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Mouse nucleolin binds to 4.5S RNAH, a small noncoding RNA
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Abstract

4.5S RNAH is a rodent-specific small noncoding RNA that exhibits extensive homology to the Bl short interspersed element.
Although 4.5S RNAH is known to associate with cellular poly(A)-terminated RNAs and retroviral genomic RNAs, its function remains
unclear. In this study, we analyzed 4.5S RNA#H-binding proteins in mouse nuclear extracts using gel mobility shift and RNA-protein UV
cross-linking assays. We found that at least nine distinct polypeptides (p170, p110, p93, p70, p48, p40, p34, p20, and p16.5) specifically
interacted with 4.5S RNAH in vitro. Using anti-La antibody, p48 was identified as mouse La protein. To identify the other 4.5S RNAH-
binding proteins, we performed expression cloning from a mouse cDNA library and obtained cDNA clones derived from nucleolin
mRNA. We identified p110 as nucleolin using nucleolin-specific antibodies. UV cross-linking analysis using various deletion mutants
of nucleolin indicated that the third of four tandem RNA recognition motifs is a major determinant for 4.5S RNAH recognition. Immu-
noprecipitation of nucleolin from the subcellular fractions of mouse cell extracts revealed that a portion of the endogenous 4.5S RNAH

was associated with nucleolin and that this complex was located in both the nucleoplasm and nucleolus.

© 2007 Elsevier Inc. All rights reserved.
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4.5S RNAH is a small noncoding RNA that is associated
with murine retroviral genomic RNAs [1] and with the
nuclear and cytoplasmic poly(A)-terminated RNAs of
mouse, rat, and hamster cells [2,3]. Its 91-94 nucleotides
are transcribed by RNA polymerase III (Pol III) [4,5]
and exhibit extensive homology to the rodent major inter-
spersed repeat sequence Bl [6,7]. The rat and mouse gen-
omes contain thousands of copies of 4.5S RNAH genes
and pseudogenes [5,8,9], a large number of which reside
in several long repeat units [5,8,10]. Although its half-life
is short, 4.5S RNAH can be cross-linked in vivo by a psor-
alen derivative to cytoplasmic poly(A)-terminated RNA
found in ribonucleoprotein particles (RNPs) [4,8].

The association between 4.5S RNAH and poly(A)-termi-
nated RNA suggests that it might play a role in the pro-
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cessing or transport of particular mRNAs, however, its
function remains unknown. Generally, small RNA is asso-
ciated with specific proteins in cells and such complexes act
as functional units. Therefore, characterization of 4.5S
RNAH-binding proteins is important for our understand-
ing of the function performed by 4.5S RNAH. To date,
the autoantigen La is the only protein known to bind
4.5S RNAH [4]. La is an evolutionally well-conserved
~50 kDa nuclear protein that associates with all nascent
Pol IIT transcripts [11,12]. Association occurs primarily at
3’-terminal uridylate tracts [11,13] and it has been sug-
gested that La acts as a Pol III transcription termination
factor [14].

To elucidate the function of 4.5S RNAH, we character-
ized 4.5S RNAH#-binding proteins from mouse nuclear
extracts. We found that at least nine distinct nuclear pro-
teins specifically bound to 4.5S RNAH, two of which were
identified as La protein and nucleolin. We determined that
in nucleolin, the third of four RNA recognition motifs
(RRMs) is a major determinant for recognizing 4.5S
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RNAH. In addition, we found that the nucleolin-4.5S
RNAH complex exists in both the nucleoplasm and nucleo-
lus in mouse cells.

Materials and methods

Materials and methods section appears in Supplementary data.

Results
4.5S RNAH interacts with multiple proteins in vitro

To characterize the 4.5S RNAH-binding proteins in
mouse nuclear extracts, we performed gel mobility shift
analyses. *?P-labeled 4.5S RNAmn was incubated with
nuclear extracts prepared from C3H2K/Mo cells, then
RNA-protein complexes were analyzed by nondenaturing
polyacrylamide gel electrophoresis and five complexes
(A-E) were detected (Fig. 1A, lane 2). These complexes
were not formed when the nuclear extract was pre-incu-
bated with proteinase K (data not shown), and thus they
must comprise both proteins and 4.5S RNAH. To detect
proteins that directly interact with 4.5S RNAH, we per-
formed RNA-protein UV cross-linking analyses and
detected nine distinct polypeptides named as pl170, p110,
p93, p70, p48, p40, p34, p20, and pl6.5 (Fig. 1B, lane 2).
Similar results were obtained using nuclear extracts from
other mouse cell lines such as C3H2K, K-1, L1210, and
FM3A (data not shown). As 4.5S RNAH has been shown
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to associate with the La autoantigen [4], we examined
whether it could bind to mouse La protein in our assay sys-
tem. Incubation of nuclear extracts with anti-La serum
prior to the addition of 4.5S RNAH specifically inhibited
D complex formation (Fig. 1A, lane 3) and reduced the
p48 radioactivity level (Fig. 1B, lane 3). Since p48 and La
correspond in size, our results suggest that they are the
same protein and that most of the D complex consists of
4.5S RNAH and La protein.

The binding specificity of these complexes was examined
by competition assay using a variety of unlabeled RNAs.
Cross-linking studies indicated that unlabeled 4.5S RNAH
efficiently competed labeled with 4.5S RNAH#H for all nine
polypeptides (Fig. 1C, lanes 2-4). In contrast, we observed
that 4.5S RNAI1, which is a different rodent-specific 4.5S
RNA transcribed by Pol III [15], efficiently competed for
cross-linking of only p48 (Fig. 1C, lanes 5-7). This result
is consistent with the observation that 4.5S RNAI associates
with La protein [13] and further supports the idea that p48
is La protein. 4.5S RNAH exhibits extensive homology with
the rodent interspersed B1 element. Maraia and co-workers
reported that small cytoplasmic B1 (scB1) RNAs, which are
3’-processed Pol III transcripts of Bl elements, were
expressed in a variety of mouse cells [16]. Thus, we exam-
ined whether scB1 RNA competes with 4.5S RNAH for pro-
tein complex formation. We observed that although this
RNA did not compete as efficiently as 4.5S RNAH at the
highest concentration, competition was detected for inter-
actions with p20, p34, p48, p70, and p110 (Fig. 1C, lane 10).
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Fig. 1. 4.5S RNAH interacts with multiple nuclear proteins in vitro. (A) Gel mobility shift analyses of 4.5 RNAH-binding proteins. **P-labeled 4.5S
RNAH was incubated with no protein (lane 1) or nuclear extract prepared from C3H2K/Mo cells (lanes 2 and 3). RNA-protein complexes were analyzed
by electrophoresis on 5% polyacrylamide native gels. Nuclear extract was pre-incubated with anti-La serum (lane 3). Complexes A—E and free 4.5S RNAH
are indicated. (B) UV cross-linking analyses of 4.5S RNAH-binding proteins. The same reaction mixtures as in (A) were irradiated with UV light, digested
with RNases A and T1, then analyzed by SDS-PAGE and autoradiography. An unirradiated reaction mixture was included (lane 4). Asterisks denote
partial RNase digestion products of 4.5S RNAH. The major cross-linked polypeptides (right) and molecular weight standards (left) are indicated. (C) The
specificities of various 4.5S RNAH-protein interactions were analyzed by competition with the unlabeled RNAs indicated. **P-4.5S RNAH (2 ng) was
incubated under standard binding conditions in the absence (lane 1) or presence of a 25- (lanes 2, 5, and 8), 100- (lanes 3, 6, and 9) or 400-fold (lanes 4, 7,
and 10) molar excess of unlabeled RNAs, then analyzed by UV cross-linking.
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The 4.5S RNAH-binding protein pl10 is nucleolin

To obtain cDNAs encoding 4.5S RNAH-binding pro-
teins, we screened a Agt 11 mouse cDNA expression library
using *?P-labeled 4.5S RNAH as a probe. Three positive
clones were isolated from 1 x 10° independent clones. Par-
tial nucleotide sequences of these cDNAs were determined
and a BLAST search of the NCBI database revealed that
all three sequences matched mouse nucleolin cDNA. The
clone containing a 1.5kb cDNA insert is illustrated in
Fig. 3A as AHBPI.

Nucleolin is a major nucleolar phosphoprotein that has
an apparent molecular mass of 110 kDa, as well as an evo-
lutionally conserved domain structure (Fig. 3A) [17]. The
amino acid sequence encoded by AHBP1 contained four
RNA recognition motifs (RRMs) and an RGG box
(RGG). To examine whether p110 is mouse nucleolin, we
prepared two types of nucleolin-specific polyclonal anti-
bodies. These antisera were raised against the N-terminal
72 amino acids or the C-terminal 148 amino acids of mouse
nucleolin and were referred to as anti-Nu" or anti-Nu° anti-
bodies, respectively. Total protein from mouse C3H2K/
Mo cells was examined by Western blot analysis and both
anti-Nu" and anti-Nu® antibodies detected a predominant
110 kDa band (Fig. 2A, lanes 3 and 5), whereas the pre-
immune sera did not (Fig. 2A, lanes 2 and 4). Both the
anti-Nu" and anti-Nu® antibodies recognized recombinant
mouse nucleolin (data not shown), and these results suggest
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that they also recognize the nonrecombinant endogenous
form.

To test whether mouse nucleolin specifically binds to
4.5S RNAH in vitro, we pre-incubated mouse nuclear
extracts with pre-immune serum, anti-Nu", anti-Nu® or
anti-La antibodies and then performed a gel mobility shift
assay. With both anti-nucleolin antibodies we observed a
significant reduction in complex C formation and several
super-shifted bands appeared in the higher molecular
weight region (Fig. 2B, lanes 4 and 5). In contrast, these
changes did not occur following pre-incubation with pre-
immune or anti-La sera (Fig. 2B, lanes 3 and 6). Further-
more, the UV cross-linked p110 was specifically precipi-
tated by anti-nucleolin antibody, whereas it was not
precipitated by pre-immune sera (Fig. 2C). These results
suggest that p110 is mouse nucleolin and that complex C
contains nucleolin.

The third RRM of nucleolin is a major determinant for
binding 4.5S RNAH

To investigate the region of nucleolin responsible for
specific recognition of 4.5S RNAH, we performed UV
cross-linking analyses using various deletion mutants of
mouse nucleolin expressed as GST fusion proteins in
Escherichia coli (Fig. 3A). Proteins were affinity purified
with glutathione-Sepharose resin (Fig. 3B, lower panel)
and equimolar amounts (40 pmol) of each mutant were
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Fig. 2. pl10 is recognized by nucleolin-specific antibodies. (A) Characterization of antibodies raised against the purified recombinant proteins encoding
N-terminal (Nu®) or C-terminal (Nu®) portions of mouse nucleolin. Western blot analyses of whole cell extracts from C3H2K/Mo cells were performed
with no antibody (lane 1), pre-immune serum from the rabbit immunized against Nu" protein (lane 2), anti-Nu" antibodies (lane 3), pre-immune serum
from the rabbit immunized against Nu® protein (lane 4), and anti-Nu® antibodies (lane 5). Positions of molecular weight markers are shown on the left. (B)
Nucleolin-specific antibodies super-shifted complex C in a gel mobility shift analysis. Mouse nuclear extracts were pre-incubated with no antibody (lane 2),
pre-immune serum (lane 3), anti-Nu® antibodies (lane 4), anti-Nu" antibodies (lane 5), or anti-La serum (lane 6), then analyzed using a gel mobility shift
assay. Free 4.5S RNAH probe (free), complex C, and super-shifted complexes (SSC) are indicated. (C) 4.5S RNA#-protein complexes were irradiated with
UV light, digested with RNases A and T1, then immunoprecipitated with pre-immune serum (lane 1) or anti-Nu® antibodies (lane 2). Complexes were
analyzed using SDS-PAGE and autoradiography. Positions of molecular weight protein standards (left) and p110 (right) are indicated.
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Fig. 3. The third RRM of mouse nucleolin is a major determinant for 4.5S RNAH binding. (A) Schematic representation of mouse nucleolin and its
deletion mutants used for UV cross-linking analyses. Mouse nucleolin comprises the following specific structural domains: N-terminal domain, four RNA
recognition motifs (RRM1 to RRM4), and a C-terminal glycine/arginine-rich region (RGG). The AHBP1 cDNA clone was isolated from a mouse cDNA
expression library and the region that it encodes is indicated. (B) Various GST-fusions of mouse nucleolin mutants were constructed and expressed in
E. coli, then purified using glutathione-Sepharose resin. Equimolar (40 pmol) amounts of each protein were incubated with excess (~100 pmol) **P-labeled
4.5S RNAH, then subjected to UV cross-linking. Upper panel shows autoradiogram of cross-linked samples separated by SDS-PAGE. Lower panel shows
Coomassie blue staining of purified deletion mutants used for UV cross-linking analysis. Positions of the molecular weight markers are shown on the left.

incubated with excess “’P-labeled 4.5S RNAH
(~100 pmol) (Fig. 3B, upper panel). RI-RGG could be
efficiently cross-linked to 4.5S RNAH (lane 2), whereas
GST alone did not bind (lane 1). Removing the first
RRM (R2-RGG) and both the first and second RRMs
(R3-RGG) from RI1-RGG did not have a significant
affect on binding (lanes 3 and 4). However, removing
the third RRM from the N-terminus (R4-RGG) signifi-
cantly reduced binding activity (lane 5). We examined
mutant proteins containing a combination of two RRMs
and observed that R2R3 and R3R4 exhibited almost full
binding activity, whereas the binding of R1R2 was lower
than R3-containing mutants (compare lane 7 to lanes 8
and 9). Binding was unaffected by removal of the
RGG box (R1-R4, lane 6). We investigated the binding
capacity of mutant proteins containing individual motifs
(Fig. 3B, upper panel, lanes 10-14). Quantitation of
radioactivity from the UV cross-linked bands revealed
that third RRM exhibited ca. 90% of the binding activity
(lane 12), whereas that of the second RRM was ca. 20%
(lane 11) and other motifs were <5% (lanes 10, 13, and
14) of the R1-RGG protein (lane 2). In a competition
assay using cold 4.5S RNAH and 4.5S RNAI, we deter-
mined that the interaction between the third RRM and
4.5S RNAH was specific (data not shown). From these
results, we concluded that mouse nucleolin can directly
bind to 4.5S RNAH in vitro and that its third RRM is
the major determinant for recognizing 4.5S RNAH.

A portion of nucleolin exists as a complex with 4.5S RNAH
in mouse cells

To investigate whether nucleolin forms complexes with
the endogenous 4.5S RNAH in mouse cells, we immunopre-
cipitated C3H2K/Mo cell extracts using anti-nucleolin
antibodies. Northern blot analyses indicate that 4.5S
RNAH precipitated specifically with both anti-nucleolin
antibodies (Fig. 4A, lanes 4 and 6), whereas it did not pre-
cipitate in the absence of antibody or with pre-immune sera
(lanes 2, 3, and 5). Consistent with reports that La binds
most Pol III transcript precursors such as 4.5S RNAH
and 4.5S RNAI [4,13], we observed that anti-La antibody
precipitated large amounts of these RNAs but not the U3
small nucleolar RNA (Fig. 4A, lane 7). These results sup-
ported the idea that nucleolin directly binds to endogenous
4.5S RNAH and a portion of 4.5S RNAH exists as an RNP
with nucleolin in mouse cells. Consistent with the report
that a portion of U3 RNA associates with nucleolin [18],
we observed that U3 RNA was specifically precipitated
by anti-nucleolin antibodies (Fig. 4A, lanes 4 and 6).

To examine the subcellular localization of the 4.5S
RNA#u-nucleolin complex, we separated C3H2K/Mo cells
into cytoplasmic and nuclear fractions. The nuclear frac-
tion was further separated into nucleoplasmic and nucleo-
lar fractions. Nucleolin was detected in all subcellular
fractions (Fig. 4B upper panel, lanes 1-4). Total RNAs
were extracted from each fraction and Northern blot anal-
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Fig. 4. Nucleolin interacts with a portion of the endogenous 4.5S RNAH in mouse cells. (A) Total cell lysates from mouse C3H2K/Mo cells were
immunoprecipitated with the antibodies indicated. RNAs extracted from these precipitates were analyzed by Northern blotting using oligonucleotides
specific for the RNAs indicated (left). We analyzed total RNA from a 20% input of cell lysate (lane 1), as well as RNAs precipitated with no antibodies
(lane 2), pre-immune sera (lanes 3 and 5), anti-C- and N-terminal mouse nucleolin antibodies (lanes 4 and 6, respectively), and anti-La serum (lane 7). (B)
C3H2K/Mo cells were fractionated as described in Materials and methods. Proteins and RNA in total (T), cytoplasmic (C), nucleolar (No), and

nucleoplasmic (Np) fractions (lanes 1-4, respectively), as well as immunoprecipitates with no antibodies (lane 5), pre-immune serum (lane 6), and anti-Nu

c

antibodies (lanes 7-10) were analyzed from the fractions indicated. Western blotting was performed using anti-Nu® antibodies (upper panel). RNAs
extracted from each fraction (lanes 1-4) and immunoprecipitate (lanes 5-10) were analyzed by Northern blotting using oligonucleotide probes specific to

the RNAs indicated (lower panel).

ysis was performed using oligonucleotides specific for 4.5S
RNAH, 4.5S RNAIL and U3 RNA. Whereas 4.5S RNAH
has been reported in both the cytoplasm and nucleus [§8],
we detected only a small amount in the cytoplasm
(Fig. 4B lower panel, lane 2). While U3 RNA predomi-
nantly localized in the nucleolus (Fig. 4B lower panel, lane
3), 4.5S RNAH and 4.5S RNAI1 primarily localized in the
nucleoplasm (lane 4). Subsequently, each subcellular frac-
tion was immunoprecipitated with anti-nucleolin antibod-
ies and precipitated RNA was subjected to Northern blot
analysis (Fig. 4B lower panel, lanes 5-10). Whereas 4.5S
RNAH was predominantly precipitated from the nucleo-
plasmic fraction (lane 10), lower but significant levels of
4.5S RNAH were also precipitated from the nucleolar frac-
tion (lane 9). These results suggest that the 4.5S RNAH—
nucleolin complexes localize to both the nucleoplasm and
nucleolus in cultured mouse cells.

Discussion

In this study, we characterized mouse nuclear proteins
that bind to 4.5S RNAH by using gel mobility shift and
RNA-protein UV cross-linking assays. We found that nine
polypeptides (including La) specifically bound to the RNA
in vitro. Although 4.5S RNAH exhibits extensive homology
to B1 elements, the RNA lacks the typical cruciform struc-
ture shared by the family of 7SL-like RNAs including scB1
RNA but has a specific 20 nt sequence. Since most of the
binding polypeptides were not efficiently competed by
scB1 RNA for binding 4.5S RNAH (Fig. 1), they may rec-

ognize the 4.5S RNAH-specific sequences and/or structure.
We speculate that these two evolutionary related small
RNAs exist as distinct RNPs and perform different func-
tions in mouse cells.

To identify 4.5S RNAH-binding proteins, we performed
expression cloning and isolated cDNA clones encoding
mouse nucleolin. Several experiments using nucleolin-spe-
cific antibodies and various deletion mutants of nucleolin
demonstrated that mouse nucleolin directly and specifically
bound to 4.5S RNAH in vitro (Figs. 2 and 3). Nucleolin
binds various RNA targets including pre-rRNA, virus
RNAs, and some mRNAs through the central region com-
posed of four RRMs [17]. The first two RRMs are respon-
sible for recognition of a hexanucleotide motif U/
GCCCGA within a short stem-loop structure found in
pre-TRNA [19] but the individual RRM is inactive. In this
study, we found that the third RRM of mouse nucleolin is
the major determinant for recognizing 4.5S RNAH. These
suggest that mouse nucleolin can interact with multiple tar-
get RNAs through a combination of RRMs as well as indi-
vidual RRMs.

Subcellular fractionation and immunoprecipitation
experiments demonstrated that a portion of endogenous
4.5S RNAH was associated with nucleolin in both the
nucleoplasm and nucleolus while 4.5S RNAH was predom-
inately found in the nucleoplasmic fraction (Fig. 4). Nucle-
olin is a multifunctional protein that has been implicated in
several steps of ribosome biogenesis, mRNA metabolism,
and cell proliferation [17]. Although nucleolin is predomi-
nately localized to the nucleolus, it is also found in the
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other cell compartments such as nucleoplasm and cyto-
plasm [17]. The dual localization of 4.5S RNAH-nucleolin
complex implies that the RNP may transiently translocate
from one compartment to the other or may have distinct
function in each compartment. In nucleolus, 4.5S RNAH
may modulate one of the nucleolar activities of nucleolin
such as rDNA transcription and pre-rRNA processing.
Alternatively, since the nucleolus has recently been impli-
cated in a variety of cellular processes besides ribosome
biogenesis including cell-cycle control, stress responses,
mRNA transport, biogenesis of RNPs, and RNA editing
[20], 4.5S RNAH-nucleolin complex in the nucleolus may
associate with one of these processes.

4.5S RNAH was originally described as a short-lived
small RNA base-paired with polyadenylated RNAs in the
nucleus and cytoplasm and has been implicated in trans-
port of specific mRNAs [2,3]. Notably, recent studies have
reported that nucleolin exchanges rapidly between the
nucleoplasm and nucleolus [21] and that it is capable of
accelerating nucleic acid annealing through its C-terminal
domain (RRM3-4-RGG) [22]. Thus, we speculate that
4.5S RNAH is hybridized to its target mRNAs in the nucle-
oplasm with the help of nucleolin and then the RNPs are
transiently localized to the nucleolus for regulated trans-
port or editing of the particular mRNAs.

Kramerov and co-workers recently reported that 4.5S
RNAH gene is distributed among only six rodent families
whereas Bl element is present in all rodent families [10].
Considering the nucleotide sequence conservation and rel-
atively recent origin of 4.5S RNAH, they predicted that the
RNA may be functional and play some additional roles in
stress response or defenses against parasitic agents [10].
Although at present we do not know whether the expres-
sion level or subcellular localization of 4.5S RNAH is
affected by some stresses, a large amount of the RNAs
may be produced from multiple copies of 4.5S RNAH genes
(~800 copies in mouse) [5,8] under some specific condition,
which may then participate in some cellular processes
together with the 4.5S RNAH#H-binding proteins. Interest-
ingly, several kinds of stresses, such as heat shock or
DNA damage, cause nucleolin to interact with the tumor
suppressor protein p53 and to relocalize from the nucleolus
to the nucleoplasm where nucleolin binds replication pro-
tein A and inhibits DNA replication [23]. 4.5S RNAH
might be involved in this stress response through affecting
mobility or binding partner of nucleolin in both the nucleo-
lus and nucleoplasm. We are currently investigating the
dynamics of subcellular localization of 4.5S RNAH in rela-
tion to the cell proliferation and stresses.
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