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Identification of a novel nuclear localization signal in Sam68
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Abstract Sam68, a nuclear RNA binding protein, binds to Src
and is phosphorylated at tyrosine residues in an M-phase specific
manner. Here we identified a stretch of 24 amino acid residues in
the COOH-terminal portion of Samé68 which function as a
nuclear localization signal. This signal sequence bears no
apparent homology to any other known nuclear localization
sequence. However, this sequence was found to contain a motif,
PPXXR (P, Pro; R, Arg), which is conserved in various RNA
binding proteins including hnRNP proteins. Replacement of Arg
in this motif with Ala abolished the nuclear accumulation of a
GFP fusion protein, suggesting that this residue is important in
translocating the protein to the nucleus.
© 1997 Federation of European Biochemical Societies.

Key words: Sam68; Nuclear localization signal;
RNA binding protein

1. Introduction

A nuclear phosphoprotein Sam68 was first identified as a
protein which binds to and is phosphorylated by the protein
tyrosine kinase c-Src in mitotic fibroblasts [1,2]. In cells trans-
formed with activated c-Src or v-Src, Samé68 is phosphoryl-
ated at Tyr during the M phase of the cell cycle and binds to
both the SH2 and SH3 domains of Src¢ through its
phosphorylated Tyr and one of its proline-rich sequences
[3]- In addition to Src, Sam68 has also been shown to interact
with other signal transducing molecules, namely, Grb2 and
PLCy-1, although the precise physiological significance of
these interactions is not known [4].

The tyrosine kinase activity of Src is elevated during both
the G1-S and G2-M transitions of the cell cycle, and its acti-
vation has been shown to be required for fibroblasts to begin
DNA synthesis upon stimulation with growth factors, and to
enter mitosis [5-7]. Since Sam68 binds to and is phosphoryl-
ated by Src during mitosis, it has been considered as a candi-
date molecule for a transducer of the mitotic Src signal to
downstream target(s).

Experimental evidence has revealed that a cDNA previously
reported to encode the GAP-associated protein p62 actually
encodes Sam68 [8]. The predicted protein product of the
Sam68 cDNA contains, at the center of the molecule, a KH
domain [9], recently described as an RNA binding motif
which is conserved in a number of RNA binding proteins
such as hnRNP-K [10], GRP33 [11], fragile X mental retarda-
tion gene product FMR-1 [12] and the Caenohabditis elegans
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germ-line-specific tumor suppressor GLD-1 [13]. The NHs-
terminal part of this protein also contains a region of similar-
ity to the RGG box [14], another hallmark of RNA binding
proteins. These structural characteristics suggest that Sam68 is
an RNA binding protein and may play a role in mRNA
metabolism, maturation and/or transport. Indeed, it has re-
cently been shown that Sam68 can bind to poly(U) RNA
homopolymers in vitro and that this binding is regulated by
tyrosine phosphorylation of the protein [15]. Interestingly, a
point mutation in one of the conserved residues in the KH
domain of various RNA binding proteins has been shown to
abolish the RNA binding activity. This mutation results in the
development of the fragile X syndrome in the case of FMR-1
and germ line tumors in the case of GLD-1 [12,13], under-
scoring the functional importance of RNA binding mediated
via this domain.

Apart from the RNA binding domains and the proline-rich
SH3 binding domains, there are no characteristic amino acid
sequences in Sam68 which would suggest a function, except
for the COOH-terminal region which is relatively rich in ty-
rosine (16/78 = 21%) and possibly contains mitotic tyrosine
phosphorylation site [9]. Previous studies have shown that
the tyrosine phosphorylation site which negatively regulates
RNA binding activity resides within this region [15]. These
findings suggest that the COOH-terminal tyrosine-rich region
might be a regulatory domain of the protein. In this study, we
investigated the function of the COOH-terminal region of
Sam68 by constructing a mutant in which the COOH-terminal
tyrosine-rich region was deleted. We unexpectedly found that
this mutant Sam68 localizes to the cytoplasm when expressed
in fibroblast cells. From a series of deletion analysis, we iden-
tified a stretch of 24 amino acids within the COOH-terminal
region of Samé68 as a novel nuclear localization signal which
has no similarity to any other known nuclear localization
signals.

2. Materials and methods

2.1. Cell culture
NIH3T3 cells were cultured in DMEM supplemented with 10% calf
serum.

2.2. Plasmid construction

The human Sam68 full-length cDNA was isolated by screening a
human brain library using a partial cDNA as the hybridization probe,
and the sequence confirmed after the cDNA was cloned into the
pBlueScript vector. The Sam68 ¢cDNA was then subcloned into the
cukaryotic expression vectors pUHDneo and pMKIT. A COOH-ter-
minal deletion mutant was constructed by digestion with Ndel fol-
lowed by self-religation. To tag Sam68 at the COOH-terminus with
the myc 9E10 epitope (EQKLISEEDL), a Ml site was created im-
mediately upstream of the stop codon of the Sam68 cDNA by PCR
mediated insertion, using a primer containing an Mlul site. Synthetic
oligonucleotides encoding the myc 9E10 epitope and a stop codon
with an Miul site or a Sall site at each end (5'-CGCGTGAGCA-
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GAAGCTGATTTCCGAGGAGGACCTGTAAG-3’, 5-TCGACT-
TACAGGTCCTCCTCGGAAATCAGCTTCTGCTCA-3") were
phosphorylated, annealed, and then inserted into the Miul site and
the unique Sall site that exists in the multi-cloning site of the vector.

The pCX-GFP vector carrying the gene driven by the chicken beta-
actin promoter was a kind gift from Dr. Masahito Ikawa (Osaka
University). To construct various GFP-Sam68 fusion proteins, a
Ml site was created immediately upstream of the stop codon of
the GFP gene by PCR-mediated insertion. Then various portions of
the COOH-terminal region of Sam68 were PCR amplified and cloned
into the Miul site, using the primer sets as follows: Cl, 5'-
GCGACGCGTGCACCAGAAACATATGAA-Y, 5-TTAACGCG-
TCCTGGTCCCATTCCAGTCGTC; C2, 5'-GCGACGCGTGCAC-
CAGAAACATATGAA-3, 5" - TTAACGCGTTCCATATGGGTGC-
TC-3'. For C3, C4, C5 and C5-R427A, the following oligonucleotides
containing Mul sites at both ends were phosphorylated, annealed and
inserted into the Miul site of the pCX-GFP vector: C3, 5'-CGCGT-
AAGGGAGCATACAGAGAGCACCCATATA-3, 5-CGCGTAT-
ATGGGTGCTCTTGTATGCTCCCTTA-3'; C4, 5'-CGCGTCCTC-
CTGCTAGGCCAGTGAAGGGAGCATACAGAGAGCACCCAT-
ATGGAA-3’, 5-CGCGTTCCATATGGGGCTCTCTGTATGCTC-
CCTTCACTGGCCTAGCAGGAGGA-3'; C5, 5'"CGCGTAGGCC-
GTCGCTGAAGGCCCCTCCTGCTAGGCCAGTGAAGGGAGC-
ATACAGAGAGCACCCATATGGACGTTATA-3, 5-CGCGTAT-
AACGTCCATATGGGTGCTCTCTGTATGCTCCCTTCACTGG-
CCTAGCAGGAGGGGCCTTCAGCGACGGCCTA-3"; C6-R427A,
5'-CGCGTGACGACTGGAATGGGACCAGGCCGTCGCTGAA-
GGCCCCTCCTGCTGCGCCAGTGAAGGGAGCATACAGAGA-
GCACCCATATGGACGTTATA-3, 5-CGCGTATAACGTCCA-
TATGGGTGCTCTCTGTATGCTCCCTTCACTGGCGCAGCAG-
GAGGGGCCTTCAGCGACGGCCTGGTCCCATTCCAGTCGT-
CA-3".

2.3. Immunofluorescence microscopy

NIH3T3 cells were grown on coverslips, transfected with expression
plasmids using the Lipofectamine reagent (GIBCQO), then cultured for
24 h. Coverslips were washed once in PBS, fixed in 3.7% formalde-
hyde/PBS for 1 h, treated with 100% methanol (—20°C) for 10 min,
incubated with a monoclonal antibody against the myc 9E10 epitope
(CALBIOCHEM) for 1 h, and then with a FITC-conjugated goat
anti-mouse IgG antibody (CAPPEL) for 1 h. Coverslips were
mounted on glass slides using the VECTASHEILD reagent (Vector
Laboratories) and observed with a fluorescent microscope.

3. Results

As the first step in studying the function of Samé68, we
constructed a deletion mutant of Sam68 lacking 72 amino

N
Fig. 1. Structure and subcellular localization of Sam68 and GFP-
Sam68 fusion proteins. (A) Structure of Sam68 and GFP-Samé68 fu-
sion derivatives. del-C-ter, mutant Sam68 lacking its COOH-termi-
nal region (amino acids 366-439); GFP-C1-CS5, fusion proteins con-
sisting of GFP and various portions of the COOH-terminal region
of Sam68. GFP-C5R429A, a point mutant of GFP-C5 in which
Arg-429 is replaced with Ala (see Fig. 3). The oval part represents
the GFP moiety while the rectangular part shows the various por-
tions of Sam68. The numbers on top of the rectangles refer to the
amino acid numbers of Sam68. The symbols N, C, N/C refer to nu-
clear, cytoplasmic, or nuclear and cytoplasmic localization of the fu-
sion proteins, respectively. (B) Subcellular localization of wild-type
Sam68, mutant Samé68 lacking its COOH-terminal region (amino
acids 366-439) and GFP-Sam68 fusion derivatives. NIH3T3 cells
were grown on coverslips and transfected with respective expression
plasmids containing myc-tagged wild-type or mutant Samé68, or the
various GFP-Sam68 fusion derivatives diagrammed in (A). Cells
were incubated for 24 hours to allow expression of the transfected
c¢DNAs and then fixed with 3.7% formalin and methanol. Proteins
were visualized by immunofluorescence microscopy using a mono-
clonal antibody against the myc epitope 9E10 or a polyclonal anti-
body against GFP. (a) Wild type; (b) del-C-ter; (¢) GFP-C1; (d)
GFP-C2; (e¢) GFP-C3; (f) GFP-C4; (g) GFP-C5; (h) GFP.
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acids (366-438) of its COOH-terminal region (del-C-ter in
Fig. 1A). Since this region of the protein is very rich in tyro-
sine (21%), and possibly constitutes the tyrosine phosphoryl-
ation region, we speculated that it could be an important
regulatory domain of the protein. The wild-type Sam68
cDNA and COOH-terminal deletion mutant cDNAs were
tagged at their COOH-termini with the myc 9E10 epitope so
as to allow detection of the expressed polypeptides in trans-
fected cells by immunofluorescence microscopy. When the
wild-type Sam68 cDNA was transfected into mouse
NIH3T3 cells and immuno-stained with anti-myc 9E10 mono-
clonal antibody, predominantly nuclear staining was observed
as reported previously (Fig. 1B-a) [9,22]. However, when the
COOH-terminal deletion mutant was similarly transfected and
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Fig. 2. Functional domains of Sam68 and the composition of the putative nuclear localization sequence. (A) The structural features of Sam68
is schematically represented. Features depicted are: RGG, two RGG boxes; KH, a KH domain; NLS, a nuclear localization sequence; Pl to
P6, proline rich SH3 binding domains. (B) Amino acid sequence of the COOH-terminal region of Sam68. The region required for the nuclear
localization of Samé68 is underlined, and the amino acids that are conserved in a number of RNA binding proteins are emphasized. (C) Se-
quence alignment of the nuclear localization signal of Sam68 with the corresponding sequences of various RNA binding proteins and viral pro-
teins. Numbers refer to the position of the first amino acid in the primary sequence of the protein shown. Single-letter amino acid code is used.
Conserved amino acids are shown at the center. Identical residues are emphasized.

stained, strong cytoplasmic staining but almost no nuclear
staining was observed (Fig. 1B-b). These results suggest that
the COOH-terminal 72 amino acids of Samé68 contains a sig-
nal sequence responsible for its localization in the nucleus.
To test if this stretch of 72 amino acids can serve as a
nuclear localizing sequence even in a heterologous context,
we fused this 72 amino-acid region to the COOH-terminus
of the green fluorescent protein (GFP) derived from Aequorea
victoria and studied the subcellular localization of the fusion
proteins. GFP itself is a soluble protein with a calculated
molecular weight of approximately 26.9 kDa and the amino
acid sequence of GFP contains no detectable nuclear local-
ization signal. When wild-type GFP is expressed in NIH3T3
cells and detected by immunofluorescence microscopy using
the anti-GFP polyclonal antibody (Clonetech), the protein
showed predominantly cytosolic localization (Fig. 1B-h).
Some nuclear staining, possibly due to the passive diffusion
of the protein into the nucleus, was also observed in cells
where the level of GFP expression was especially high. In
contrast, when a fusion protein consisting of GFP fused
with the COOH-terminal 72 amino acids of Samé68 (GFP-
C2 in Fig. 1A) was similarly expressed in NIH3T3, this fusion
protein translocated completely to the nucleus (Fig. 1B-d).
This finding further lends support to the notion that the

COOH-terminal region of Sam68 contains a functional nu-
clear localizing sequence. Interestingly, however, there are
no recognizable nuclear localizing sequences in this region,
for example, the classic SV40 large T antigen type [16], the
bipartite signal as found in nucleoplasmin [17], or the re-
cently-characterized M9 sequence of hnRNP-A1l [18]. This
prompted us to further delineate the sequence necessary to
translocate Samé68§ to the nucleus.

For this purpose, various portions of the COOH-terminal
72 amino acids of Samé68 were fused to the COOH-terminus
of GFP and the subcellular localization of these fusion pro-
teins were studied. Fusion of amino acids 362-420 (GFP-C1)
to GFP had no effect on the subcellular localization of the
resulting protein; it remained mainly in the cytoplasm and did
not show significant accumulation in the nucleus (Fig. 1B-c).
Given that amino acids 362-441 (GFP-C2) were sufficient to
confer nuclear localization, we surmised that the COOH-ter-
minal amino acids 420441 may contain the nuclear targeting
signal. Indeed, when this stretch of 24 amino acids was fused
to GFP (GFP-C5), the fusion protein was efficiently targeted
to the nucleus (Fig. 1B-g). Several deletions of the NH-ter-
minus of the 24 amino acid segment (GFP-C3 and GFP-C4)
abolished its nuclear targeting activity almost completely (Fig.
1B-¢ and -f). From these results, we conclude that the COOH-
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(A) C5: RPSLKAPPARPYKGAYREHPYGRY

Y

C5-R429A: RPSLKAPPAAPVKGAYREHPYGRY

(B)

Fig. 3. Effect of point mutation in the nuclear localization sequence
on the nuclear targeting activity. (A) Amino acid sequences of wild-
type and mutant nuclear localization signals. CS, wild-type; C5-
R429A, mutant containing Ala instead of Arg-429. (B) Subcellular
localization of GFP proteins fused to either wild-type C5 sequence
(a) or mutant C5-R429A sequence (b). Cells were stained as in Fig.
1B.

terminal 24 residues of Sam68 are necessary and sufficient for
nuclear localization of Sam68.

Close inspection of the COOH-terminal 24 amino acids of
Sam68 revealed no significant homology to any other known
nuclear localization sequence. There are several basic residues
in this segment, but these are rather sparsely spread through-
out the entire region and do not resemble the characteristic
clustering of basic amino acids seen in other nuclear local-
ization sequences. However, direct amino acid sequence com-
parison of this segment to other proteins having KH domains
revealed some significant homology. A short stretch of amino
acids containing a minimum of two-consecutive proline resi-
dues followed by an arginine residue (PPXXR; P, Pro; R,
Arg) is also conserved in the C. elegans germ line-specific
tumor suppressor GLD-1 and several heterogenous nuclear
ribonucleoproteins including hnRNP-C, hnRNP-U, hnRNP-
K and hnRNP-M4. In addition, when the protein sequence
data base was searched using the BLASTP program, viral
transcription factors encoded by the VP16 gene of Herpes
virus were found to contain related sequences. In these pro-
teins the first proline and last arginine of the PPXXR motif
tend to be preceded by alanine or proline.Fig. 2

To demonstrate the importance of the PPXXR motif, we
examined the nuclear targeting activity of a mutated version
of GFP-C5 (GFP-C5-R429A) in which Arg-429, the last res-
idue of the PPXXR motif, was replaced with Ala (Fig. 3A).
The accumulation of this mutant fusion protein in the nucleus
was significantly diminished (Fig. 3B), suggesting the prime
importance of this conserved residue in nuclear translocation.

4. Discussion

In this study, we have delineated a sequence necessary for
localizing Samé68 to the nucleus. Removal of this sequence
from the protein resulted in the localization of the mutant
protein in the cytoplasm. In addition, fusion of this sequence
to a heterologous protein resulted in the accumulation of the
chimeric protein in the nucleus. From the analysis of various
deletion mutants, the region required for this activity was
mapped to amino acids 420-443 of Samé68. Although this
region bears no apparent homology to any previously-re-
ported nuclear localization signal, a particular motif, the
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PPXXR motif, consisting of a minimum of two consecutive
proline residues followed by an invariable arginine residue
was found to be conserved in a number of RNA binding
proteins. A point mutation changing the invariable arginine
in this motif to alanine abolished its nuclear accumulating
activity. These results suggest that the COOH-terminal 24
amino acids of Samé68 function as a nuclear localization sig-
nal.

The most intensively-studied nuclear localization signal to
date is the one found in the SV40 large T antigen in which a
minimal sequence of seven amino acids PKKKRKYV was
found to be sufficient for targeting the pyruvate kinase fusion
protein to the nucleus [16]. Another well-studied nuclear local-
ization signal is the bipartite nuclear localization sequence, the
prototype of which is the one found in nucleoplasmin. In the
bipartite nuclear localization sequence, two basic amino acids
are followed by a spacer region of any ten amino acids and
then a cluster of five basic amino acids in which the three out
of five must be basic residues [17]. In addition, a unique nu-
clear localization signal, which confers a shuttling activity to
fused proteins was recently identified within hnRNP-A1, one
of a heterogenous group of ribonucleoproteins that constantly
shuttle between the nucleus and the cytoplasm. The sequence
responsible for the shuttling activity of hnRNP-A1 has been
delineated to a 38 amino acid segment [18]. The novel nuclear
localization signal of Samé68 reported in this study, however,
is not similar to any of these previously reported sequences,
and thus defines a novel class of nuclear localization sequence.

Since protein-protein interactions have been shown to play
an important function in the process of nuclear import [20,21],
the conserved arginine residue in the PPXXR motif may be
directly involved in the interaction with components or regu-
lators of the nuclear import machinery. Interestingly, it has
recently been demonstrated that Samé68 interacts with the 3D
RNA-dependent RNA polymerase of poliovirus and is relo-
cated from the nucleus to the cytoplasm in cells infected with
poliovirus [22]. Although the precise mechanism of this relo-
cation is not known, binding of viral proteins to Sam68 could
conceivably disrupt the interaction between Samé68 and the
cellular protein machinery that normally keeps Samé8 in the
nucleus. Alternatively, there is a possibility that the motif may
be functioning as an RNA binding domain and that Samé68
may be imported into the nucleus with RNA molecules such
as snRNAs which re-enter the nucleus [23].

Whether this conserved motif is sufficient for Samé68 nuclear
localization and whether this motif is also functional in pro-
teins other than Samé68 are currently under study in our labo-
ratory. Interestingly, the recently-characterized nuclear local-
ization and retention signal for hnRNP-C1, which was
delineated to a minimal 58 amino acids residues, contains
this consensus sequence [19]. However, in hnRNP-C1, this
motif may in fact function as a part of the nuclear retention
signal because a region immediately downstream of the con-
sensus sequence was shown by deletion analysis to be more
important for the nuclear localization of the protein.

The presence of this conserved sequence in various RNA
binding proteins suggests that this motif is a nuclear local-
ization signal commonly utilized by a subset of RNA binding
proteins of common cellular function. hnRNP proteins in the
nucleus bind to nascent pre-mRNA as it is transcribed and are
believed to be involved in the maturation of mRNA. In some
cases, such as hnRNP-A1 and hnRNP-K, which constantly
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shuttle between the nucleus and the cytoplasm, they are most
likely involved in mRNA export from the nucleus. Samé68
may also be involved in each of these steps. Identification of
the nuclear localization signal of Sam68 would facilitate our
understanding of the mechanism that regulates the subcellular
localization of Sam68 and may provide clues as to how the
nuclear functions of Sam68 are coupled to the Src signal
transduction pathway.
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