
Molecular Biology of the Cell
Vol. 12, 3808–3820, December 2001

Nucleocytoplasmic Shuttling of Polypyrimidine
Tract-binding Protein Is Uncoupled from RNA Export
Rajesh V. Kamath, Daniel J. Leary, and Sui Huang*

Department of Cell and Molecular Biology, Northwestern University Medical School,
Chicago, Illinois 60611

Submitted July 6, 2001; Revised August 21, 2001; Accepted September 5, 2001
Monitoring Editor: Marvin P. Wickens

Polypyrimidine tract binding protein, PTB/hnRNP I, is involved in pre-mRNA processing in the
nucleus and RNA localization and translation in the cytoplasm. In this report, we demonstrate
that PTB shuttles between the nucleus and cytoplasm in an energy-dependent manner. Deletion
mutagenesis demonstrated that a minimum of the N terminus and RNA recognition motifs
(RRMs) 1 and 2 are necessary for nucleocytoplasmic shuttling. Deletion of RRM3 and 4, domains
that are primarily responsible for RNA binding, accelerated the nucleocytoplasmic shuttling of
PTB. Inhibition of transcription directed by either RNA polymerase II alone or all RNA poly-
merases yielded similar results. In contrast, selective inhibition of RNA polymerase I did not
influence the shuttling kinetics of PTB. Furthermore, the intranuclear mobility of GFP-PTB, as
measured by fluorescence recovery after photobleaching analyses, increased significantly in
transcriptionally inactive cells compared with transcriptionally active cells. These observations
demonstrate that nuclear RNA transcription and export are not necessary for the shuttling of PTB.
In addition, binding to nascent RNAs transcribed by RNA polymerase II and/or III retards both
the nuclear export and nucleoplasmic movement of PTB. The uncoupling of PTB shuttling and
RNA export suggests that the nucleocytoplasmic shuttling of PTB may also play a regulatory role
for its functions in the nucleus and cytoplasm.

INTRODUCTION

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are as-
sociated with RNA polymerase transcription in the nucleus
and have been shown to be involved in the biogenesis and
nucleocytoplasmic transport of mRNA (reviewed by Drey-
fuss et al., 1993). Immunofluorescence studies of interphase
HeLa nuclei revealed that although most hnRNPs are local-
ized to the nucleus, a small subset shuttles between the
nucleus and cytoplasm (Pinol-Roma and Dreyfuss, 1992;
Michael et al., 1995b). Shuttling hnRNPs are involved not
only in nuclear functions but also play other cellular roles,
such as the transport of mature RNAs to the cytoplasm,
mRNA translation, and regulation of mRNA stability (re-
viewed by Krecic and Swanson, 1999).

Polypyrimidine tract binding protein (PTB/hnRNP I), a
member of the hnRNP family, is a 57-kDa protein that
preferentially binds to the pyrimidine-rich sequences of
RNA (Gil et al., 1991; Patton et al., 1991; Ghetti et al., 1992).
Immunolabeling and green fluorescent protein (GFP)-
tagged expression demonstrated that PTB is diffusely dis-
tributed throughout the nucleoplasm and is also concen-
trated in the perinucleolar compartment (PNC) (Ghetti et al.,

1992; Matera et al., 1995; Huang et al., 1997). PTB consists of
an amino-terminal nuclear localization sequence (NLS) (Ro-
manelli et al., 1997) and four RNA recognition motifs (RRMs)
(Ghetti et al., 1992). Structural and functional studies of the
four RRMs revealed that the central part of PTB (RRM2)
plays a major role in protein–protein interactions, whereas
the C-terminal part of PTB (RRM3 and 4) is necessary for
specific and efficient RNA binding (Perez et al., 1997; Oh et
al., 1998; Conte et al., 2000; Kim et al., 2000b).

PTB has been shown to be involved in multiple steps of
pre-mRNA processing, including regulation of pre-mRNA
splice site selection for a number of genes (reviewed in
Wagner and Garcia-Blanco, 2001), regulation of pre-mRNA
polyadenylation (Lou et al., 1996, 1998; Moreira et al., 1998),
and site-specific RNA localization in Xenopus embryos (Cote
et al., 1999). In addition, PTB interacts with internal ribo-
somal entry sites of mRNA in the cytoplasm to regulate
translation (Jang and Wimmer, 1990; Hellen et al., 1994;
Witherell and Wimmer, 1994; Kaminski et al., 1995; Ito et al.,
1998; Hunt and Jackson, 1999; Ito and Lai, 1999; Kim and
Jang, 1999; Lou et al., 1999; Gosert et al., 2000). Recently, Kim
et al. (2000a) and Giraud et al. (2001) showed that PTB has
differential effects on the translation of internal ribosomal
entry site-containing cellular mRNAs. Thus, it appears that
PTB serves as a bridge between RNAs and a variety of* Corresponding author. E-mail address: s-huang2@northwestern.edu.

3808 © 2001 by The American Society for Cell Biology



cellular factors to fulfill cellular functions in both the nucleus
and cytoplasm.

Shuttling proteins, including hnRNP A1 and SR proteins,
have been shown to bind mRNA in both the nucleus and
cytoplasm (Pinol-Roma and Dreyfuss, 1992; Caceres et al.,
1997; Izaurralde et al., 1997). Immunoelectron microscopy
analyses of Balbani ring transcripts in Chironomus tentans
demonstrated that mRNA is exported as an RNP particle
containing hrp36, an hnRNP related to mammalian hnRNP
A1 (Visa et al., 1996). These observations led to the model
that hnRNP proteins are either actively involved in nuclear
export of mRNA or are passengers on the exported RNP
complexes. However, it remains unclear whether the shut-
tling of these proteins is closely coupled with RNA export
and what processes regulate nucleocytoplasmic shuttling.
To begin addressing these problems, we characterized the
shuttling kinetics of PTB/hnRNP I, its minimal domains
required for shuttling, and the relationship between RNA
binding and its shuttling. We also compared PTB shuttling
kinetics with other shuttling hnRNP proteins, including A1
and K, to better understand the relationship between the
shuttling kinetics and different functional roles of these
hnRNPs.

MATERIALS AND METHODS

Construction of GFP-GST Fusion Proteins
The fusion protein and subsequent deletion mutants containing
GFP at the amino terminus of PTB were constructed by cloning
polymerase chain reaction (PCR)-generated fragments, amplified
with the use of Vent polymerase with specific primers, into the
HindIII and BamHI restriction sites of the pEGFP-C1 vector
(CLONTECH, Palo Alto, CA) (Huang et al., 1997). A PCR-gener-
ated glutathione S-transferase (GST) fragment was cloned in-
frame into the BamHI site of the GFP-PTB mutants. Thus, all PTB
fusion proteins had GFP at the amino terminus and GST at the
carboxy terminus. The GFP fusion protein of hnRNP A1 was
constructed by cloning PCR-generated fragments with specific
primers into the HindIII and BamHI restriction sites of the
pEGFP-C1 vector. The GFP fusion protein of hnRNP K was
constructed by cloning PCR-generated fragments with specific
primers into the EcoRI restriction site of pEGFP-C1 vector.

Cell Culture and Transfection
Human HeLa cells and mouse NIH 3T3 were grown in DMEM
supplemented with 10% fetal calf serum (FCS). For transient trans-
fection, expression constructs were transfected into HeLa cells by
electroporation (Sambrook et al., 1989). Briefly, subconfluent cells in
100-mm culture dishes were collected by trypsinization and mixed
with 4 �g of target DNA and 16 �g of sheared salmon sperm DNA.
A 280-�l mixture of cells in DMEM with 10% FCS and DNA was
electroporated in a Bio-Rad (Richmond, CA) electroporator at 250 V
and 950 �F. Subsequently cells were seeded onto glass coverslips in
35-mm Petri dishes and incubated for 24 h before experimentation.
For transcriptional inhibition studies, HeLa cells were incubated
with either 4 �g/ml actinomycin D (act D) (Sigma, St. Louis, MO),
25 �g/ml 5,6-dichloro-1-�-d-ribofuranosylbenzimidazole (DRB)
(Sigma), or 50 �g/ml �-amanitin (Roche Molecular Biochemicals,
Indianapolis, IN) in DMEM containing 10% FCS.

Indirect Immunofluorescence
Cells were fixed for immunofluorescence assays 24 h post-transfec-
tion. The cells were washed with phosphate-buffered saline (PBS),
fixed in freshly prepared 4% paraformaldehyde in PBS for 15 min,

and then washed 3 � 10 min in PBS. The cells were then perme-
abilized with 0.5% Triton-X (in PBS) for 5 min and washed 3 � 10
min in PBS. The fixed, permeabilized cells were then incubated for
1 h at room temperature with either anti-PTB antibody SH54 (1:200),
anti-hnRNP A1 antibody 4D10 (1:2000), or anti-hnRNP K antibody
(generous gift from Dr. Serafin Pinol-Roma, Mount Sinai Hospital,
Manhattan, NY) (1:5). Cells were rinsed 3 � 10 min in PBS and then
incubated with fluorescein isothiocyanate-conjugated goat anti-
mouse antibody (1:200) (Vector Laboratories, Burlingame, CA) for
1 h at room temperature followed by 3 � 10 min washes in PBS. The
coverslips were mounted onto glass slides with mounting medium
containing 90% glycerol in PBS adjusted to pH 8.0 with 0.2 M
bicarbonate buffer and 1 mg/ml paraphenylenediamine (Sigma) as
an antifade agent. Cells were observed on Zeiss Axiovert 135 mi-
croscope and images acquired with a SenSys cooled charge-coupled
device camera (Photometrics, Tucson, AZ) with the use of Meta-
morph, version 4.5, software (Universal Imaging, West Chester,
PA). Each experiment result in this report was reproduced with the
use of multiple independent transfections and experiments and the
cells shown are representative of the overall effects observed under
each set of conditions.

Heterokaryon Assays
HeLa cells (transfected or nontransfected) were seeded on glass
coverslips for 24 h, followed by coincubation with an equal number
of untransfected mouse NIH 3T3 cells for 2 h. The cells were then
further incubated for an additional 2 h in presence of 100 �g/ml
cycloheximide (Sigma). Cell fusions were carried out by washing
the cells with PBS, incubating them in 50% (wt/vol) polyethylene
glycol 1500 (Roche Molecular Biochemicals) for 2 min, and rinsing
with PBS (Pinol-Roma and Dreyfuss, 1992). Heterokaryons were
incubated further for the indicated times in media containing 100
�g/ml cycloheximide before fixation. For transcriptional inhibition
studies heterokaryons were incubated with both 100 �g/ml cyclo-
heximide and either 4 �g/ml act D, 0.04 �g/ml act D, 25 �g/ml
DRB, or 50 �g/ml �-amanitin in DMEM containing 10% FCS for 2 h
before fusion and 1 or 2 h after fusion. Immunofluorescence was
carried out as described above except that cells were stained with
4,6-diamidino-2-phenylindole (DAPI) (200 ng/ml) (Sigma) for 1 min
and with rhodamine-phalloidin (660 ng/ml) (Molecular Probes,
Eugene, OR) for 10 min to identify heterokaryons.

Photobleaching and Live Cell Imaging
Forty-eight hours after transfection, cells were maintained in
DMEM supplemented with 30 mM HEPES, pH 7.1, to stabilize the
pH of the medium during imaging. Experiments done in the pres-
ence of RNA inhibitors also contained either act D (4 �g/ml for 3 h),
act D (0.04 �g/ml for 3 h), DRB (25 �g/ml for 2 h), or �-amanitin (50
�g/ml for 5 h) in the media before and during imaging. The 35-mm
dishes with coverslip bottoms were directly mounted onto a Zeiss
510 confocal laser-scanning microscope equipped with an argon-
krypton laser (Zeiss, Thornwood, NY). The medium was kept at
37°C with the use of an ASI 400 Air Stream incubator (Nevtek,
Burnsville, VA). The 488-nm laser and a 63� plan Apo lens with a
1.4 numerical aperture were used in bleaching and imaging exper-
iments. A laser power of 1.1% of 3.75 mW was used in image
acquisitions, and 100% of 3.75 mW was used in photobleaching. The
time for each image acquisition was 800 ms, which did not signifi-
cantly influence the fluorescent intensity through multiple acquisi-
tions. An area of 2 �m2 was bleached with an iteration of 80. Images
were collected before, immediately following, and at 1-s intervals
after bleaching. Generally, photobleach analyses of GFP-tagged
molecules in living cells raise concerns because the results could be
influenced by phototoxicity. Several studies investigating this prob-
lem have shown that photobleaching with a low laser power results
in no significant damage to the examined cells (White and Stelzer,
1999; Kruhlak et al., 2000; Phair and Misteli, 2000). In addition, we
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have monitored cells �24 h after receiving similar and higher doses
of laser irradiation that we used in these studies. The results showed
that cells survived well and that some underwent mitosis during
this period of time (Chen and Huang, 2001).

Quantitation of Fluorescence Intensity
Fluorescence intensity was measured with the use of Metamorph
(Universal Imaging) imaging software.

Heterokaryon Assays. The average intensities of the same sized
region of the human and mouse nuclei of fused cells were measured
in images taken under the same conditions for each data set. Ratio
of fluorescence intensity (Fr) in the heterokaryon analyses was
calculated as Fr � Fm � Fb/Fh � Fb. Fm is the average intensity
of the mouse nucleoplasmic region, Fh is the average size intensity
in the human nucleoplasmic region within same fused cell, and Fb
is the background fluorescence intensity for each heterokaryon.
When Fm equals Fh, Fr is 1, and the two nuclei are considered to be
at equilibrium for the given protein.

Fluorescent Recovery after Photobleaching (FRAP) Assays. The
average intensities of the areas of interest in images, including
before, immediately after, and a series of time points after bleaching,
were measured under the same conditions for each data set. The
relative fluorescence intensity (RFI) in the FRAP analyses was cal-
culated as RFI � (NB/NBEN)/(NPB/NPEN). NB is the average inten-
sity of the bleached nucleoplasmic area at various time points after
bleaching. NBEN is the average intensity of the entire nucleus at the
corresponding time points. NPB is the average intensity of the
bleached nucleoplasmic area before bleaching. NPEN is the average
intensity of the entire nucleus before bleaching. When NB/NBEN �
NPB/NPEN, namely, when the RFI is 1, fluorescence recovery of the
bleached nucleoplasm reaches 100% (Phair and Misteli, 2000). The
NB of the images acquired immediately after bleaching were set at
zero and were used to standardize the raw data in this report. With
the use of this equation, we have taken into consideration the
overall fluorescence change, if any, during subsequent image acqui-
sitions.

RESULTS

PTB Protein Shuttles between Nucleus and
Cytoplasm in an Energy-dependent Manner with
Slower Kinetics Compared with hnRNP A1 or K
PTB was shown to shuttle between the nucleus and cyto-
plasm with the use of mammalian (human HeLa cells) and
amphibian (Xenopus A6 kidney cells) heterokaryon assays
(Michael et al., 1995b). To evaluate PTB shuttling in the
mammalian cells, we used heterokaryon assays in which
human HeLa cells were fused with mouse NIH 3T3 cells.
The mouse nuclei act as newly introduced compartments for
human nuclear proteins. The presence of human PTB in the
mouse nuclei after fusion would indicate that PTB has
moved between the nuclei and through the cytoplasm.
Mouse cells were selected because mouse PTB protein
shows 85–100% identity with its human counterpart within
the individual RRM domains. It is therefore probable that
the function and overall behavior of PTB are well conserved
between human and mouse, and that human PTB should act
similarly in both cell types. SH54, a monoclonal antibody
(mAb) that recognizes only human (Huang et al., 1997) but
not mouse PTB, makes it possible to specifically detect hu-
man PTB that has shuttled into mouse nuclei. In addition,
human-mouse heterokaryons were incubated at 37°C in con-
trast to the 30°C incubation temperature used for human-

amphibian heterokaryons (Michael et al., 1995b). Therefore,
we believe that the human-mouse heterokaryon system
more closely represents the normal physiological conditions
for nuclear import and export in mammalian cells.

With the use of the human-mouse heterokaryon assays,
we evaluated the nucleocytoplasmic shuttling of the endog-
enous PTB and GFP-tagged PTB (GFP-PTB). GFP-PTB trans-
fected or untransfected HeLa cells were fused with NIH 3T3
cells to form heterokaryons and were incubated in the pres-
ence of cycloheximide to prevent new protein synthesis.
Cells were fixed 2 h after heterokaryon formation and the
localization of endogenous human PTB was detected with
the use of immunolabeling with a specific anti-human PTB
antibody, SH54, whereas GFP-PTB was visualized directly
with the use of fluorescence microscopy. Cells were coun-
terstained with the DNA dye DAPI, which reveals charac-
teristic dense DNA clusters in the mouse nuclei but not in
the human nuclei, allowing identification of fused mouse
nuclei. The actin filaments within the cells were also stained
with rhodamine-phalloidin to identify heterokaryons based
on the fusion of their cellular cytoskeletons (our unpub-
lished data).

When HeLa cells were fused with NIH 3T3 cells in the
absence of protein synthesis, human PTB was detected in the
mouse nuclei of the heterokaryons, demonstrating that
hPTB was exported from the human nuclei and was reim-

Figure 1. PTB and GFP-PTB shuttle between the nucleus and
cytoplasm as assayed by human-mouse heterokaryons. Cells were
analyzed 2 h after fusion. DNA was labeled with DAPI for differ-
ential staining patterns of human and mouse nuclei (arrows) within
the heterokaryons. Bar, 10 �m.

R.V. Kamath et al.
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ported into the mouse nuclei (Figure 1, top). GFP-PTB trans-
fected HeLa cells showed nucleocytoplasmic shuttling sim-
ilar to endogenous PTB (Figure 1, second panel from top),
suggesting that GFP tagging did not significantly change the
shuttling properties of PTB. To ensure the reliability of the
assay, known shuttling hnRNP proteins, including GFP-
tagged hnRNP A1 and hnRNP K, were also examined and
were shown to shuttle as observed previously (Michael et al.,
1995a) (Figure 1, bottom). Interestingly, GFP-hnRNP A1 and
GFP-hnRNP K showed comparable fluorescence intensities
in both the mouse and human nuclei within 2 h after fusion,
whereas PTB or GFP-PTB remains predominantly in the
human nuclei at this time point. This finding demonstrates
that the nucleocytoplasmic shuttling kinetics of PTB and
GFP-PTB is slower than that of GFP-hnRNP A1 and -hnRNP K.

To further characterize the shuttling kinetics of PTB pro-
tein as a function of time, heterokaryons were incubated at
37°C for 1, 2, 3, 4, or 5 h after fusion and the PTB labeling in
the nuclei of fused cells were examined. The relative fluo-
rescence intensities of the same sized nucleoplasmic regions
within the mouse and human nucleus of a heterokaryon was
measured with the use of Metamorph software (Universal
Imaging). The ratio of relative Fr of the mouse nucleoplasm
over the human nucleoplasm was calculated for each time
point (see MATERIALS AND METHODS). An Fr value of 1
indicates that the shuttling of PTB between the two nuclei
has reached equilibrium in terms of fluorescence intensity.
PTB and GFP-PTB reach the equilibrium at 4 h postfusion, in
contrast to hnRNP A1 and hnRNP K, both of which reach
the equilibrium within 1 h (Figure 2, A and B). These results

further demonstrate that the shuttling of PTB is slower than
that of hnRNP A1 and K.

To determine whether the nucleocytoplasmic shuttling of
the PTB protein is an energy-dependent process, heterokary-
ons were incubated in a 4°C chamber for 3 h immediately
after fusion and were then subjected to immunofluorescence
analyses. In contrast to heterokaryons incubated at 37°C
where both nuclei contain PTB at 3 h postfusion, no labeling
was detected either in the mouse nuclei or in the cytoplasm
of the heterokaryons at 4°C (Figure 2C). These results sug-
gest that the nuclear export of PTB is an energy-dependent
process.

Steady-State Cellular Distribution of PTB Protein Is
Insensitive to Transcription Inhibition
Nuclear shuttling hnRNPs have been classified into two
groups, transcription sensitive and transcription insensitive,
based on their steady-state cellular distribution upon inhibition
of RNA polymerase (pol) II transcription (reviewed by Drey-
fuss et al., 1993). Proteins that become cytoplasmically localized
during transcriptional inhibition belong to the transcription-
sensitive group (e.g., hnRNP A1), whereas proteins that remain
predominantly nuclear localized belong in the transcription-
insensitive group (e.g., hnRNP K).

To determine to which group PTB belongs, HeLa cells
were treated with various transcription inhibitors, including
�-amanitin, actinomycin D, and DRB before examining the
distribution of PTB. �-Amanitin binds specifically to RNA
pol II large subunit and, at a higher concentration, to RNA

Figure 2. Nucleocytoplasmic shuttling of PTB is
slower than that of hnRNP K and A1 and is energy
dependent as assayed by human-mouse hetero-
karyon analyses. DNA of the cells was stained with
DAPI for differential staining of human and mouse
nuclei (arrows) within the heterokaryons (A, bot-
tom, and C, bottom). (A) Time-course dependent
heterokaryon assays determined the time required
for PTB to attain equilibrium in both nuclei (A, top).
(B) Quantitative analysis of the time-course experi-
ments represented in A and similar experiments
with the use of HeLa transfected with GFP-tagged
hnRNP A1 or K showed that PTB attains equilib-
rium in both nuclei 4 h postfusion compared with
2 h for hnRNPs A1 and K. The Fr (y-axis) was
measured as fluorescence intensity in the mouse
nuclei (Fm)/fluorescence intensity in the human nu-
clei (Fh) within a same sized area over time (x-axis).
(C) Nuclear export of PTB is an energy-dependent
process. Heterokaryons were incubated at either 37
or 4°C for 3 h after fusion (C, top).
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pol III large subunit resulting in proteolytic degradation of
the polymerases (Nguyen et al., 1996). Actinomycin D inter-
calates DNA and inhibits all three classes of transcription at
a high concentration, but selectively inhibits RNA pol I
transcription at a low concentration (Perry, 1963). DRB is a
kinase inhibitor that blocks phosphorylation of the carboxy
terminal domain of the large subunit of RNA pol II and
inhibits pol II transcription (Sehgal et al., 1976; Dubois et al.,
1994).

When HeLa cells were treated with any of these inhibitors,
the predominantly nuclear distribution of PTB was not al-
tered (Figure 3, left). This finding is similar to the transcrip-
tion-insensitive distribution of hnRNP K (Figure 3, middle)
(Michael et al., 1997), and is in contrast to the transcription-
sensitive distribution of endogenous hnRNP A1, which ac-
cumulates in the cytoplasm upon transcriptional inhibition
(Figure 3, right) (Pinol-Roma and Dreyfuss, 1991, 1992).
Similar localizations of PTB, hnRNP A1, and hnRNP K were
also observed in MG63 (osteosarcoma) and Wacar (normal

human skin fibroblast) cells during transcriptional inhibition
(our unpublished data), suggesting that our findings in
HeLa cells were not due to cell type biases. These results,
therefore, categorize PTB in the transcription-insensitive
group of hnRNPs as classified by Dreyfuss et al. (1993)
because the steady state nuclear distribution pattern of this
class of protein is independent of transcriptional activity.
However, the steady-state distributions of hnRNP proteins
during transcriptional inhibition does not address whether
there are any changes in the kinetics of the nucleocytoplas-
mic shuttling of these proteins.

RRM2 Is Required for Nucleocytoplasmic
Shuttling of PTB
To begin to understand the mechanisms that regulate the
nucleocytoplasmic shuttling of PTB, we first analyzed the
domains of PTB that are required for shuttling. A series of
deletion mutant fusion proteins were generated and their
shuttling kinetics was determined by calculating Fr values at
various time points postfusion in heterokaryon assays. PTB
consists primarily of an N-terminal NLS and four RRM
domains (Figure 5A). Successive deletions from the C termi-
nus were made to remove specific RRM domains while
retaining the NLS. Because protein fragments �50 kDa may
undergo passive diffusion through nuclear pores (Talcott
and Moore, 1999), we designed mutant fusion protein con-
structs to increase the molecular sizes of the smallest mutant
to �50 kDa. GFP (27 kDa) was fused to the N termini and
GST (29 kDa) was fused to the C termini of the full-length
and all PTB mutant fragments to maintain uniformity (Fig-
ure 5A).

Due to the presence of two large fusion tags, it was im-
portant to verify that GFP-PTB-GST construct behaved sim-
ilarly to the endogenous protein. To do so, we first examined
the cellular localization of GFP-PTB-GST in HeLa cells by
immunolabeling with the use of SH54, which recognized
both the endogenous and fusion protein. Both the endoge-
nous PTB and GFP-PTB-GST localized to the same nuclear
regions, including the PNC and the nucleoplasm (Figure
4A). A direct visualization of GFP-PTB alone also showed
PNC and nuclear localization (Huang et al., 1997). In addi-
tion, we compared the nucleocytoplasmic shuttling kinetics
of GFP-PTB-GST and endogenous PTB in time-course het-
erokaryon assays. As observed with endogenous PTB (Fig-
ure 2, A and B), the fluorescence intensity of GFP-PTB-GST
in human-mouse heterokaryon nuclei reaches equilibrium at
4 h postfusion (Figure 4, B and C). Furthermore, GFP-PTB-
GST, similarly to PTB, remains predominantly nuclear local-
ized upon transcriptional inhibition (our unpublished data).
These results demonstrate that the addition of the GFP-GST
tags to PTB does not alter its intranuclear localization and its
nuclear export/import kinetics, suggesting that GFP-PTB-
GST behaves similarly to the endogenous PTB.

HeLa cells were transfected with each of the GFP-GST–
tagged PTB mutants (Figure 5A) and the shuttling kinetics of
the mutants was evaluated with the use of heterokaryon
assays. Cells were fixed and examined at various time points
after fusion with the use of fluorescence microscopy. The Fr
value between the mouse and human nuclei at 2 h after
fusion is nearly identical for the endogenous PTB, full-
length GFP-PTB-GST, and the GFP-PTB-GST-1 mutant that
lacks RRM4 (Figure 5, B and C), suggesting that RRM4 is not

Figure 3. Nuclear localization of PTB is not affected by transcrip-
tional inhibition. HeLa cells were incubated in the absence (top) or
in the presence of actinomycin D (4 �g/ml) (second panel) for 4 h,
DRB (25 �g/ml) (third panel) for 4 h, or �-amanitin (50 �g/ml)
(bottom) for 5 h. The cells were fixed and the localization of PTB,
hnRNP K, and hnRNP A1 was examined by indirect immunofluo-
rescence with anti-PTB mAb (left), anti-hnRNP K polyclonal anti-
body (middle), or anti-hnRNP A1 mAb (right) and fluorescein iso-
thiocyanate-conjugated secondary antibody. Bar, 10 �m.
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required for the nucleocytoplasmic shuttling of PTB. In com-
parison, removing both RRM3 and RRM4 (GFP-PTB-GST-2)
dramatically altered the kinetics of the nucleocytoplasmic
shuttling. The GFP-PTB-GST-2 mutant exhibited a fourfold
higher Fr value between mouse and human nucleoplasm
than that observed for endogenous PTB, full-length GFP-
GST–tagged PTB and GFP-PTB-GST-1 mutant, 2 h after fu-
sion (Figure 5, B and C). This finding indicates that PTB
shuttles faster in the absence of RRM3 and 4. In comparison,
deletion of RRM2, 3, and 4 (GFP-PTB-GST-3) resulted in a
complete abolition of PTB shuttling and the mutant PTB
remains nuclear (Figure 5, B and C). These findings indicate
that the truncation of RRM3 and 4, domains required for
efficient RNA binding, accelerates nucleocytoplasmic shut-
tling, and that PTB requires a minimum of the N-terminal
NLS sequence along with the RRM1 and 2 domains for the
shuttling.

RNA Binding Retards Nucleocytoplasmic
Shuttling of PTB
The acceleration of PTB shuttling upon the deletion of
RRM3, the major RNA binding domain of PTB (Perez et al.,
1997; Oh et al., 1998; Conte et al., 2000), suggested that RNA
binding might modulate the nucleocytoplasmic shuttling of
PTB. To further address this possibility, we examined the
shuttling kinetics of PTB in the absence of nascent RNA
synthesis. Untransfected or transfected HeLa cells were
treated with RNA polymerase inhibitors (�-amanitin, acti-
nomycin D, or DRB) and cycloheximide to inhibit both RNA
and protein synthesis 2 h before fusion with NIH 3T3 cells.
After fusion, heterokaryons were continuously incubated in
the presence of RNA and protein synthesis inhibitors for an
additional 1 or 2 h and the shuttling kinetics of PTB and
mutants were evaluated by calculating the Fr of mouse over

Figure 4. GFP-GST–tagged PTB behaves similarly to
the endogenous PTB. (A) Both GFP-GST–tagged and
endogenous PTB were similarly localized to PNCs
(arrowheads) and nuclei as visualized in transfected
HeLa cells with the use of the anti-PTB antibody SH54.
(B) Shuttling kinetics of GFP-PTB-GST was analyzed
in heterokaryon assays as a function of time. Localiza-
tion of the fusion protein in the heterokaryons was
visualized by direct immunofluorescence (top). The
cells were stained with DAPI for differential staining of
human and mouse nuclei (bottom). Arrows indicate
mouse nuclei. (C) The Fr (y-axis) between mouse and
human nuclei over time (x-axis) indicates that GFP-
GST PTB exhibits shuttling kinetics similar to endog-
enous PTB. Bar, 10 �m.
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human nuclei. Endogenous PTB reached equilibrium in the
transcriptionally inhibited heterokaryon nuclei faster than in
transcriptionally active cells (Figure 6, A and B). The alter-
ation of PTB shuttling kinetics is mainly due to the inhibition
of RNA pol II and/or III because selective inhibition of RNA
pol I with a lower concentration of actinomycin D at 0.04
�g/ml did not result in detectable changes (our unpublished
data). These findings suggest that the absence of nascent
RNA in the nucleus accelerates PTB shuttling. The GFP-PTB-
GST-2 mutant, which lacks RRM3 and RRM4 and efficient
RNA binding, showed a further acceleration in its shuttling
kinetics (Figure 5, B and C). It reaches equilibrium between
human and mouse nuclei within 1 h in the presence of
RNA pol II and/or III inhibitors (Figure 6, A and B) as
opposed to 2 h in the absence of the same drugs (Figure 5,

B and C). A PTB mutant lacking RRM3 and 4 has been
shown to weakly bind nascent RNA (Perez et al., 1997)
and these weak interactions in GFP-PTB-GST-2 mutant
could have been abolished upon transcriptional inhibi-
tion, resulting in further acceleration of shuttling. Alto-
gether, these observations demonstrate that a reduction of
RNA binding due to either mutation or transcriptional
inhibition does not prevent PTB from shuttling. On the
contrary, it accelerates this process, suggesting that RNA
binding is not required for the nuclear export of PTB, and
that binding to nascent RNAs retards PTB export from the
nucleus.

To determine whether the inhibition of RNA pol II
transcription has similar effects on another shuttling RNP
protein whose steady-state nuclear localization is not al-

Figure 5. RRM2 domain is required for nucleocy-
toplasmic shuttling of PTB and deletion of RNA
binding domains accelerates PTB shuttling. (A) Di-
agram of the full-length and deletion mutants. (B)
Localization of PTB mutant fusion proteins was ex-
amined 2 h post fusion. Top panels are the images of
HeLa cells were transfected with GFP-PTB-GST and
the bottom panels show DNA staining by DAPI. (C)
Heterokaryon shuttling kinetics of GFP-PTB-GST
mutants were quantitative are analyzed as the ratios
of fluorescence intensities between the HeLa cell
nuclei and the NIH 3T3 cell nuclei 2 h after fusion.
Bar, 10 �m.
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tered during transcription inhibition, we examined the
shuttling properties of hnRNP K. HeLa cells were trans-
fected with GFP-hnRNP K and heterokaryon assays were
performed in the presence or absence of actinomycin D at
a concentration that inhibits all RNA polymerases. As
seen in Figure 7, A and B, no significant changes were
detected in the nucleocytoplasmic shuttling kinetics of
hnRNP K when transcription was inhibited (Figure 7, A
and B). Similar results were obtained when cells were
treated with specific RNA pol II inhibitors DRB and
�-amanitin (our unpublished data). These findings dem-
onstrate that, in contrast to PTB, the nucleocytoplasmic
shuttling kinetics of hnRNP K is independent of nascent
RNA synthesis.

Mobility of Nucleoplasmic PTB Protein Increases
upon Inhibition of Transcription
Because the absence of RNA binding accelerated PTB
shuttling kinetics in heterokaryon assays, we were inter-
ested in whether similar acceleration of PTB mobility
could be observed in single living cells. To do so, we
examined the nucleoplasmic mobility of GFP-PTB-GST as
measured by FRAP analyses, which provide information

regarding the rate of replacement of bleached GFP-PTB-
GST with emission-competent proteins from outside of
the bleached zone. HeLa cells were transfected with GFP-
PTB-GST and FRAP analyses were performed on the live
cells by bleaching a small region of the nucleoplasm with
a 488-nm laser pulse (Chen and Huang, 2001). A series of
images was acquired at 1-s intervals up to 2 min. Changes
in relative fluorescence intensity within the bleached ar-
eas were quantitatively measured at each time point for 10
or more representative cells (see MATERIALS AND
METHODS).

The fluorescence recovery of GFP-PTB-GST was rapid
(Figure 8A) and the maximal recovery was complete after
�75 s (Figure 8B). When transfected cells were treated with
transcription inhibitors that inhibit RNA pol II and/or pol
III, the recovery after photobleaching was significantly ac-
celerated (Figure 8B) and was complete after �30 s (Figure
8B). In contrast, the GFP-GST-PTB in cells under selective
RNA pol I transcription inhibition showed a similar recov-
ery to untreated cells (Figure 8B). These findings in live cells
demonstrate that the inhibition of RNA pol II and/or III
accelerates the nucleoplasmic movement of PTB, whereas
RNA pol I transcription has little effect on PTB dynamics in
the nucleoplasm.

Figure 6. RNA binding is not re-
quired for and retards the nuclear
export of PTB. (A) Untransfected or
transfected HeLa cells were fused
with NIH 3T3 cells and incubated in
presence of cycloheximide and acti-
nomycin D (4 �g/ml) to inhibit RNA
polymerase I, II, and III for 2 h be-
fore and after fusion (except where
indicated). Top, distribution of en-
dogenous PTB, as detected with the
use of human specific anti-PTB anti-
body SH54, or mutant fusion pro-
teins. Bottom, DNA staining with
the use of DAPI. (B) Quantitative
analyses of shuttling kinetics in het-
erokaryon assays were performed
by calculating Fr (y-axis) between
mouse and human nuclei. These
data indicated that all PTB mutants
shuttle at a faster rate in presence of
transcription inhibitors. Bar, 10 �m.
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DISCUSSION

Nuclear Localization of PTB Is Independent of
Transcription and PTB Shuttles between Nucleus
and Cytoplasm in an Energy-dependent Manner
Using human-mouse heterokaryon assays, we analyzed the
kinetics of PTB shuttling between the nucleus and cytoplasm
by monitoring the changes in the ratios (Fr) of fluorescence
intensities of mouse over human nuclei at various time
points after fusion. When Fr reaches 1, the nucleocytoplas-
mic shuttling protein has reached equilibrium in the hetero-
karyon assay. The time period required to reach equilibrium
is indicative of the rate of the nucleocytoplasmic shuttling of
the protein. We found that PTB reaches equilibrium between
the mouse and human nuclei at 4 h after fusion, a rate that
is significantly slower than hnRNP A1 or K, both of which
reach equilibrium within 1 h. Another splicing protein, SR
protein, reaches equilibrium within 2 h postfusion (Caceres
et al., 1997). In comparison, the shuttling of the nucleolar
protein nucleolin, involved in rRNA processing and assem-
bly, occurs much more slowly and does not reach equilib-
rium until 72 h after fusion (Borer et al., 1989). These obser-
vations demonstrate that individual RNA binding proteins
have different nucleocytoplasmic shuttling dynamics in

mammalian cells, probably indicative of differences in their
functions, or differences in mechanisms that facilitate the
shuttling. For example, although both PTB and hnRNP A1
have been implicated in pre-mRNA processing, the differ-
ences in their shuttling dynamics are consistent with that
they play very different roles in these processes as previ-
ously demonstrated in pre-mRNA splicing analyses. Fur-
thermore, the shuttling of PTB requires energy because in-
cubation at 4°C prevents PTB from leaving the human
nucleus. Export of many other RNA binding proteins, in-
cluding SR proteins (Borer et al., 1989), and hnRNP A1
(Michael et al., 1995a), have been shown to require energy
and the nuclear import of classical NLS bearing proteins
have also been blocked at low temperature (Breeuwer and
Goldfarb, 1990). However, at this time it remains to be
determined at which steps energy is required for PTB shut-
tling.

Although PTB does move through the cytoplasm, it, like
most nuclear shuttling proteins, is predominantly detected
in the nucleus at steady state. This distribution is probably
due to a balanced regulation of its rate of nuclear import and
export (reviewed by Nigg, 1997). The exclusive nuclear
staining patterns for some shuttling proteins are dependent
upon active RNA pol II transcription, because inhibition of
pol II transcription causes these proteins to accumulate to
the cytoplasm (Pinol-Roma and Dreyfuss, 1991, 1992). Shut-
tling RNPs were therefore classified into two categories, the
transcription-sensitive and -insensitive groups, according to
their steady-state cellular distribution upon transcription
inhibition. An early report showed that PTB becomes more
cytoplasmically localized upon transcription inhibition and,
thus, belongs to the transcription-sensitive group (Michael et
al., 1995b). However, in our studies, inhibition of RNA pol II
transcription with the use of any of the three drugs individ-
ually did not result in any changes in the predominantly
nuclear distribution of PTB either in HeLa or in two other
cell types. The same observations were made either by im-
munolabeling with the use of two different monoclonal an-
tibodies recognizing PTB (data for the second antibody not
shown) or in GFP-PTB transfected cells. These findings sug-
gest that PTB, like hnRNP K, is a member of the shuttling
nuclear protein family whose steady-state cellular distribu-
tion is not affected by transcription. The differences from the
previous studies could be due to the specific differences
within the HeLa cell line used.

RRM2 Plays a Key Role in PTB Export
The steady state nuclear localization of PTB is probably the
result of a stronger nuclear association than cytoplasmic
association of the protein and nuclear import-export regu-
lation. Sequence analysis of PTB reveals that the N terminus
of the protein contains a NLS, but a nuclear export sequence
has not been identified. Deletion mutagenesis and domain
combination studies showed that a combination of the NLS
with either RRMs 2, 3, or 4 results in cytoplasmic accumu-
lation, whereas the combination of the NLS and RRM1
shows the nuclear localization pattern (Huang et al., 1997;
Perez et al., 1997). These studies suggest that the NLS alone
is not sufficient for the steady-state nuclear localization, but
instead that the combination of the NLS and RRM1 consti-
tutes the nuclear targeting and association domain. In this
report, we show that a PTB mutant containing the N termi-

Figure 7. Transcription is not required and has no effect on nucle-
ocytoplasmic shuttling kinetics of hnRNP K. (A) Transfected HeLa
and NIH 3T3 cells were incubated in the presence of cycloheximide
and actinomycin D (4 �g/ml) for 2 h before and 30 min after fusion.
The distribution of GFP-hnRNP K was examined (top). The cells
were stained with DAPI to differentiate staining of human and
mouse nuclei (bottom). Arrows indicate mouse nuclei. (B) Shuttling
kinetics of GFP-hnRNP K was quantitatively analyzed by calculat-
ing ratio of fluorescent intensity between the mouse and human
nuclei 30 min after fusion (Fr, y-axis). Bar, 10 �m.
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nus and RRM1 stays exclusively in the nucleus and does not
shuttle. However, the mechanism by which RRM1 and NLS
constitute the nuclear association force remains unclear.
RNA binding of PTB has been shown not to involve RRM1
(Perez et al., 1997), suggesting that its principal nuclear
association is not via RNA binding and instead, may be due
to protein–protein interactions. Interestingly, binding to nas-
cent RNA does increase the nuclear retention of PTB (as
discussed below). Addition of RRM2 to the NLS plus RRM1
restores nucleocytoplasmic shuttling, suggesting that RRM2
is the key domain that facilitates the nuclear export of PTB.
RRM2 has been shown to be necessary for PTB dimerization
and protein–protein interactions (Perez et al., 1997; Oh et al.,
1998; Kim et al., 2000b), whereas RRM3 and 4 have been
shown to be involved in RNA binding (Perez et al., 1997; Oh
et al., 1998; Conte et al., 2000). A mutant with RRM3 and 4
alone binds to RNA with affinity similar to the wild-type
protein (Perez et al., 1997; Conte et al., 2000), suggesting that
RRM1 and 2 are not essential for specific and efficient RNA

binding. Therefore, our observation that the N-terminal NLS
and RRM1 and 2 are necessary and sufficient for PTB shut-
tling, suggests that the export of PTB is probably through
protein–protein interactions rather RNA binding. Further-
more, hnRNP L, a close homolog of PTB, has been shown to
interact with PTB in yeast two-hybrid system and in vitro
pull down assays. The results indicate that RRM 1 and 2
domains of PTB are required for its interaction with hnRNP
L (Hahm et al., 1998; Kim et al., 2000b). This interaction might
play a role in nucleocytoplasmic shuttling of PTB.

RNA Binding Is not Required for Nucleocytoplasmic
Shuttling of PTB
hnRNP proteins have been implicated in a variety of func-
tions in RNA metabolism, including pre-mRNA processing,
transport, localization, translation, and degradation. Several
of these proteins, including hnRNP A1, A2, D, E, I (PTB),
and K, shuttle between the nucleus and the cytoplasm (Na-

Figure 8. FRAP analyses demon-
strate that the absence of RNA pol II
and/or pol III transcripts increases the
nucleoplasmic mobility of PTB. (A)
Small regions of the nucleoplasm of
HeLa cells transfected with GFP-PTB
were photobleached and images were
taken immediately before, after, and at
1-s intervals after bleaching. Arrows
indicate the sites of bleaching and
numbers represent the time(s) after
photobleaching. (B) Quantitative anal-
yses of FRAP demonstrate the FRAP
rate of PTB increases upon inhibition
of RNA pol II and/or pol III transcrip-
tion, whereas inhibition of RNA pol I
has no significant effect on FRAP rate
of PTB.
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kielny and Dreyfuss, 1999). These findings have led to a
model in which these hnRNPs are either active participants
in the nuclear export of mRNA or are exported as passen-
gers on mRNA-containing RNP complexes and thus follow
RNAs into the cytoplasm where they carry out further func-
tions.

To analyze the coupling of RNA export and PTB shuttling,
we have examined the effect of RNA binding upon the
dynamics of PTB with the use of three different approaches.
Deletion mutagenesis that abolishes the key RNA binding
domains or transcriptional inhibition that blocks nascent
RNA synthesis resulted in acceleration of nucleocytoplasmic
shuttling of PTB. Furthermore, transcriptional inhibition sig-
nificantly increases the nucleoplasmic mobility of PTB in
living cells as measured by fluorescence recovery after pho-
tobleaching. These observations demonstrate that the lack of
binding to nascent RNA in the nucleus allows a more rapid
nucleoplasmic movement and nucleocytoplasmic shuttling
of PTB, suggesting that RNA binding increases the nuclear
retention of PTB and that mRNA export is not required for
nucleocytoplasmic shuttling of the protein. However, it re-
mains a distinct possibility that PTB is associated with ex-
porting RNA in normal circumstances. The continuous shut-
tling of PTB in the absence of nascent RNA may represent a
way of regulating the activation or availability of the protein
in the nuclear and cytoplasmic compartments. These find-
ings are consistent with recent reports showing that the
export of hnRNP A1 from the nucleus is independent of
mRNA synthesis and processing (Lichtenstein et al., 2001;
Vautier et al., 2001). An increasing number of transcription
factors and cell cycle-related proteins have been shown to
shuttle between the nucleus and cytoplasm. It has been
proposed that shuttling helps regulate the activation of these
proteins (Gama-Carvalho and Carmo-Fonseca, 2001), a
model that could also apply to PTB.

In contrast to PTB and hnRNP A1, the nucleocytoplasmic
shuttling kinetics of hnRNP K was not significantly affected
by inhibition of RNA pol II transcription. The function of
hnRNP K in RNA metabolism in the nucleus is much less
understood than those of PTB and hnRNP A1.

Although hnRNP K was identified as a component of
hnRNP particles (Swanson and Dreyfuss, 1988), it actually
binds more tightly to DNA than RNA (Tomonaga and Lev-
ens, 1995). It has been implicated in the transcription of
c-myc (Hobert et al., 1994), and Sp1 and Sp2 (Du et al., 1998),
and in the interconversion of double- and single-stranded
DNA during transcription (Tomonaga and Levens, 1996).
Thus, hnRNP K appears to act more as a DNA-binding than
RNA-binding protein, although hnRNP K has recently been
shown to bind 15-lipooxygenase mRNA and regulate its
translation in cytoplasm (Ostareck-Lederer et al., 1998). It
remains to be understood why the nucleocytoplasmic shut-
tling of hnRNP K is not affected by RNA synthesis.

In summary, we have shown that PTB shuttles between
the nucleus and cytoplasm in an energy-dependent manner.
At steady state, PTB remains predominantly nuclear during
transcriptional inhibition. The nuclear localization of the
protein is mainly attributable to RRM1 and is independent
of RNA binding, although the presence of nascent RNA
increases the nuclear residence time of PTB. RRM2 plays a
key role in nuclear export, most probably through protein–
protein interactions. Furthermore, the nucleocytoplasmic

shuttling of PTB does not require RNA binding. This uncou-
pling of RNA export and PTB shuttling suggests that the
nucleocytoplasmic exchange of PTB may also play regula-
tory roles by controlling the protein proportions between the
nucleus, where PTB plays numerous roles in pre-RNA pro-
cessing, and the cytoplasm, where it is involved in RNA
localization and translation.
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