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The erythroid membrane cytoskeletal protein 4.1 is the prototypical member of a genetically
and topologically complex family that is generated by combinatorial alternative splicing
pathways and is localized at diverse intracellular sites including the nucleus. To explore the
molecular determinants for nuclear localization, we transfected COS-7 cells with epitope-
tagged versions of natural red cell protein 4.1 (4.1R) isoforms as well as mutagenized and
truncated derivatives. Two distant topological sorting signals were required for efficient
nuclear import of the 4.1R80 isoform: a basic peptide, KKKRER, encoded by alternative exon
16 and acting as a weak core nuclear localization signal (4.1R NLS), and an acidic peptide,
EED, encoded by alternative exon 5. 4.1R80 isoforms lacking either of these two exons
showed decreased nuclear import. Fusion of various 4.1R80 constructs to the cytoplasmic
reporter protein pyruvate kinase confirmed a requirement for both motifs for full NLS
function. 4.1R80 was efficiently imported in the nuclei of digitonin-permeabilized COS-7 cells
in the presence of recombinant Rch1 (human importin a2), importin b, and GTPase Ran.
Quantitative analysis of protein–protein interactions using a resonant mirror detection tech-
nique showed that 4.1R80 bound to Rch1 in vitro with high affinity (KD 5 30 nM). The affinity
decreased at least 7- and 20-fold, respectively, if the EED motif in exon 5 or if 4.1R NLS in
exon 16 was lacking or mutated, confirming that both motifs were required for efficient
importin-mediated nuclear import of 4.1R80.

INTRODUCTION

Protein 4.1 was first identified in the erythrocyte
plasma membrane. It links the spectrin–actin cytoskel-
eton to specific transmembrane proteins (Anderson
and Lovrien, 1984; Pasternack et al., 1985; Jöns and

Drenckhahn, 1992; Hemming et al., 1994; Marfatia et
al., 1995). In nucleated cells, 4.1-immunoreactive pro-
teins are present not only in the plasma membrane but
also in the nucleus and in the centrosome (Correas,
1991; Chasis et al., 1993; De Carcer et al., 1995; Shimizu
et al., 1996; Krauss et al., 1997a,b; Lallena and Correas,
1997; Luque et al., 1998). In addition, 4.1 may interact
with microtubules and stress fibers (Cohen et al., 1982;
Correas and Avila, 1988). However, the precise iden-
tity of 4.1 isoforms present in these various subcellular
structures and identification of their binding partners
and putative functional roles remain to be defined.

The wide cellular distribution of 4.1 may reflect the
coexistence in the cell of various isoforms of the pro-
tein generated by alternative splicing and/or by ex-
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pression of multiple 4.1 genes (Granger and Lazarides,
1985; Anderson et al., 1988; Chasis et al., 1993; Gascard
et al. 1998). The best characterized 4.1 gene, designated
red cell protein 4.1 (4.1R) to reflect its abundant ex-
pression in red cells, also encodes multiple distinct
isoforms in nucleated cells via complex alternative
pre-mRNA splicing pathways (Ngai et al., 1987; Con-
boy et al., 1988, 1991; Tang et al., 1990; Chasis et al.,
1993; Gascard et al., 1998). In addition to splicing of
numerous exons throughout the coding sequence,
variable use of two alternative start codons leads to
the synthesis of 4.1R isoforms of ;135 kDa (initiated at
upstream AUG-1) and 80 kDa (initiated at down-
stream AUG-2). The major erythroid 80-kDa isoform,
4.1R80, is composed of four chymotryptic fragments: a
30-kDa N-terminal domain, a 16-kDa domain, a 10-
kDa domain, and a 24 kDa C-terminal domain (Leto
and Marchesi, 1984). The 30-kDa domain contains
binding sites for the transmembrane proteins glyco-
phorin C, and band 3 and is thus referred to as the
membrane binding domain (Anderson and Lovrien,
1984; Pasternack et al., 1985; Jöns and Drenckhahn,
1992; Hemming et al., 1994; Marfatia et al., 1995). It also
binds calmodulin (Tanaka et al., 1991). The 10-kDa
domain contains the spectrin–actin binding (SAB) do-
main (Correas et al., 1986; Schischmanoff et al., 1995).
The C-terminal domain interacts with the nuclear mi-
totic apparatus protein (NuMA) and with elongation
factor 1a (Mattagajasingh et al., 1996). No function has
been attributed thus far to the 16-kDa domain.

Recent studies have shed some new insights into
potential functions of 4.1R in the nucleus. 4.1R colo-
calizes with spliceosome assembly factors such as
SC35 and may thus be involved in splicing regulation
(De Carcer et al., 1995; Lallena and Correas, 1997;
Lallena et al., 1998). In addition, 4.1R may play a key
role in mitotic events, because it undergoes dramatic
redistribution during the cell cycle (Krauss et al.,
1997a) and because it binds to NuMA (Mattagajasingh
et al., 1996), another key protein in mitotic events. 4.1R
is present in the nucleus and in the centrosome during
interphase, whereas it is also detected in the mitotic
spindle during mitosis, in perichromatin during telo-
phase, and in the midbody during cytokinesis.

Large proteins, such as 4.1R, cannot freely diffuse
into the nucleus. They are transported to nuclear pore
complexes by specialized shuttle proteins, which bind
to specific domains of the transported protein called
nuclear localization signals (NLSs; for review, see Gör-
lich and Mattaj, 1996; Görlich, 1998). Typical NLSs,
characterized by either a single or a bipartite cluster of
basic residues, bind to the importin a/b heterodimer.
Importin a provides the NLS binding site, whereas
importin b mediates docking to the nuclear pore com-
plex. The transfer of the trimeric NLS substrate–im-
portin a/b complex through the nuclear pore is en-
ergy dependent and requires GTP hydrolysis by

GTPase Ran. However, the recent identification of two
potent NLSs with novel sequences (Siomi and Drey-
fuss, 1995; Pollard et al., 1996; Michael et al., 1997) and
the characterization of numerous types and isoforms
of shuttle proteins (Miyamoto et al., 1997; for review,
see Görlich, 1998; Wozniak et al., 1998) have revealed
additional complexity and diversity in nuclear import
machinery. In some instances, other regions, either
immediately flanking the NLSs or more distant from
them, may override or activate the NLSs (Rihs and
Peters, 1989; Rihs et al., 1991; Hong and Engler, 1991;
van Zee et al., 1991; Zhou et al., 1991; Gao and Knipe,
1992; Gashler et al., 1993; Jans and Jans, 1994;
Schmolke et al., 1995; Douglas and Quinlan, 1996;
Knuehl et al., 1996).

As a first step toward defining the potential func-
tion(s) of nuclear 4.1R proteins, we report here map-
ping of 4.1R domains required for its efficient nuclear
import. This has been achieved by comparing the
expression pattern of three major 80-kDa 4.1R iso-
forms after transfection into COS-7 cells and of mu-
tants generated from these isoforms. We show that
two domains of 4.1R80 are involved in efficient nuclear
import of this protein. In addition, we establish that
4.1R80 is translocated to the nucleus in vitro by direct
interaction with Rch1, an a subunit of the human
nuclear shuttle complex importin.

MATERIALS AND METHODS

Preparation of 4.1R
4.1R was purified from human erythrocytes as described by Tyler et
al. (1979) with minor modifications.

Erythroid Progenitor Isolation
Erythroblasts, isolated from human bone marrow as previously
described (Gascard et al., 1998), were 95% pure, mostly at the early
polychromatophilic stage as shown by May–Grunmald–Giemsa
staining.

RNA Preparation and DNA Cloning
Full-length 4.1R cDNAs were cloned by reverse transcriptase-PCR
of erythroblast total RNA as previously described (Gascard et al.,
1998). 4.1R cDNAs were tagged at their C terminus with either SV40
large T antigen KT3 epitope or influenza viral hemagglutinin (HA)
epitope before insertion into mammalian expression vectors
pSV2neo (provided by Dr. P. Yaswen, Lawrence Berkeley National
Laboratory) or pCDNA3 (Invitrogen, La Jolla, CA) as previously
described (Gascard et al., 1998). HA epitope-tagged human gener-
ally expressed protein 4.1 (4.1G) was cloned into pCDNA3 as pre-
viously described (Parra et al., 1998). Mouse neuron-specific protein
4.1 (4.1N) was cloned into a cytomegalovirus promoter-driven
mammalian expression vector as previously described (Walensky,
Blackshaw, Liao, Watkins, Weier, Parra, Huganir, Conboy, Mohan-
das, and Snyder, unpublished data). Chicken muscle pyruvate ki-
nase (PK) cDNA, tagged at its N-terminus with a c-myc epitope and
cloned into pCDNA3 (Siomi and Dreyfuss, 1995; Pollard et al., 1996),
was provided by Dr. G. Dreyfuss (Howard Hughes Medical Insti-
tute, University of Pennsylvania, Philadelphia, PA). To generate
PK–4.1R fusion constructs, various 4.1R domains were amplified
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with a 59 PCR primer that created a KpnI site and a 39 PCR primer
including specific sequences complementary to 4.1R followed by a
stop codon and a NotI site. 4.1R PCR products were inserted at the
C terminus end of PK using KpnI and NotI restriction sites.

DNA Mutagenesis
Site-directed mutagenesis of 4.1R clones was performed using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer’s instructions. Truncations of various domains of
4.1R clones were performed using either the Seamless kit (Strat-
agene) or the splice overlap extension method (Horton et al., 1989).

Cell Culture and Transfections
NIH/3T3 cells were obtained from American Type Culture Collec-
tion (Rockville, MD), COS-7 cells were provided by Dr. C. Collins
(Lawrence Berkeley National Laboratory), and HeLa cells were
provided by Dr. P. Yaswen (Lawrence Berkeley National Laborato-
ry). Cells were transiently transfected by lipofection as previously
described with minor modifications (Krauss et al., 1997a; Gascard et
al., 1998). Briefly, cells grown on coverslips for 24 h were incubated

for 8–14 h in 1 ml of Opti-MEM I medium containing 6 ml of
LipofectAMINE (Life Technologies, Gaithersburg, MD) and 2.5 mg
of cDNAs encoding 4.1N, HA epitope-tagged 4.1G, various KT3 or
HA epitope-tagged 4.1R isoforms, or c-myc epitope-tagged PK fu-
sion proteins. After transfection, cells were incubated in growth
medium for an additional 34–40 h.

Immunofluorescence Microscopy
Samples were processed for immunofluorescence microscopy as
previously described with minor modifications (Krauss et al., 1997a).
All steps were performed at room temperature. Forty-eight hours
after transfection, cells were fixed with 3% paraformaldehyde for 30
min and permeabilized with 0.5% Triton X-100 for 10 min. After
blocking in 10% (vol/vol) goat serum for 1 h, samples were probed
either with an anti-KT3 tag monoclonal antibody (provided by Dr.
B. Schwer, Cornell University Medical College, New York, NY) or
with an affinity-purified anti-HA tag polyclonal antibody (Zymed
Laboratories, South San Francisco, CA) diluted 1:10 and 1:300, re-
spectively. Cells transfected with PK constructs were processed as
described above using an anti-c-myc tag monoclonal antibody

Figure 1. Expression of endogenous protein 4.1R in COS-7 cells and of HA epitope-tagged 4.1R isoforms in transfected COS-7 cells.
Nontransfected COS-7 cells (a) or COS-7 cells transfected with empty expression vector (b), HA epitope-tagged 4.1R80 (c), HA epitope-tagged
4.1R80DE16 (d), or HA epitope-tagged 4.1R80mutKKK (e) were fixed with 3% paraformaldehyde, permeabilized with 0.5% Triton X-100, and
processed for immunofluorescence using, as primary antibody, either the polyclonal protein 4.1R 24-3 antibody (Krauss et al., 1997a) to probe
nontransfected cells or a polyclonal anti-HA-tag antibody to probe transfected cells. An anti-rabbit IgG coupled to FITC was used in all
samples as secondary antibody. Because of COS-7 cell thickness, the nucleus and cytoplasmic network cannot be in focus in the same field.
(a, inset) Focused closeup of nuclear and centrosome staining of the cell displayed in this panel. Bar, 10 mm.
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(Boehringer Mannheim, Indianapolis, IN) diluted to 5 mg/ml. Be-
cause the c-myc tag was located at the N terminus of the fusion
protein and to ensure that PK–4.1R fusion proteins were fully
translated products, in some experiments samples were processed
with polyclonal 4.1R antibodies specific for the C-terminal region of
the fusion constructs in addition to the anti-c-myc antibody. 4.1R
antibodies against either synthetic peptide 10-1 or peptide 24-3,
sequences encoded by exons 16 and 21, respectively (Krauss et al.,
1997a), were used at 10 mg/ml. After incubation with primary
antibodies, samples were incubated for 1 h either with anti-mouse
immunoglobulin G (IgG) conjugated to Texas Red or anti-rabbit IgG
conjugated to FITC (Molecular Probes, Eugene, OR), diluted 1:2000
and 1:5000 respectively. Coverslips were mounted using Vector-
shield containing DAPI as a nuclear DNA staining probe (Vector
Laboratories, Burlingame, CA). Microscopic analysis of the samples
and image processing were performed as previously described
(Krauss et al., 1997a). The distribution pattern for each 4.1R con-
struct was expressed as mean 6 SD of the percentage of cells
displaying any of five nucleocytoplasmic distribution patterns in
three independent transfections (200–220 cells per transfection). The
individual percentages did not deviate from the mean value by
.20%. The significance of the differences observed between the
distribution of various 4.1R80 constructs was tested using the x2

statistic.

Preparation of Recombinant Proteins for In Vitro
Nuclear Import Assay
cDNAs encoding C-terminal HA-tagged 4.1R80 and N-terminal c-
myc-tagged PK and their derived clones were inserted into
pET30a(1) vector (Novagen, Madison, WI). Rch1 and importin b
cloned into pQE60 vector and GTPase Ran cloned into pQE32 vector
(Qiagen, Hilden, Germany) were provided by Dr. Dirk Görlich
(Zentrum fur Molekulare Biologie der Universitat Heidelberg, Hei-
delberg, Germany). The vectors described above enabled bacterial
expression of 6x histidine-tagged proteins. In addition to the histi-
dine tag, pET30a(1) vector encoded a N-terminal S tag epitope,
which was used for detection of 4.1R80 in in vitro nuclear import
assays described below. Histidine-tagged proteins were purified
according to instructions of the manufacturer with minor modifica-
tions (Novagen). Expression of recombinant proteins was induced
in the presence of 1 mM isopropyl-1-thio-b-d-galactopyranoside for
3 h at 37°C, except for Ran and importin b, which were induced for
4 h at 25°C. After induction, cells were spun down, frozen at 270°C,
thawed out quickly, and lysed by sonication for 1 min in binding

buffer (Novagen) supplemented with 6 M urea. Lysate superna-
tants, dialyzed against binding buffer to renature proteins, were
incubated with a Ni21 matrix for 30 min. Matrix was washed with
30 vol of binding buffer and 20 vol of washing buffer (Novagen) and
eluted with 3 vol of elution buffer (Novagen) diluted 1:5 (final
imidazole concentration, 200 mM). Proteins were dialyzed against
either PBS and 0.05% Tween 20, if used in resonant mirror detection
experiments, or 110 mM potassium acetate, 20 mM HEPES, pH 7.3,
and 2 mM magnesium acetate (import buffer), if used in in vitro
nuclear import assays. The purity of proteins was assessed by
SDS-PAGE (7% gel). Protein concentration was measured using DC
protein assay reagent (Bio-Rad Laboratories, Hercules, CA).

In Vitro Nuclear Import Assay
The in vitro nuclear import assay was carried out as previously
described (Adam et al., 1990; Knuehl et al., 1996) with minor mod-
ifications. Briefly, subconfluent COS-7 cells grown on coverslips
were permeabilized for 5 min at room temperature in import buffer
containing 50 mg/ml high-grade digitonin (Calbiochem-Novabio-
chem, La Jolla, CA). In one case, cells were preincubated for 15 min
at room temperature with import buffer containing 100 mg/ml
wheat germ agglutinin (WGA; Sigma, St. Louis, MO) before per-
forming the nuclear import assay. The assay was initiated by flip-
ping coverslips over 50-ml drops of import buffer supplemented
with 0.5 mM GTP, an ATP regeneration system (0.5 mM ATP, 20
U/ml creatine phosphokinase, and 5 mM creatine phosphate;
Sigma) and recombinant histidine-tagged proteins, including 50
mg/ml N-terminal c myc-tagged PK (either wild type or fused with
the SV40 NLS, PKKKRKV) or C-terminal HA-tagged 4.1R80 (either
wild type or lacking exon 16 [4.1R80 DE16] or bearing a mutation
KKK3AAA in NLS [4.1R80 mutKKK]), 6 mg/ml Rch1, 10 mg/ml
importin b, and 50 mg/ml Ran. In some samples, select components
of the incubation medium were omitted: GTP, an ATP regeneration
system, Rch1, or importin b. The assay was carried out for 30 min in
a humidified chamber at 30°C (except for one sample at 4°C).
Coverslips were fixed for 20 min in import buffer containing 3%
paraformaldehyde and permeabilized for 10 min in import buffer
containing 0.5% Triton X-100. Samples were blocked and incubated
with primary and secondary antibodies as described in Immuno-
fluorescence Microscopy. Primary antibody was a polyclonal anti-
body raised against S tag (Santa Cruz Biotechnology, Santa Cruz,
CA) used at 5 mg/ml, and the secondary antibody was the anti-
rabbit IgG coupled to FITC described above. In one control sample,
the primary S tag antibody was pre-exhausted with the control

Table 1. Subcellular distribution of various 4.1R80 isoforms expressed in transfected COS-7 cells

% of cells with strong nuclear staining % of cells with weak or no nuclear staining

N N . C N 5 C N , C C

4.1R80

Wild type 1 6 2 43 6 8 40 6 3 7 6 5 9 6 1
DE16 1 6 0 9 6 3 18 6 4 13 6 6 59 6 2
mutKKK 1 6 1 3 6 1 17 6 2 17 6 6 62 6 7
DE5 2 6 1 34 6 3 5 6 1 5 6 1 54 6 2
mutEED 1 6 1 33 6 6 16 6 5 7 6 3 43 6 8

HA epitope-tagged 4.1R80 isoforms were expressed in transfected COS-7 cells as described in MATERIALS AND METHODS. The
distribution pattern of each isoform was assessed in 200–220 cells randomly chosen in three independent experiments. Results are expressed
as percentage of cells (mean 6 SD) showing one of the five following distribution patterns: N, strong staining, exclusively nuclear; N . C,
strong nuclear staining with variable cytoplasmic staining; N 5 C, strong staining equally distributed in nucleus and cytoplasm; N , C,
strong cytoplasmic staining with weak nuclear expression; C, strong staining, exclusively cytoplasmic. The distribution patterns of 4.1R80

isoforms lacking either exon 16 or 5 or bearing mutations in these exons were significantly different from that of wild-type 4.1R80 (p , 1026

for all constructs using the x2 statistic).
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peptide (1:100 [mol/mol] antibody:peptide) for 1 h at room temper-
ature before use.

Preparation of Recombinant GST Fusion Proteins
Used for Binding Affinity Measurements
cDNAs encoding the recombinant 30-kDa domain of 4.1R (r30 kDa)
or the polypeptide encoded by exon 5 of the 30-kDa domain were
cloned into pGEX-KG vector (Guan and Dixon, 1991). GST fusion
proteins were purified from bacterial lysates by affinity column
chromatography using glutathione-Sepharose 4B as previously de-
scribed (Discher et al., 1993; Schischmanoff et al., 1995). Purified
proteins were cleaved with thrombin. r30 kDa was further purified
by affinity column chromatography using glutathione-Sepharose 4B
to remove cleaved GST. The purity of proteins was assessed by
SDS-PAGE (15% gel). The protein concentrations were determined
using the following relationship: protein concentration (mg/ml) 5
1.45 A280 2 0.74 A260.

Measurement of Binding Affinities
Protein–protein interactions were studied using the resonant mirror
detection method (Watts and Lowe, 1994; George et al., 1995) of the
IAsys system (Affinity Sensors, Cambridge, United Kingdom). All
experimental procedures were carried out at 25°C with constant
stirring. Aminosilane or carboxymethyldextran (CMD) cuvettes (Af-
finity Sensors) were activated with either 2 mM bis-(sulfosuccinimi-
dyl) suberate or 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide and 0.05 M N-hydroxysuccinimide (Pierce, Rockford, IL),
respectively. Recombinant Rch1 resuspended in PBS and 0.05%
Tween 20 at a concentration of 0.1 mg/ml was immobilized for 30
min on either aminosilane cuvettes or CMD cuvettes preincubated
in immobilization buffer (50 mM sodium acetate, pH 4.4). PBS
containing 2 mg/ml BSA (aminosilane cuvettes), or 1 M ethanol-
amine (CMD cuvettes) was added to reduce nonspecific binding.
Importin b, various recombinant constructs of 4.1R80 or PK, and
4.1R80 purified from human red cells were probed with the Rch1-
coated cuvettes. Cuvettes immobilized with BSA or recombinant
GST were used as negative controls. Two dissociation constants (KD

from kinetic analysis [K(D)kin] and KD from Scatchard analysis) were
determined using the results from the binding assay as previously
described (Nunomura et al., 1997). The KD from Scatchard analysis,
derived under a variety of experimental conditions, closely matched
the corresponding K(D)kin values calculated. Consequently, only
K(D)kin values are presented in Results. At least two cuvettes were
used to determine various binding constants, and the derived val-
ues differed by ,10% between the two measurements.

RESULTS

Alternatively Spliced Isoforms of Protein 4.1R
Exhibit Differential Subcellular Localization
Endogenous protein 4.1R visualized by indirect im-
munofluorescence exhibits a complex expression pat-
tern in nontransfected COS-7 cells (Figure 1a). Prom-
inent nuclear staining in a punctate pattern,
decoration of a cytoplasmic filament network, and
colocalization with a perinuclear structure corre-
sponding to the centrosome (Figure 1a, inset, arrow)
were observed. Because nucleated cells express mul-
tiple 4.1 polypeptides via alternative pre-mRNA splic-
ing (Granger and Lazarides, 1985; Anderson et al.,
1988; Chasis et al., 1993; Gascard et al., 1998), we hy-
pothesized that this immunofluorescence pattern rep-
resents a composite of several specifically compart-
mentalized 4.1R isoforms. To clearly localize
individual isoforms, 4.1R cDNAs of known structure
were linked to an HA epitope tag, transfected into
COS-7 cells, and visualized with an antibody directed
against the HA tag. Figure 1c shows that the major
erythroid form of 80-kDa protein 4.1R, 4.1R80, contain-
ing the complete SAB domain including the peptide

Figure 2. Comparison of cellular distribution of various proteins of the 4.1 protein family in transfected COS-7 cells. COS-7 cells were
transfected with HA-tagged 4.1R80, HA-tagged 4.1G, or 4.1N. Cells were fixed with 3% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and processed for immunofluorescence using, as primary antibody, either a polyclonal anti-HA tag antibody (4.1R80 and 4.1G) or a
polyclonal 4.1N antibody (Walensky et al., unpublished data). An anti-rabbit IgG coupled to FITC was used in all samples as secondary
antibody. The 4.1R NLS and the corresponding aligned primary amino acid sequences in 4.1G and 4.1N are displayed. The basic residues are
shown in gray. Note that because of poor conservation of the 4.1N sequence within the corresponding region of 4.1R and 4.1G, the 4.1N
sequence displayed results from the best alignment achievable (Walensky et al., unpublished data). Bar, 10 mm.
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encoded by alternative exon 16, was strongly ex-
pressed in the nucleus as previously reported (Krauss
et al., 1997a; Gascard et al., 1998; Luque et al., 1998).
Eighty-four percent of transfected cells exhibited
strong nuclear staining, as well as a variable cytoplas-
mic staining (Table 1). In contrast, as previously re-
ported (Gascard et al., 1998; Luque et al., 1998), expres-
sion of a 4.1R isoform lacking the 21 amino acids
encoded by exon 16 (4.1R80DE16 isoform) was mostly
cytoplasmic (Figure 1d), with only 28% of the cells
showing strong nuclear staining (Table 1). Staining
was specific because it was not observed in cells trans-
fected with the expression vector alone (Figure 1b).
Additional controls showed that the differential local-
ization was neither cell line nor epitope tag depen-
dent, because similar results were obtained in NIH/
3T3 and HeLa cells and with 4.1R isoforms tagged
with the KT3 epitope (our unpublished results). This
finding demonstrated unambiguously that alternative
splicing generates 4.1R isoforms with distinct subcel-
lular localization. Moreover, these data imply an im-
portant role for exon 16, which encodes part of the
SAB domain, in 4.1R nuclear localization (Gascard et
al., 1998; Luque et al., 1998).

Exon 16 Contains an NLS (4.1R NLS) That Is
Necessary for 4.1R Nuclear Localization
By amino acid sequence homology with other NLS-con-
taining proteins, Correas and Avila (1988) proposed that
4.1R contains a putative NLS characterized by a cluster of
basic residues, Lys-Lys-Lys-Arg-Glu-Arg (KKKRER). This
motif is located at the beginning of the SAB domain, at the
junction of sequences encoded by exon 13 (first lysine) and
exon 16 (the remaining five amino acids). Luque et al. (1998)
reported that extensive mutation of this motif results in
nuclear exclusion of 4.1R. To gain further insights into the
involvement of 4.1R NLS in 4.1R80 nuclear targeting, we
studied the effects of limited mutations of the KKKRER
cassette. Mutation of one lysine (KKK3KAK) in the puta-
tive NLS did not affect nuclear localization compared with
wild-type protein (our unpublished results). By contrast,
mutation of the three lysines (KKK3AAA) in NLS (iso-
form 4.1R80 mutKKK) induced a dramatic decrease in
4.1R80 nuclear localization (Figure 1e). Indeed, only 21% of
the nuclei showed strong staining (Table 1). Furthermore,
4.1R was the only member of the recently characterized
protein 4.1 family to show nuclear expression after trans-
fection (Figure 2). Indeed, in contrast with human 4.1R80,
which showed strong nuclear expression, human 4.1G and

Figure 3.
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mouse 4.1N were totally excluded from the nucleus in
interphase COS cells (Figure 2). Interestingly, as shown in
Figure 2, a comparison of the aligned primary amino acid
sequences of the three gene products revealed that the 4.1R
NLS (KKKRER) was not conserved in either 4.1G
(KKNSLR) or in 4.1N (KIKELK), consistent with the re-
quirement of the 4.1R NLS for 4.1R nuclear import. How-
ever, Luque et al. (1998) showed that fusion of a polypep-
tide encompassing the 4.1R NLS to the cytoplasmic
reporter protein b-galactosidase failed to promote nuclear

targeting of the protein. This finding implied that the
KKKRER motif was a weak core NLS, which required
other domains of 4.1R to mediate efficient nuclear import.

Sequences Upstream of 4.1R NLS Are Required for
Efficient Nuclear Localization of 4.1R
To characterize the minimal regions reconstituting a
functional 4.1R NLS, we designed a series of 4.1R
deletion constructs to test the requirement for other

Figure 3 (facing page). Effects of truncation or
point mutation of protein 4.1R domains flank-
ing 4.1R NLS on protein 4.1R nuclear import.
(A) Map of protein 4.1R constructs used to in-
vestigate nuclear localization. The four chymot-
ryptic fragments of 4.1R80 isoform are shown at
the top (30-kDa membrane binding domain,
16-kDa domain, 10-kDa SAB domain [contain-
ing the weak core NLS KKKRER], and 24-kDa
domain). The protein is 622 amino acids in
length. The numbers displayed refer to the
amino acids present in each construct. The pre-
dominant distribution pattern is displayed for
each construct and is based on examination of
at least 600 cells per construct: N . C, predom-
inant nuclear staining; C . N, predominant
cytoplasmic staining; N 5 C, equivalent nu-
clear and cytoplasmic staining. (B) COS-7 cells
were transfected with various HA-tagged mu-
tants of 4.1R80. Cells were fixed with 3% para-
formaldehyde, permeabilized with 0.5% Triton
X-100, and then processed for immunofluores-
cence using an affinity-purified polyclonal an-
tibody against the HA tag as primary antibody
and anti-rabbit IgG coupled to FITC as second-
ary antibody. Cell imaging was performed on
samples analyzed by conventional microscopy.
Cells were transfected with the following: (a)
4.1R80DC-term; (b) 4.1R80DE17; (c) 4.1R80DE13;
(d) 4.1R80DE5 (the protein distribution pattern
of cells expressing 4.1R80D30-kDa domain iso-
form is similar to that of 4.1R80DE5 isoform); (e)
4.1R80mut KH(X)7KR exon5; (f) 4.1R80mut EED
exon 5. Bar, 10 mm.
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domains in specifying 4.1R nuclear localization (Fig-
ure 3A).

The potential involvement of downstream se-
quences was ruled out because 4.1R80DC-term (Figure
3A), bearing a C-terminal deletion of residues 473–
622, was predominantly nuclear (Figure 3B, a). Simi-
larly, a smaller deletion within the SAB domain
(4.1R80DE17; Figure 3A), corresponding to amino acids
428–486 encoded by exon 17 that have been shown to
be critical for efficient spectrin–actin binding (Discher
et al., 1995; Schischmanoff et al., 1995), also had no
effect on 4.1R80 nuclear distribution (Figure 3B, b).
Thus, nuclear import and nuclear localization can be
functionally dissociated from spectrin–actin binding
activity and from the reported NuMA binding domain
within the C-terminus (Mattagajasingh et al., 1996).

The region upstream of the 4.1R NLS, encoded by
constitutive exon 13, includes a basic dipeptide that
could be part of an unusually spaced bipartite NLS (Zhu
et al., 1995) with the structure KK(X)16KKKRERLD. To
explore this possibility, construct 4.1R80DE13 (Figure 3A)
was made by deletion of amino acids 337–405. This
construct still exhibited nuclear localization (Figure 3B,
c), indicating that this immediate upstream region was
also not required for 4.1R nuclear import.

The contribution of the far upstream region com-
prising the N-terminal 30-kDa domain was evaluated
via additional deletion constructs. Construct
4.1R80D30 kDa (Figure 3A), lacking amino acids 2–298
including the entire 30-kDa domain, was still permis-
sive for nuclear localization. However, because the
resulting protein is only ;35 kDa in size, it is possible
that its nuclear localization might have occurred by
passive diffusion rather than by active import path-
way. To explore this possibility, the effect of a smaller
deletion in the 30-kDa domain was also tested.
4.1R80DE5 (Figure 3A), a natural 4.1R isoform lacking
amino acids 19–53 because of alternative splicing of
exon 5 (Gascard et al., 1998), exhibited a reduced nu-
clear inclusion (Figure 3B, d). Only 41% of 4.1R80DE5-
transfected COS-7 cells showed strong nuclear stain-
ing (Table 1), compared with 84% of 4.1R80-transfected
cells.

Point mutations were made to further define the
nature of determinants of nuclear import within exon
5. Mutations of two doublets of basic residues,
KH(X)7KR3 IL(X)7IL, which might have acted as a
redundant NLS, failed to reproduce the effects of exon
5 deletion (Figure 3B, e). In contrast, mutation of a
cluster of negatively charged residues EED3AAA

Figure 4.
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resulted in a marked decrease in 4.1R80 nuclear ex-
pression (Figure 3B, f). Only 51% of cells transfected
with this mutant showed strong nuclear staining (Ta-
ble 1). Similar acidic motifs have been previously re-
ported to affect NLS function in other proteins (Jans
and Jans, 1994; Hübner et al., 1997; Xiao et al., 1997).
Taken together, these results suggest that two deter-
minants are required for optimal 4.1R nuclear local-
ization: a basic peptide KKKRER encoded within exon
16, which resembles canonical NLSs, and an upstream
acidic peptide EED encoded within exon 5.

Both Weak Core 4.1R NLS and 4.1R 30-kDa Domain
Are Required for Efficient Nuclear Import of
Cytoplasmic Reporter Protein PK
To confirm independently that a functional 4.1R NLS
required two distinct motifs, located in exons 5 and 16,
respectively, we tested the ability of various 4.1R con-
structs to promote nuclear import of chicken muscle PK

(Lonberg and Gilbert, 1983), a heterologous reporter pro-
tein exclusively expressed in the cytoplasm (Figure 4, A
and B, a). Although only 5% of cells transfected with PK
exhibited nuclear staining, PK fused to the canonical
SV40 NLS, PKKKRKV (Figure 4A; Kalderon et al., 1984),
displayed nuclear expression in 75% of transfected cells
(Figure 4B, b). In contrast, the weak core 4.1R NLS fused
to PK (PK/4.1R80KKKRERLD) failed to target the pro-
tein to the nucleus (Figure 4, A and B, c), confirming a
previous report using b-galactosidase as a reporter pro-
tein (Luque et al., 1998). Expansion of the 4.1R NLS
cassette to include the entire SAB domain (PK/4.1R8010
kDa, containing amino acids 406–472), or the SAB do-
main plus some additional upstream sequence (PK/
4.1R8016 1 10 kDa, containing amino acids 299–472),
also failed to promote nuclear import of PK (Figure 4A).
This fulfilled our prediction that the weak core 4.1R NLS
requires other domains, in addition to the SAB domain,
for efficient nuclear import. Only when the fusion pro-

Figure 4 (facing page). Constructs used to
identify protein 4.1R domains necessary for tar-
geting cytoplasmic PK to the nucleus. (A) The
top construct corresponds to PK lacking its first
16 amino acids, which are replaced by a c-myc
epitope tag (Siomi and Dreyfuss, 1995). A con-
struct consisting of PK fused with a KpnI–NotI
fragment encoding SV40 NLS (PKKKRKV; Kal-
deron et al., 1984) was used as a positive con-
trol. The PK clone was used to generate fusion
proteins with KpnI–NotI fragments encoding
various 4.1R domains. Numbers displayed
above dashed boxes refer to the 4.1R80 amino
acids present in each KpnI–NotI fragment. The
predominant distribution pattern is displayed
for each construct and is based on examination
of at least 600 cells per construct. N, strong
nuclear staining with no or weak cytoplasmic
staining; C, strong cytoplasmic staining with no
nuclear staining; N1C, variable nuclear stain-
ing and strong cytoplasmic staining. (B) COS-7
cells transfected with the various c-myc
epitope-tagged PK fusion proteins were fixed
with 3% paraformaldehyde, permeabilized
with 0.5% Triton X-100, and processed for im-
munofluorescence using a monoclonal anti-c-
myc epitope tag antibody as primary antibody
and anti-mouse IgG coupled to Texas Red as
secondary antibody. Cells were transfected
with the following: (a) PK; (b) PK/SV40 NLS;
(c) PK/4.1R80KKKRERLD (including amino ac-
ids 406–413); (d) PK/4.1R8030 1 16 1 10 kDa
(including amino acids 1–472). The image b
shows a representative population of the two
major patterns observed: strong nuclear and
weak cytoplasmic staining or similar nuclear
and cytoplasmic staining accounting for 45 and
30% of transfected cells, respectively, 25% of the cells showing no nuclear staining. The image in d shows a representative population of the
two major patterns observed: nuclear and cytoplasmic staining or only cytoplasmic staining accounting for 45 and 55% of transfected cells,
respectively. An identical pattern was observed if sequences of the 10-kDa domain encoded by exon 17 were deleted (our unpublished
results). Nuclear localization was not observed for several fusion constructs containing either the 16-kDa domain (PK/4.1R8016 kDa,
including amino acids 299–406) or the NLS with additional flanking sequences (PK/4.1R8010 kDa, including amino acids 406–472;
PK/4.1R8016 1 10 kDa, including amino acids 299–472). Bar, 10 mm.
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tein included the 4.1R80 30-kDa domain (PK/4.1R8030 1
16 1 10 kDa, containing amino acids 1–472) was target-
ing of PK to the nucleus partially reconstituted (Figure
4A). In this case 45% of transfected cells exhibited nu-
clear localization (Figure 4B, d). These data further con-
firmed our finding that both the weak core NLS and a
motif located within the 30-kDa domain were required
for efficient nuclear targeting of 4.1R.

Nuclear Import of 4.1R Is Mediated by Direct
Interaction of 4.1R with Rch1, the Human Importin a2
Given the complexity of the motifs involved in effi-
cient nuclear import of 4.1R80, it became clear that
defining the 4.1R80 nuclear transport pathway was
critical for deciphering the molecular mechanism of
4.1R80 intracellular trafficking. Indeed, it was impor-
tant to determine whether the weak core 4.1R NLS
mediates direct interaction with the nuclear import
machinery or, alternatively, whether 4.1R80 would be
translocated to the nucleus via a piggyback effect. In
the latter case, 4.1R80 might interact with an adaptor
protein bearing a strong NLS, which would in turn
bind to importin a (Zacksenhaus et al., 1993; Kambach
and Mattaj, 1994; Mizuno et al., 1996; Jans et al., 1997).
To address this issue, we carried out an in vitro import
assay (Adam et al., 1990; Knuehl et al., 1996) using
digitonin-permeabilized COS-7 cells. As a positive

control, PK fused to SV40 NLS showed nuclear trans-
location (Figure 5), whereas wild-type PK was re-
stricted to the cytoplasm (our unpublished results).
Addition of recombinant 4.1R80 to permeabilized cells
in the presence of Rch1, importin b, Ran, GTP, and an
ATP regeneration system resulted in efficient nuclear
translocation of 4.1R80 (Figure 5). In contrast,
4.1R80DE16 or 4.1R80mutKKK failed to be efficiently
transported to the nucleus (Figure 5). 4.1R80 nuclear
transport was temperature and ATP dependent: incu-
bation at either 4 or 30°C in the absence of GTP and an
ATP regeneration system resulted in inhibition of
4.1R80 nuclear translocation (Figure 5). 4.1R80 trans-
port was also inhibited if cells were preincubated with
WGA (Figure 5), a lectin known to obstruct nuclear
pore complexes by interaction with nucleoporins
(Radu et al., 1994). Finally, 4.1R80 transport was im-
paired when either Rch1 or importin b was omitted in
the assay, clearly establishing that 4.1R80 nuclear
transport was importin-mediated (Figure 5).

Both Exon 16 Weak Core 4.1R NLS and Exon 5-
encoded Peptide Interact with Rch1
To confirm a direct interaction of 4.1R80 with Rch1,
both proteins, purified as recombinant histidine-
tagged proteins, were incubated in vitro, and their
binding affinities were characterized by resonant mir-

Figure 5. In vitro nuclear import assay of PK and
4.1R80 in permeabilized COS-7 cells. Subconfluent
COS-7 cells grown on coverslips were permeabil-
ized in import buffer containing 50 mg/ml digitonin
and washed twice in import buffer. Cells were then
incubated with recombinant import substrates to-
gether with GTP, an ATP regeneration system, and
recombinant importin a2 (Rch1), importin b, and
GTPase Ran. Import substrates include PK/
SV40NLS, 4.1R80, 4.1R80DE16, and 4.1R80mutKKK
(first four panels). Control experiments showed that
import was blocked by incubation at 4°C, by prein-
cubation with WGA, by omission of GTP and the
ATP regeneration system, or by omission of Rch1 or
importin b (remaining panels). Cells were fixed in
3% paraformaldehyde and permeabilized in 0.5%
Triton X-100. Samples were then processed for im-
munofluorescence using an affinity-purified poly-
clonal antibody against the S tag as primary anti-
body and anti-rabbit IgG coupled to FITC as
secondary antibody. Specificity of detection was as-
sessed using samples in which primary S-tag anti-
body was either omitted or pre-exhausted with con-
trol peptide. Cell imaging was performed on
samples analyzed by conventional microscopy. The
pattern of cells probed with wild-type PK was sim-
ilar to that of 4.1R80 mutants. Bar, 10 mm.
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ror detection using an IAsys machine. As shown in Table
2, recombinant 4.1R80 bound to Rch1 with high affinity
(KD 5 30 nM). 4.1R80, purified from human red cells,
bound to Rch1 with a similar affinity (our unpublished
results). In contrast, the binding affinity was significantly
reduced in isoforms or mutants with alteration in either
exon 16- or exon 5-encoded peptides (Table 2). Isoform
4.1R80DE16 and mutant 4.1R80mutKKK exhibited the
most dramatic reductions, with KD values of 833 and 592
nM, respectively. This result confirmed a direct interac-
tion between the basic KKKRER motif and Rch1 but also
suggested the existence of additional lower-affinity inter-
actions involving another region of 4.1R, such as exon 5.
To test whether the N-terminal peptide encoded by exon
5 was also interacting with Rch1, additional binding
studies were performed. As shown in Table 2, a de-
creased affinity was observed for isoform 4.1R80DE5 and
mutant 4.1R80mutEED, with KD values of 327 and 221
nM, respectively. The interaction between exon 5 and
Rch1 was further explored in shorter polypeptides rep-
resenting the membrane binding domain. Thus, intact
r30 kDa had an affinity of 239 nM, whereas r30 kDa
lacking exon 5 (r30 kDaDE5) had no measurable binding.
Binding was also observed between Rch1 and exon 5-en-
coded peptide (KD 5 102 nM), confirming that this motif
represented a second interaction domain for nuclear im-
port. Additional controls showed that importin b and
PK fused to SV40 NLS (PKKKRKV) interacted strongly
with Rch1, with KD values of 69 and 56 nM, respectively,
whereas PK or GST alone exhibited no detectable bind-
ing (Table 2). Finally, none of the PK or 4.1R80 constructs

bound with high affinity to importin b (our unpublished
results). Taken together, these data support the theory
that sequences encoded by exons 16 and 5 both partici-
pate in the interaction of 4.1R80 with Rch1.

DISCUSSION

In this study we have identified naturally occurring
4.1R isoforms that can either be imported efficiently
into the nucleus or be restricted predominantly to the
cytoplasm in transfected cells. Two stretches of
charged amino acids, located in the 10-kDa SAB and
30-kDa membrane binding domain, appear to play an
important role in nuclear localization of 4.1R. Our
findings strongly support the hypothesis that individ-
ual isoforms of 4.1R exhibit different subcellular local-
izations based on the expression of transport signals
and/or protein interaction domains encoded by alter-
native exons. By such mechanisms, cells could simul-
taneously express multiple isoforms of 4.1R and sort
them to various intracellular compartments. This is a
feature shared by other nuclear and centrosomal pro-
teins, such as ninein (Bouckson-Castaing et al., 1996)
and NuMA (Gueth-Hallonet et al., 1996). In addition to
identifying the domains in 4.1R responsible for pro-
tein nuclear localization, we also defined the mecha-
nism of 4.1R nuclear import by showing a direct in-
teraction of 4.1R with human importin a2 Rch1.

Detailed characterization of the requirements for
4.1R80 nuclear localization indicates that the peptide
KKKRER, encoded by the junction between exons 13
and 16, may be classified as a weak core NLS (Görlich
and Mattaj, 1996). This peptide is necessary for nuclear
import of 4.1R80, as shown by the predominantly cy-
toplasmic localization of 4.1R80 mutKKK mutant and
of 4.1G and 4.1N, two recently identified proteins
sharing very high sequence homology with 4.1R but
lacking a motif similar to the 4.1R NLS (Parra et al.,
1998; Walensky et al., unpublished data). However,
this motif is not sufficient to target PK to the nucleus,
consistent with other observations that the function of
weak core NLS motifs requires other regions of the
protein, either in proximity to the NLS or more distant
from it (Rihs and Peters, 1989; Rihs et al., 1991; Hong
and Engler, 1991; van Zee et al., 1991; Zhou et al., 1991;
Gao and Knipe, 1992; Gashler et al., 1993; Jans and
Jans, 1994; Schmolke et al., 1995; Douglas and Quinlan,
1996; Knuehl et al., 1996). Our study shows that this is
also the case for protein 4.1R NLS, because the 30-kDa
domain appears essential for optimal NLS function. A
35-amino acid deletion within the 30-kDa domain,
corresponding to the natural isoform 4.1R80DE5 (Gas-
card et al., 1998), resulted in a marked decrease in
nuclear localization in COS-7 cells. Although con-
structs lacking the 30-kDa domain were imported rel-
atively efficiently, this is likely attributable to diffusion
of the truncated 4.1R isoform (with a predicted mo-

Table 2. Binding analysis of various 4.1R80 and pyruvate kinase
constructs and of importin b to human importin a2 Rch 1

Protein ka (1/Mzs) kd (1/s) K(D)kin (nM)

4.1R80

Wild type 7.7 6 0.5 3 104 2.3 6 0.1 3 1023 30
DE16 1.2 6 0.1 3 104 1.0 6 0.3 3 1022 833
mutKKK 1.4 6 0.2 3 104 8.3 6 0.5 3 1023 592
DE5 2.2 6 0.2 3 104 7.2 6 0.7 3 1023 327
mutEED 2.2 6 0.3 3 104 4.9 6 0.8 3 1023 221

r30kDa
Full length 2.3 6 0.2 3 104 5.5 6 0.5 3 1023 239
DE5 No binding No binding No binding

GST 1 E5 8.4 6 0.2 3 104 8.6 6 0.5 3 1023 102
Controls

Importin b 1.2 6 0.1 3 105 8.3 6 0.2 3 1023 69
PK 1 SV40
NLS

9.7 6 0.8 3 104 5.4 6 0.1 3 1023 56

PK No binding No binding No binding
GST No binding No binding No binding

Recombinant histidine-tagged or GST fusion proteins were ex-
pressed and purified as described in MATERIALS AND METH-
ODS. The binding assay was carried out in PBS containing 0.05%
Tween 20. From the binding curves obtained by resonant mirror
detection method, ka, kd, and K(D)kin were determined using the
software package FAST-Fit.
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lecular mass of ;35 kDa) into the nucleus indepen-
dent of the nuclear import pathway (Gao and Knipe,
1992). Among the PK–4.1R fusion proteins, the most
efficient nuclear translocation occurred in constructs
containing both 30- and 16-kDa domains in addition to
the NLS.

Several mechanisms may explain the requirement
for the upstream domains for optimal 4.1R80 nuclear
localization. First, specific amino acid residues in
other regions might contribute directly to NLS func-
tion by increasing the affinity of 4.1R80 for importin
a. This hypothesis is consistent with the observa-
tions that the absence of exon 5-encoded peptide or
the mutation of the EED motif in exon 5 results in
decreased binding affinities of 4.1R80 for Rch1. The
involvement of the EED motif, in addition to the
KKKRER motif, in NLS function leads us to suggest
the model shown in Figure 6. In this model, we
propose that the basic KKKRER peptide in the SAB
domain and the N-terminal acidic EED peptide in-
teract with specific charged residues of Rch 1, and
that both interactions are required for highest affin-
ity binding. A similar model was proposed in recent
studies of the SV40 large-T antigen NLS, in which it
was shown that binding affinity of the canonical
NLS for importin a/b complex, as well as kinetics of

SV40 NLS nuclear import, were significantly im-
proved by negatively charged residues located im-
mediately upstream of the basic NLS (Jans and Jans,
1994; Hübner et al., 1997; Xiao et al., 1997). In that
model, the NLS and clusters of negatively charged
residues of the SV40 large-T antigen interact with
clusters of negatively charged and positively
charged residues of importin a, respectively (Xiao et
al., 1997). In the case of 4.1R80, however, the nega-
tively charged EED motif is located much further
upstream of the NLS. Precedence for influence of
distant regions on function of an NLS motif has been
reported previously (van Zee et al., 1991; Gao and
Knipe, 1992). Second, we cannot rule out that the
30-kDa domain contains additional conformational
determinants that contribute to the function of the
downstream NLS. Third, it is possible that motifs
distant from the basic NLS may anchor 4.1R in the
nucleus by interacting with nuclear proteins in a
similar manner that the A/B domain of retinoblas-
toma gene product p110RB1 interacts with E1A
(Zacksenhaus et al., 1993). Although 4.1R NLS is
located within the SAB domain, this particular in-
teraction cannot be solely responsible for 4.1R nu-
clear anchoring, because deletion of essential SAB
sequences encoded by exon 17 did not reduce nu-
clear localization. In addition, the reported interac-
tion between 4.1R C-terminal sequences and NuMA
also appears dispensable for nuclear localization,
because C-terminal sequences could be deleted
without effect.

Interestingly, the isoform exhibiting the strongest
and most frequent nuclear expression in these studies,
4.1R80, is identical to the major 4.1 isoform found in
the erythrocyte cytoskeleton. This observation exem-
plifies how a particular 4.1R isoform may have a broad
distribution pattern within the cell, perhaps depend-
ing on the cell cycle and on specifically localized in-
teracting partners competing for 4.1R binding. Thus,
4.1R80 is a component of the membrane cytoskeleton
in red cells, which lack a nucleus but contain a spec-
trin–actin skeleton, which serves as a high-affinity tar-
get for 4.1R binding; in nucleated cells, the 4.1R80

isoform localizes not only to the plasma membrane
but also to the nucleus and possibly to the centrosome
(Gascard et al., 1998). Interestingly, the EED motif in
exon 5 of 4.1R80, which interacts with Rch1 to promote
4.1R80 nuclear import, has been previously shown to
be involved in 4.1R80 binding to the transmembrane
protein band 3 (Jöns and Drenckhahn, 1992). The fact
that the same motif in 4.1R80 may interact with differ-
ent cellular proteins may shed light on the complex
cellular distribution pattern of 4.1R80. There is com-
pelling evidence that cytoskeletal proteins can reside
in multiple cellular compartments (for review, see
Smalheiser, 1996). Besides the increasing evidence for
nuclear 4.1, the cytoskeletal proteins actin and tau and

Figure 6. Schematic representation of the interaction between 4.1R
and Rch1. We propose a model similar to that of Xiao et al. (1997) for
the interaction of 4.1R with Rch1. In that model, the positively
charged 4.1R NLS KKKRER in exon 16 and the negatively charged
motif EED in exon 5 of 4.1R interact with clusters of negatively
charged and positively charged residues of Rch1, respectively.
Amino acids responsible for electrostatic interactions between Rch1
and importin b are also displayed.
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various actin-binding proteins have also been identi-
fied in the nucleus (Ankenbauer et al., 1989; Rimm and
Pollard, 1989; Milankov and De Boni, 1993; Sahlas et
al., 1993; Wang et al., 1993; Amankwah and De Boni,
1994; Parfenov et al., 1995).

In the present study, we present evidence that
4.1R nuclear import is mediated by the high-affinity
NLS receptor Rch1/importin b. Our study confirms
a previous report showing that Rch1, the a2 subunit
of human importin, functions efficiently in binding
NLS substrates (Moroianu et al., 1995). The binding
affinities of NLS-containing proteins for importin a
presented in our study are in accordance with those
measured by others using an ELISA (Efthymiadis et
al., 1997; Hübner et al., 1997; Xiao et al., 1997). These
studies reported KD values of ;10 nM for binding of
optimal SV40 NLS substrates to importin a/b com-
plex, with decreased affinities (by a factor of 4 –10)
for binding to importin a alone. From these data, we
expected KD values ranging from 40 to 100 nM for
binding of NLS substrates to Rch1, a range consis-
tent with 4.1R80 and PK SV40NLS binding affinities
reported here (30 and 56 nM, respectively). The
specificity of our results is supported by the fact that
1) proteins lacking NLS (such as PK and 4.1R80DE16)
or bearing a mutant NLS (such as 4.1R80mutKKK)
do not bind or bind only very weakly to Rch1, and
2) all proteins tested, except Rch 1, bind very weakly
to importin b, confirming that importin a is the only
subunit to bind SV40-like NLS substrates.

These new data extend previous observations re-
porting nuclear localization of 4.1R (Krauss et al.,
1997a; Luque et al., 1998; Gascard et al., 1998) by dem-
onstrating that a critical feature facilitating nuclear
import of 4.1R80 is the simultaneous presence of an
acidic motif, EED, found in alternative exon 5 and an
NLS-like basic peptide, KKKRER, encoded by alterna-
tive exon 16 (Correas and Avila, 1988). Understanding
the structure and function of nuclear 4.1R is compli-
cated by the extraordinary diversity of 4.1 isoforms
expressed in the cell. Both alternative splicing of the
prototypical 4.1R gene (Gascard et al., 1998) as well as
expression of multiple distinct protein 4.1 gene(s)
(Parra et al., 1998; Walensky et al., unpublished data)
contribute to the repertoire of cellular 4.1 proteins.
Thus, although the studies reported here have defined
at least one nuclear isoform, the observation that mul-
tiple 4.1 polypeptides are detected in nuclear protein
extracts (Correas, 1991; De Carcer et al., 1995) indicates
that there are likely to be others. For example, we
recently reported that 4.1R135 isoforms, initiated at
AUG-1 and containing a longer N-terminal domain,
may also be localized to the nucleus if they contain
exon 16 and thus the weak core NLS (Gascard et al.,
1998).

Our data confirm previous studies reporting a com-
plex distribution pattern of protein 4.1R isoforms

overexpressed in transfected COS cells (Gascard et al.,
1998; Luque et al., 1998). The causes for such hetero-
geneity may result from several mechanisms. First, the
4.1R80 isoform has been shown to be targeted to var-
ious cellular compartments (Gascard et al., 1998). Sec-
ond, 4.1R undergoes various posttranslational modi-
fications, including phosphorylation (Cohen and
Gascard, 1992), which may result in differential cellu-
lar sorting of the protein. This hypothesis is supported
by the observation that activation of Ca21-dependent
protein kinases in keratinocytes results in redistribu-
tion of endogenous 4.1R to the periphery of the cells
(Shimizu et al., 1996). Finally, nonspecific nuclear trap-
ping of the protein after mitosis may explain the nu-
clear expression of isoforms lacking an optimal 4.1R
NLS, such as 4.1R80DE16 and 4.1R80DE5, in a signifi-
cant population of transfected cells as reported here
and in earlier reports (Gascard et al., 1998; Luque et al.,
1998).

Finally, it is important to note that the alternative
splicing of NLS-containing exon 16 is tissue specific
(Tang et al., 1988, 1990; Conboy et al., 1991) and devel-
opmentally regulated (Chasis et al., 1993). Thus nu-
clear protein 4.1R may play a key role in a subset of
tissues and in specific steps of cell maturation or em-
bryonic development. The identification of the trans-
duction pathways responsible for protein 4.1R redis-
tribution during cell division and their importance in
the overall biology of the cell will be the focus of our
future studies.
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