay was carried out as described under Materials and Meth-
ods.
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sylase [Arenaz and Sirover, 1983] were inca-
pable of neutralizing RS activity (data not
shown), we concluded that GAPDH is not likely
to carry RS activity.

Our initial attempts to directly sequence the
25-kDa protein were unsuccessful, suggesting
that it may be blocked at its N-terminus. Cleav-
age of the polypeptide with CNBr yielded two
major peptides with molecular masses of about
10.5 and 5 kDa. Sequence analysis of the 10.5-
kDa peptide provided the amino acid sequence
RRAGIKVTVAGLAGKDPVQ, which was found
to be homologous with several partially se-
quenced cDNAs deposited in the standard data-
base. One of these clones (GenBank Accession
No. T35410), originally isolated from a human
colon cDNA library by the Institute for Genetic
Research (TIGR), was purchased and sequenced
in its entirety. This sequence has been depos-
ited in the GenBank with the accession number
AF021819. The cDNA is 904 base pairs (bp)
long, which is consistent with the size of the
mRNA, as subsequently determined by North-
ern blot analysis (not shown). The cDNA con-
tains an open reading frame encoding a polypep-
tide of 189 amino acids, and a calculated
molecular mass of 19,847 Da, which is close to
the estimated mass of RS isolated from the
hepatoma cells (see below). While the sequence
of RS does not contain any known motif that
can provide a clue as to its function, RS was
found to be almost identical to the recently
identified DJ-1 (GenBank Accession No.
D61380), a potential product of an oncogene
[Nagakubo et al., 1997] and CAP1 (Accession
No. AJ007291), a sperm protein that is impor-
tant in fertilization [Wagenfeld et al., 1998]. RS
and DJ-1 share the same sequences in their
translated and 38-untranslated regions, but RS-
encoding cDNA contains an extended 58-un-
translated region (not shown).

Isolated cDNA Codes for RS

Using polymerase chain rection (PCR), we
subcloned a fragment from RS cDNA contain-
ing the entire predicted coding sequence into
the bacterial expression vector pET-15b and
introduced it into E. coli BL21(lDE3). Induc-
tion by IPTG of the expression of the trans-
fected gene showed a protein with the expected
molecular mass of ,25 kDa (not shown); this
protein was purified from the bacterial extracts
as described under Materials and Methods. Fig-
ure 3 shows the results of the last purification

step on hydroxylapatite in which inhibition of
RNA-binding activity (Fig. 3A, lanes 1, 5 and 6)
correlates with the presence of RS in the vari-
ous fractions (Fig. 3B, lanes 1, 5 and 6).

The results presented in Figure 3B suggest
that the size of the recombinant RS is some-
what larger than that deduced from the cDNA
(19.9 kDa). To resolve this inconsistency, we
examined the electrophoretic mobility of the
purified recombinant protein and that of RS
from FTO-2B cells using Western blot and an
antibody raised against the recombinant RS. As
shown in Figure 4, both proteins have the same
mobility on SDS-polyacrylamide gel, consistent
with an apparent molecular mass of 24 kDa.
Similar results were observed when an indepen-
dent source of molecular size standards was
employed. While we cannot rule out the possibil-
ity that both proteins are modified post-transla-
tionally, we suspect that RS exhibits anoma-
lous mobility on SDS-polyacrylamide gels.

To further corroborate the identity of the
bacterially expressed RS, the recombinant pro-

Fig. 3. Recombinant regulatory subunit (RS) inhibits RNA-
binding activity. Chromatography of recombinant RS on hydrox-
ylapatite was carried out as described under Materials and
Methods. A: RNA-binding activity of partially purified RBS from
FTO-2B cells (0.8 mg protein/ml) alone (lane 0), and in the
presence of the fraction applied to the column (lane 1), in the
flowthrough fraction (lane 2), and in the fractions eluted by 1 M
KCl then 10, 100, 200, 300, and 500 mM of KPB (lanes 3–8),
respectively. Samples were desalted as described in the legend
to Fig. 2. B: Coomassie blue-stained SDS-polyacrylamide gel
of proteins in the sample applied to the column (lane 1), in the
flowthrough fraction (lane 2), and in the fractions eluted by 1 M
KCl, then 10, 100, 200, 300, and 500 mM of KPB (lanes 3–8),
respectively. The position of molecular-mass standards (kDa) is
indicated.
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tein was immobilized to CNBr-activated Sepha-
rose 4B, as described under Materials and Meth-
ods. A partially purified preparation of RBS
was applied to either RS-linked (Fig. 5A) or
RS-free resin (Fig. 5B) in the presence of a
low-ionic-strength buffer. The resins were

washed with increasing concentrations of KCl,
and the eluates were tested for the presence of
RNA-binding activity. As demonstrated in Fig-
ure 5, while RBS was recovered in the
flowthrough fraction of the RS-free column, RBS
was retained by the RS-bound Sepharose-4B
and eluted at 0.3 M KCl, showing that RS has
the capacity to be involved in direct protein–
protein interaction. Considering the cumula-
tive data, we concluded that the recombinant
RS is identical to the native RS, and that the
putative protein originally selected for sequenc-
ing is indeed the regulatory component of the
RNA-binding protein.

Specificity of the Interaction of RS with RBS

The selectivity of the interaction of RS with
RBS was tested in the experiment illustrated in
Figure 6. In this experiment, we examined the
capacity of RS to modulate the activities of RBS
and a second RNA-binding protein with an affin-
ity to the mRNA for the rat cationic amino acid
transporter-1 (cat-1) [Aulak et al., 1996], identi-
fied recently in the nuclear extract of FTO-2B
cells (Y. Hod and M. Hatzoglou, to be pub-
lished). RBS and cat-1 RBP are likely to be
different proteins because the mobility of the
RNA–protein complexes on native polyacryl-
amide gels is significantly different (Fig. 6), and
they are enriched in different cellular fractions
(postpolysomal Vs nuclear), neither of which
exhibits the other RNA-binding activity (not

Fig. 6. Selective interaction of regulatory subunit (RS) with
other proteins. RNA-binding activity in cellular fractions from
FTO-2B cells enriched with RBS (A) and cat-1 RBP (B). RBS was
determined using a 30–50% (NH4)2SO4 cut of postpolysomal
fraction (0.2 mg/ml) and Lp8 as an RNA probe [Nachaliel et al.,
1993]. cat-1 RBP was determined using a 0.5 M KCl wash of
isolated nuclei (0.1 mg/ml) and ,500 nt RNA probe from the
38-region of cat-1 mRNA. Both activities (A,B) were measured
in the presence of no other additions (lanes 1) or in the presence
of 0.5, 5, 50, and 500 µg/ml (lanes 2–5) of a fraction from
FTO-2B cells enriched with RS (70–90% (NH4)2SO4 cut of
postpolysomal fraction), or 0.01, 0.1, 1, and 10 µg/ml (lanes
6–9) of a purified recombinant RS (the same fraction shown in
Fig. 3, lane 6).

Fig. 4. Recombinant regulatory subunit (RS) has the same
molecular size as the eukaryotic polypeptide. Western blot
analysis of purified recombinant RS (20 ng) (lane 1), and FTO-2B
cell extract (50 µg) (lane 2) employing the rabbit antiserum to
RS. A similar analysis using preimmune serum did not detect
any protein. Gel electrophoresis and Western blot analysis were
carried out as detailed under Materials and Methods. The
position of molecular-mass standards (kDa) is indicated.

Fig. 5. Enrichment of RBS by regulatory subunit (RS)-affinity
chromatography. Recombinant RS was immobilized to CNBr-
activated Sepharose-4B as described under Materials and Meth-
ods. A partially purified preparation of RBS (a 30–50% (NH

4
)2SO4

fraction of FTO-2B extract containing 4 mg of protein) was
applied to a 1.5-ml column of either RS-bound Sepharose 4B
(A) or CNBr-activated Sepharose 4B blocked with 0.1 M Tris-
HCl, pH 8 (B). The columns were pre-equilibrated with binding
buffer containing 40 mM KCl. RNA-binding activity was mea-
sured in an aliquot (10 µl) of the extract applied to the column
(A, lane 0), or in the flowthrough fractions (A,B, lane 1) and in
fractions eluted from the resin with buffer containing 100, 200,
300, 400, and 500 mM of KCl (A,B, lanes 2–6), respectively.
Final KCl concentration in the RNA-binding assay was adjusted
to 200 mM.
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shown). As seen, while the activity of RBS was
inhibited by either a cellular fraction from
FTO-2B cells enriched with RS, or a highly
purified fraction of recombinant RS (Fig. 6A),
none of these fractions was effective in modulat-
ing cat-1 RBP activity (Fig. 6B), suggesting
that the interaction of RS with other proteins is
selective.

Intracellular Localization of RS

Indirect immunofluorescence labeling em-
ploying confocal laser microscopy was used to
examine the intracellular distribution of RS
(Fig. 7). In these experiments, the cells were
reacted with the IgG fractions of rabbit anti-
RS, as well as with mouse anti-b-tubulin, to
enhance the visualization of cellular bound-
aries. The two proteins were distinguished by
using the appropriate conjugated secondary an-

tibodies that labeled RS and b-tubulin with
green and red (Fig. 7, lanes 1 and 2), respec-
tively. Immunolabeling of RS in FTO-2B cells
shows that the polypeptide is concentrated
mostly in the extranuclear region (Fig. 7A,B),
and this pattern was found irrespective of cell
density. Also, replacing the immune serum with
preimmune serum resulted in loss of staining
(not shown), suggesting that immunolabeling
is highly specific. Examination of the intracellu-
lar distribution of RS in several other cells
including rat liver, NIH 3T3 mouse fibroblasts,
and the porcine kidney epithelial cell, LLC-
PK1, showed that, in contrast to FTO-2B cells,
RS is highly concentrated in the cell nuclei.
Figure 7C shows a representative immunolabel-
ing results with LLC-PK1 cells. Further analy-
sis by confocal microscopy using isolated nuclei
corroborated these results and showed that RS

Fig. 7. Subcellular distribution of RS. Confocal microscopy
analysis of RS in FTO-2B (rows A,B) and LLC-PK1 (rows C–E)
cells. LLC-PK1 cells were exposed to colcemid (10 µM) for 3
h (row D) or vehicle itself (0.1% DMSO) (row C). Fixed cells
immunolabeled with rabbit antibody to RS (lane 1) and
mouse antibody to b-tubulin (lane 2) were exposed to
fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit IgG and lissamine rhodamine (LRSC)-conjugated goat
anti-mouse IgG. The green (representing RS) and red (repre-
senting b-tubulin) fluorescent signals in lanes 1 and 2,
respectively, were overlaid by computer assistant (lane 3).
Arrow, row B, points to a mitotic cell. See text and Materials
and Methods for other details.
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is localized within the nuclear interior in both
FTO-2B and LLC-PK1 cells (not shown). We
concluded from these experiments that RS is
commonly distributed in both the cytosol and
nuclear compartments of many cells, but that
its relative abundance differs in different cells.
FTO-2B may represent a special class of cells
where RS is more abundant in the cytoplasm
than in the nucleus. Assuming that the cyto-
solic and nuclear forms of RS are the product of
the same gene, the unique cellular distribution
of RS in FTO-2B cells may be due to either
overexpression of the cytosolic form and/or inhi-
bition of its nuclear translocation.

Figure 7 also demonstrates that RS is associ-
ated with the microtubules. As seen in lane 3,
superimposition of the fluorescent stainings of
RS and b-tubulin resulted in yellow staining,
indicating that the two proteins are co-localized
both in FTO-2B and LLC-PK1 cells (Fig. 7, rows
A and C). This was further supported by the
findings that the distribution of RS in the cyto-
sol followed that of the microtubules in cells
treated with colcemid (10 µM), a drug known to
disrupt microtubules organization (Fig. 7D),
and that during mitosis RS is found associated
with the spindle (Fig. 7B,E), a microtubular-
based organelle. In contrast to the typical fila-
mentous structure of the microtubules, RS pat-
tern is punctuated, suggesting that it is
concentrated in unique centers along the micro-
tubular filaments. While the significance of the
intracellular distribution of RS is yet to be
elucidated, the presence of RS in the cytosol
and nuclei, and in association with microtu-
bules, may suggest that RS is involved in more
than a single cellular function.

DISCUSSION

The present study describes the initial char-
acterization of the regulatory subunit (RS) of
an RNA-binding complex. We purified the pro-
tein, identified a clone encoding RS, and se-
quenced the entire cDNA. Antibody prepared
against the recombinant protein recognized the
predicted size protein in a variety of mamma-
lian cells, and the predicted amino acid se-
quence encoded by the cDNA matched that of a
peptide derived from the native RS, confirming
the authenticity of the clone. The present study
also identifies RS as a component of a high-
molecular-mass complex (RBP) that contains
an RNA-binding activity (RBS), and shows that
the purified recombinant RS has the capacity to

bind and inhibit RBS activity, suggesting that
RS is directly involved in protein–protein inter-
action.

A search of the database showed that RS is a
novel protein because its primary sequence is
unique among eukaryotic species, and it does
not have any striking features that could yield
a clue as to its actual activity. However, RS has
a high degree of sequence similarity to that of
the E. coli protein ThiJ. Both proteins are com-
posed of almost identical numbers of amino
acids (189 Vs. 191), of which 76 (42%) are iden-
tical, and an additional 48 amino acids (25%)
are conservative substitutions. ThiJ (EC
2.7.1.49) is a kinase, catalyzes the phosphoryla-
tion of hydroxymethylpyrimidine (HMP), a pre-
cursor of thiamine pyrophosphate synthesis
[Mizote et al., 1996]. Thiamine is a water-
soluble B-complex vitamin (B1) playing an es-
sential role in carbohydrate metabolism and
neural function. We do not yet know what is the
significance of the similarity between RS and
ThiJ, since thiamine is an essential dietary
vitamin in humans, ruling out the possibility
that RS is involved in thiamine synthesis.

RS is widely expressed in many human tis-
sues [Nagakubo et al., 1997], and several closely
related sequences have been deposited in the
databanks. These include sequences from hu-
man fetal brain and heart, endothelial cells,
colon, and lung carcinoma, and from mouse
kidney, diaphragm, and testis. The nucleotide
sequence of a mouse cDNA is 85% identical to
that of the human RS. In the present study, a
peptide isolated from the rat RS was found
identical to that from the human homologue.
These results suggest that the RS gene is ubiq-
uitously expressed, and that its encoded pro-
tein may have an important housekeeping role.

The immunostaining analysis of RS in sev-
eral different cells clearly suggests that RS is
bound to microtubular filaments of the cytoskel-
eton. Among many cellular functions, the cyto-
skeleton also plays an important role in mRNA
metabolism, as a large fraction of poly(A)-
containing mRNAis anchored to either microtu-
bules [Ainger et al., 1993] or actin filaments
[Taneja et al., 1992]. In addition, many compo-
nents essential for polypeptide synthesis have
been demonstrated to be complexed with the
cytoskeleton. Among those are ribosomes [Toh
et al., 1980; Hesketh et al., 1991], 58-mRNA-
binding protein [Zumbe et al., 1982] , and both
initiation and elongation factors [Condeelis,

442 Hod et al.



1995], strongly suggesting that mRNA transla-
tion may occur in association with the cytoskel-
eton [Hesketh, 1996].

A number of cytoskeleton-associated RNA-
binding proteins that are involved in mRNA
sorting have been identified [Bassell and Singer,
1997]. Among those are the Xenopus Vg1 RBP
and the Drosophilla staufen. Vg1 RBP, which
facilitates vegetal localization of Vg1 RNA in
oocytes [Elisha et al., 1995] and other mRNAs
[Schwartz et al., 1992; Litman et al., 1996],
exerts its activity by direct association with
specific sequence at the 38-UTR of these mRNAs.
Staufen is a double-stranded RNA binding pro-
tein [St Johnston et al., 1992], which is re-
quired for bicoid and oskar mRNAs localization
[St. Johnston et al., 1991]. An RNA-binding
protein involved in sorting b-actin mRNA to the
leading edge of fibroblasts has been recently
identified [Ross et al., 1997]. This RNA-binding
protein is a component of a complex protein
where one or more of the other subunits are
likely to be involved in the regulation of the
RNA-binding activity and b-actin mRNA sort-
ing.

The association of RS with the microtubules,
and its being a component of a complex protein
with an RNA-binding activity may suggest that
one potential role of RS is to link RBS to the
cytoskeleton. Because RBS may be involved in
the control of mRNA degradation [Nachaliel et
al., 1993], an attractive hypothesis is that the
cytoskeleton is a site of mRNA breakdown, as
this compartment is also enriched with mRNAs
and involved in its translation (discussed above).
In this model, the role of RS is to sort enzyme(s)
involved in mRNA degradation to the cytoskel-
eton either to bring them in close proximity to
the cytoskeletal-bound mRNAs, or as a mean to
control the activity of these degradative en-
zymes. The demonstration that the interaction
between RS and RBS is regulated by phosphor-
ylation [Nachaliel et al., 1993] is clearly consis-
tent with the hypothesis that RS may play a
regulatory role.

The present study also demonstrates that RS
may be localized in the nuclei of rat liver cells,
as well as, in several other unrelated cell lines
(Fig. 7). Because nuclei do not contain RBS (to
be published), it is likely that nuclear RS may
be involved in other activities unrelated to RBS.
For instance, DJ-1, a homologue of RS, has
been reported to have the potential to trans-
form cells in cooperation with ras, and that its

nuclear translocation is cell-cycle dependent
[Nagakubo et al., 1997]. The unique intracellu-
lar distribution of RS and its association with
an RNA-binding activity [Nachaliel et al., 1993
and the present study], and its potential role in
the control of cell proliferation [Nagakubo et
al., 1997] and fertilization [Wagenfeld et al.,
1998] suggest that RS is a multifunctional pro-
tein that may be involved in several cellular
functions. Experiments to elucidate the multi-
faceted roles of RS are in progress.

ACKNOWLEDGMENTS

We thank Dr. Lucinda Hemmick, Ryan Beau-
doin, and Deepika Bhargava for their effort at
different stages of this study, and Dr. M. Sirover,
Temple University, Philadelphia, for providing
us with the antibody against GAPDH. This
work was supported by a research grant MCB-
9420733 from the National Science Foundation
(to Y.H.). Protein sequencing was performed by
the Center for Analysis and Synthesis of Macro-
molecules at Stony Brook.

REFERENCES

Ainger K, Avossa D, Morgan F, Hill SJ, Barry C, Barbarese
E, Carson JH. 1993. Transport and localization of exog-
enous myelin basic protein mRNA microinjected into
oligodendrocytes. J Cell Biol 123:431–441.

Arenaz P, Sirover M. 1983. Isolation and characterization of
monoclonal antibodies directed against the DNA repair
enzyme uracil DNA glycosylase from human placenta.
Proc Natl Acad Sci USA 80:5822–5826.

Aulak KS, Liu J, Wu J, Hyatt SL, Puppi M, Henning SJ,
Hatzoglou M. 1996. Molecular sites of regulation of ex-
pression of the rat cationic amino acid transporter gene.
J Biol Chem 271:29799–29806.

Bassell G, Singer RH. 1997. mRNA and cytoskeletal fila-
ments. Curr Opin Cell Biol 9:109–115

Berrios M, Colflesh DE. 1995. Anti-fading agents for confo-
cal immunofluorescence: Colocalization of nuclear poly-
peptides. Biotech Histochem 70:40–45.

Biamonti G, Riva S. 1994. New insights into the auxiliary
domains of eukaryotic RNA binding proteins. FEBS Lett
340:1–8.

Burd CG, Dreyfuss G. 1994. Conserved structures and
diversity of functions of RNA-binding proteins. Science
265:615–620.

Cartegni L, Maconi M, Morandi E., Cobianchi F, Riva S,
Biamonti G. 1996. hnRNPA1 selectively interacts through
its Gly-rich domain with different RNA-binding proteins.
J Mol Biol 259:337–348.

Claus TH, Pilkis SJ. 1981. Hormonal control of hepatic
gluconeogenesis. In: Litwak G, editor. Biochemical ac-
tions of hormones. San Diego: Academic Press. p 209–
271.

Condeelis J. 1995. Elongation factor 1 alpha, translation
and the cytoskeleton. TIBS 20:169–170.

Dreyfuss G, Hentze M, Lamond AI. 1996. From transcript
to protein. Cell 85:963–972.

Regulator of RNA–Protein Interaction 443



Elisha Z, Havin L, Ringel I, Yisraeli JK. 1995. Vg1 RNA
binding protein mediates the association of Vg1 RNA
with microtubules in Xenopus oocytes. EMBO J 14:5109–
5114.

Herschlag D. 1995. RNA chaperones and the RNA folding
problem. J Biol Chem 270:20871– 20874.

Hesketh JE. 1996. Sorting of messenger RNAs in the cyto-
plasm: mRNA localizationand the cytoskeleton. Exp Cell
Res 225:219–236.

Hesketh JE, Horne Z, Campbell G. 1991. Immunohisto-
chemical evidence for an association of ribosomes with
microfilaments in 3T3 fibroblasts. Cell Biol Int Rep 15:
141–150.

Litman P, Behar L, Elisha Z, Yisraeli J K, Ginzburg I. 1996.
Exogenous tau RNA is localized in oocytes: Possible evi-
dence for evolutionary conservation of localization mecha-
nisms. Dev Biol 176:86–94.

Liu Q, Dreyfuss G. 1996. A novel nuclear structure contain-
ing the survival of motor neurons protein. EMBO J
15:3555–3565.

McCarthy JEG, Kollmus H. 1995. Cytoplasmic mRNA–
protein interactions in eukaryotic gene expression. TIBS
20:191–197.

Meyer-Siegler K, Mauro DJ, Seal G, Wurzer J, deRiel JK,
Sirover MA. 1991. A human nuclear uracil DNA glyco-
sylase is the 37-kDa subunit of glyceraldehyde-3-phos-
phate dehydrogenase. Proc Natl Acad Sci USA 88:8460–
8464.

Mizote T, Tsuda M, Nakazawa T, Nakayama H. 1996. The
thiJ locus and its relation to phosphorylation of hydroxy-
methylpyrimidine in Escherichia coli. Microbiology 142:
2969–2974.

Nachaliel N, Jain D, Hod Y. 1993. A cAMP-regulated RNA-
binding protein that interacts with phosphoenolpyruvate
carboxykinase (GTP) mRNA. J Biol Chem 268:24203–
24209.

Nagakubo D, Taira T, Kitaura H, Ikeda M, Tamai K, Iguchi-
Ariga SMM, Ariga H. 1997. DJ-1, a novel oncogene which
transforms mouse NIH3T3 cells in cooperation with ras.
Biochem Biophysic Res Comm 231:509–513.

Nagy E, Rigby WF. 1995. Glyceraldehyde-3-phosphate dehy-
drogenase selectively binds AU-rich RNA in the NAD(1)-
binding region (Rossmann fold). J Biol Chem 270:2755–
2763.

Philips AV, Timchenko LT, Cooper TA. 1998. Disruption of
splicing regulated by a CUG-binding protein in myotonic
dystrophy. Science 280:737–741.

Ross AF, Oleynikov Y, Kislauskis EH, Taneja KL, Singer
RH. 1997. Characterization of a beta-actin mRNAzipcode-
binding protein. Mol Cell Biol 17:2158–2165.

Schagger H, Von Jagow G. 1987. Tricine-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for the separa-
tion of proteins in the range from 1 to 100 kDa. Anal
Biochem 166:368–379.

Schwartz SP, Aisenthal L, Elisha Z, Oberman F, Yisraeli
JK. 1992. A 69-kDa RNA-binding protein from Xenopus
oocytes recognizes a common motif in two vegetally local-
ized maternal mRNAs. Proc Natl Acad Sci USA 89:11895–
11899.

Singh R, Green MR. 1993. Sequence-specific binding of
transfer RNA by glyceraldehyde-3-phosphate dehydroge-
nase. Science 259:365–368.

Siomi H, Dreyfuss G. 1997. RNA-binding proteins as regu-
lators of gene expression. Cur Opin Genet Dev 7:345–
353.

Siomi MC, Zhang Y, Siomi H, Dreyfuss G. 1996. Specific
sequences in the fragile X syndrome protein FMR1 and
the FXR proteins mediate their binding to 60S ribosomal
subunits and the interactions among them. Mol Cell Biol
16:3825–3832.

St Johnston D, Beuchle D, Nusslein-Volhard C. 1991.
Staufen, a gene required to localize maternal RNAs in
the Drosophila egg. Cell 66:51–63.

St Johnston D, Brown NH, Gall JG, Jantsch M. 1992) A
conserved double-stranded RNA-binding domain. Proc
Natl Acad Sci USA 89:10979–10983.

Stone KL, Williams KR. 1993. Enzymatic digestion of pro-
teins and HPLC peptide isolation. In: Matsudaira P,
editor. Practical guide to protein and peptide purification
for microsequencing. San Diego:Academic Press. p 43–69.

Taneja KL, Lifshitz LM, Fay FS, Singer RH. 1992. Poly(A)
RNA codistribution with microfilaments: Evaluation by
in situ hybridization and quantitative digital imaging
microscopy. J Cell Biol 119:1245–1260.

Toh B, Lolalit S, Mathy J, Baum R. 1980. Association of
mitochondria with intermediate filaments and of polyri-
bosomes with cytoplasmic actin. Cell Tissue Res 211:163–
169.

Wagenfeld A, Yeung C-H, Strupat K, Cooper TG. 1998.
Shedding of a rat epididmal sperm protein associated
with infertility induced by ornidazole and a-chlorohy-
drin. Biol Reprod 58:1257–1265.

Zumbe A., Stahli C, Trachsel H. 1982. Association of a Mr

50,000 cap-binding protein with the cytoskeleton in baby
hamster kidney cells. Proc Natl Acad Sci USA 79:2927–
2931.

444 Hod et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

