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The heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins play important roles in mRNA processing in eukaryotes, but little
is known about how they are regulated by cellular signaling pathways. The polypyrimidine-tract binding protein (PTB, or hnRNP I) is an
important regulator of alternative pre-mRNA splicing, of viral RNA
translation, and of mRNA localization. Here we show that the nucleocytoplasmic transport of PTB is regulated by the 3ⴕ,5ⴕ-cAMP-dependent protein kinase (PKA). PKA directly phosphorylates PTB on conserved Ser-16, and PKA activation in PC12 cells induces Ser-16
phosphorylation. PTB carrying a Ser-16 to alanine mutation accumulates normally in the nucleus. However, export of this mutant protein
from the nucleus is greatly reduced in heterokaryon shuttling assays.
Conversely, hyperphosphorylation of PTB by coexpression with the
catalytic subunit of PKA results in the accumulation of PTB in the
cytoplasm. This accumulation is again specifically blocked by the S16A
mutation. Similarly, in Xenopus oocytes, the phospho-Ser-16-PTB is
restricted to the cytoplasm, whereas the non-Ser-16-phosphorylated
PTB is nuclear. Thus, direct PKA phosphorylation of PTB at Ser-16
modulates the nucleo-cytoplasmic distribution of PTB. This phosphorylation likely plays a role in the cytoplasmic function of PTB.

T

he heterogeneous nuclear ribonucleoprotein particle (hnRNP)
proteins are involved in a variety of processes in mRNA
metabolism including pre-mRNA splicing, mRNA transport, and
translation (1). These processes are often regulated by cellular
signaling pathways, but how this dynamic control is achieved is
mostly unknown. Some hnRNP proteins are known to be phosphorylated, but in most cases the particular kinase that modifies the
protein is not known. Moreover, it is generally not clear how such
modifications affect protein function. HnRNP proteins localize
primarily in the nucleus at steady state but some of them engage in
nucleo-cytoplasmic shuttling (2, 3). There are examples of hnRNP
localization being altered by specific signaling pathways (4, 5).
The polypyrimidine tract-binding protein (PTB, or hnRNP I)
has both nuclear and cytoplasmic functions. In the nucleus, it is
a splicing repressor of a number of alternative exons (6, 7). In the
cytoplasm, PTB plays a role in viral RNA translation through
internal ribosome entry sites (8–11). Also in the cytoplasm, PTB
is implicated in mRNA localization in Xenopus oocytes (12). The
protein contains four RNA-recognition-motif type RNA binding
domains (RRMs) and a conserved N-terminal domain. The
N-terminal 55-aa segment of PTB contains both nuclear import
and export signals and is sufficient to allow some nucleocytoplasmic shuttling in heterokaryon assays (13–17). There is an
additional sequence within RRM2 that enhances nuclear export
(17). At steady state, PTB is highly enriched in the nucleus, but
its distribution must be regulated because the protein also has
cytoplasmic functions. However, little is known about this regulation and what cellular signaling pathways impact it.
The 3⬘,5⬘-cAMP-dependent protein kinase A (PKA) transduces the signals of many extracellular factors including hormones and neurotransmitters (18). Activation of this kinase has
a variety of downstream effects, including the phosphorylation of
transcription factors in the nucleus (19), and of ion channels in
the cytoplasm (20, 21). Activation of the PKA pathway can also
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regulate the subcellular localization of proteins, increasing their
presence in either cytoplasm or nucleus (22–24).
In this report, we show that PKA phosphorylates PTB in vitro
and in vivo and that this phosphorylation modulates the subcellular localization of the protein.
Materials and Methods
Cloning and Expression of PTB and PKA, Protein Phosphorylation
Assay, Antibody Production, and Cell Culture. These methods are

described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.
pnas.org, and in refs 25 and 26.

Phospho-Peptide Analysis. Phospho-amino acid and phospho-

peptide analyses were performed according to ref. 27. In vitro- or
vivo-labeled PTB protein was blotted to poly(vinylidene difluoride)
membranes. For phospho-amino acid analysis, the protein was
hydrolysed with 6 M HCl at 110°C for 1 h. For phospho-peptide
analysis, the protein was digested overnight with trypsin and
chymotrypsin (50 g兾ml each) in 50 mM NaHCO3 (pH 8.0). The
samples were vacuum-dried, washed three times with 500 l of
water, resuspended in 10 l of water, and dotted onto cellulose TLC
plates (10 ⫻ 10 cm, EM Science). The plates were wetted with pH
1.9 running buffer (formic acid, 25 ml; glacial acetic acid, 78 ml; in
1,000 ml) and run at 1,000 Volts for 20 min. For phospho-amino
acid analysis, the plates were then turned 90° clockwise and run in
pH 3.5 buffer (50 ml glacial acetic acid兾5 ml pyridine; in 1,000 ml)
at 1,500 Volts for 37 min. For phospho-peptide analysis, the plates
were air-dried and subjected to chromatography in separation
buffer (37.5 ml 1-butanol兾25 ml pyridine兾7.5 ml glacial acetic acid;
in 100 ml). Radioactive spots were visualized by phosphorimager.
The standard phospho-amino acids were visualized with ninhydrin.
Heterokaryon Assay. Heterokaryon assays were performed accord-

ing to (17) with slight modifications. HeLa or human embryonic
kidney (HEK) 293 cells were fused with mouse NIH兾3T3 cells 2 h
after initiating cycloheximide (100 g兾ml) treatment. Fusion was
induced by addition of 50% polyethylene glycol 3350 and incubation
for 2–5 min. The cells were washed with DMEM, incubated for 5 h
in culture media plus cycloheximide, and fixed for immunostaining.
Human and mouse nuclei were distinguished by staining with
Hoechst 33342 at ⬇0.4 g兾ml in PBS.
Xenopus Oocyte Nuclear, Cytoplasmic Extracts, and Western Blots.

Xenopus laevis stage III兾IV oocytes (28) were defolliculated in 2
mg兾ml type I collagenase (Sigma). Nuclei and cytoplasm were
manually isolated at 4°C in nuclear separation buffer [50 mM Tris,
pH 8.0兾50 mM NaCl兾0.05% IGEPAL CA-630 (Sigma)兾100
units兾ml RNasin ribonuclease inhibitor (Promega)兾0.1 g兾ml leupeptin兾0.1 g兾ml aprotonin兾0.1 g兾ml trypsin inhibitor兾0.4 mM
Pefabloc兾1.0 mM DTT]. Nuclear or cytoplasmic fractions were
Abbreviations: hnRNP, heterogeneous nuclear ribonucleoprotein particle; PTB, polypyrimidine tract-binding protein; RRM, RNA-recognition-motif; PKA, protein kinase A; HEK,
human embryonic kidney; EGFP, enhanced GFP.
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homogenized in 1⫻ Laemmli sample buffer, incubated at 95°C for
3 min, loaded directly onto a 10% SDS兾polyacrylamide gel, and
subsequently transferred to nitrocellulose membrane. The blots
were incubated overnight at room temperature in primary antibody
[either rabbit anti- pS16 at 1:250 dilution, anti-S16 at 1:500, or R3B3
(anti-Xenopus PTB) at 1:1,000]. Blots were washed and incubated
with secondary antibody at 1:160,000 for 1 h at room temperature.
All incubations and washes were in TBS (20 mM Tris, pH 7.5兾0.5
M NaCl兾1 mM Na3VO4) plus 5% powdered milk, except for the
final wash (TBS without powdered milk) before detection. Peroxidase-conjugated goat anti-rabbit IgG (Sigma) was used as a
secondary antibody, and was detected by chemiluminescence.

that both peptides 1 and 2 contain the same PKA target serine
residue.
To characterize these peptides further, we raised antibodies to a
synthetic PTB peptide containing amino acids 11–20 (GTKRGSDELF) with Ser-16 in either the phosphorylated or unphosphorylated state (Fig. 2D). The anti-phospho-Ser-16 antibody (antipS16) specifically immunoprecipitated phospho-peptide 1 (Fig. 2C
Right). Peptide 2 was not immunoprecipitated by the anti-pS16 (Fig.

Results
Ser-16 of PTB Is Phosphorylated by PKA in Vitro and in Vivo. Phos-

phorylation is a common modulator of the activity of many
proteins. To see whether PTB is a phospho-protein, we cultured
HEK 293 cells in phosphate-free medium supplemented with
32P-orthophosphoric acid to label cellular proteins. PTB was then
immunoprecipitated with antibody BB7 (29). The PTB protein
brought down by BB7 antibody was indeed labeled with orthophosphate (Fig. 1A). A similar result was obtained from WERI-1
retinoblastoma cells (data not shown). This finding indicates that a
portion of the PTB in cells is phosphorylated.
Preliminary experiments indicated that the phosphorylation of
PTB was on serine residues (data not shown and see below). In
examining the PTB sequence, we found two potential PKA target
serines that are conserved among vertebrate PTBs [(K兾R)-X-S)]
(30, 31). These sites are also conserved in the neuronal PTB
homologue, nPTB (32, 33). The two sites are Ser-16 in the motif
RGS near the N terminus (Fig. 1B), and Ser-525 in the motif RVS
at the C terminus.
To examine whether these sites could be directly phosphorylated
by PKA, we incubated recombinant PTB with the purified catalytic
subunit of PKA in the presence of [␥-32P] ATP. We found that PKA
phosphorylated PTB in vitro (Fig. 2A). Acid hydrolysis followed by
separation of the phospho-amino acids by two-dimensional electrophoresis showed that PTB was phosphorylated only at serine
residues, and not threonine or tyrosine residues (Fig. 2B). Mutation
of Ser-16 to alanine (S16A) nearly abolished the PKA phosphorylation, but a control mutation, S21A, did not (Fig. 2 A). The
neuronal protein, nPTB, is also phosphorylated by PKA (Figs. 1B
and 2 A). These data indicate that Ser-16 is likely the major target
site of PKA phosphorylation.
To confirm the site of PKA phosphorylation, we performed
phospho-peptide analysis. Trypsin-chymotrypsin cleavage and
phospho-peptide analysis by two-dimensional TLC showed that
wild-type PTB had three phospho-peptides after PKA phosphorylation (Fig. 2C). Phospho-peptide 1 is by far the most prominent.
The phosphorylation of both peptide 1 and peptide 2 was abolished
by the S16A mutation and not by the S21A mutation, suggesting
Xie et al.

Fig. 2. PKA phosphorylates PTB at Ser-16 in vitro and in vivo. (A) Purified
recombinant PTB, nPTB, and mutant proteins were incubated with purified PKA
and [␥-32P]ATP and separated on the gel shown. (Upper) Bands for phosphorylated PTB and nPTB, autophosphorylated PKA are indicated. (Lower) Coomassie
blue-stained PTB is shown. (B) Phospho-amino acid analysis by two-dimensional
electrophoresis. Positions of standard phospho-serine (pS), phospho-tyrosine
(pY), or phospho-threonine (pT) are shown as ellipses. (C) (Left) Phospho-peptide
mapping of the PKA-phosphorylated PTB and its mutants. (Right) TLC of the
phospho-peptides immunoprecipitated with the pS16-specific antibody is
shown. The wild-type and anti-pS16 IP samples were run simultaneously in the
same tank to allow accurate alignment of the plates. (D) Dot blot showing the
specificity of the pS16 and S16 antibodies for phosphorylated or unphosphorylated peptides. (E) Stimulation of the PKA pathway increases phosphorylation of
PTB Ser-16 in PC12 cells. Total protein of PC12 cells treated with or without
forskolin (10 M) for 6 h, was probed with the antibodies as indicated. The arrow
indicates the PTB band. The arrowhead indicates a band weakly recognized by
the anti-pS16 antibody but not by the PTB antibody BB7. This band may be the
neuronal PTB homologue nPTB.
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Fig. 1. Endogeneous PTB is a phospho-protein. (A) Immunoprecipitation using anti-PTB (BB7) or anti-Flag control antibody from HEK 293 cells labeled in
32P-orthophosphoric acid. An SDS兾PAGE gel of the immunoprecipitated proteins is shown. The molecular mass markers are to the left (M). (B) PTB domains and the
position of the PKA target Ser-16 (Left). S16A and control S21A mutants are shown below the sequence. The alignment of the Ser-16 region from several species is shown
(Right). The peptide sequence used for making antibodies is boxed.

Fig. 3. Ser-16 is required for nuclear export of PTB.
(A) A Western blot of the total protein from HEK 293 cells
either not transfected (NT), or transfected with vector
(V), wild-type Myc-PTB, or the S16A or S21A mutants.
This was probed with anti-Myc antibodies to control for
equal expression of the transfected clones as compared
with the endogeneous U1 70K protein. (B) Confocal
microscopy of HEK 293 cells transfected with Myc-PTB
plasmids and stained with anti-Myc. All of these proteins
show strongly nuclear staining. (C) Heterokaryon assay
of wild-type Myc-PTB or its mutants expressed in human
HEK 293 cells that were fused with mouse NIH 3T3 cells.
Mouse nuclei are distinguished from human nuclei by
their punctate Hoechst staining. Actin staining of the
fused cells with phalloidin-TRITC confirmed the cell fusion by determining that the actin cytoskeleton surrounded the multiple nuclei. Arrowheads indicate the
positions of the mouse nuclei in heterokaryons. (D) Bar
graph of the average (⫾SD) intensity of the Myc-PTB
staining in the mouse nuclei relative to the human nuclei
of the same heterokaryons (n ⫽ 4, 10, and 9 heterokaryons, respectively).

2C). This peptide could have a different serine residue whose
phosphorylation is affected by the S16A mutation. Alternatively, it
could be a peptide containing pS16 whose structure prevents
immunoprecipitation. In summary, these experiments identify the
primary site of PKA phosphorylation on PTB in vitro as residue
Ser-16 (peptide 1).
Significantly, the anti-phospho-PTB antibodies also allowed us to
confirm that Ser-16 phosphorylation occurs in vivo after PKA
activation. We treated PC12 cells with the PKA inducer forskolin.
We then probed the total cellular protein on immuno-blots for the
presence of phospho-PTB using the anti-pS16 antibody (Fig. 2E).
Although the total PTB in the cell is equivalent with or without
forskolin, phospho-PTB was strongly stimulated by forskolin treatment. Similar results were obtained with another PKA stimulator,
8-(4-chlorophenylthio) adenosine-3⬘,5⬘-cyclic mono-phosphorothioate (cpt-cAMP) (data not shown). Thus, PKA activation in vivo
leads to phosphorylation of PTB on Ser-16.
Ser-16 Is Critical for Nuclear Export of PTB. We next investigated the

effect of Ser-16 phosphorylation on PTB function. The N-terminal
55 aa of PTB contain both nuclear localization signals (NLS) and
nuclear export signals (NES) (13, 15–17). We thus tested the effect
of the S16A mutation on the nuclear import or export of PTB.
Myc-tagged wild-type PTB or PTB mutants were expressed in
HEK 293 cells and their subcellular localization was examined by
immunostaining with anti-Myc antibody (Fig. 3 A and B). We found
that wild-type PTB and its two mutants S16A and S21A were all
predominantly nuclear, similar to endogeneous PTB. A small
amount of cytoplasmic staining was seen with all three proteins, but
no obvious differences were observed between them. This finding
indicates that Ser-16 is not required for the nuclear import of PTB.
Next we examined the effect of the S16A mutation on PTB
export in heterokaryon assays. HEK 293 cells were transfected with
wild-type or mutant Myc-PTB. After 16–20 h, these cells were fused
with mouse NIH兾3T3 cells to form heterokaryons in the presence
of the protein synthesis inhibitor cycloheximide. The human and
mouse nuclei can be distinguished in a heterokaryon by the
punctate pattern of staining seen in the mouse nuclei with Hoechst
dye. The Myc-PTB transported to the mouse nucleus of a heterokaryon was detected by immunostaining with anti-Myc antibody
8778 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.1432696100

(Fig. 3C). Five hours after fusion, the intensity of wild-type MycPTB staining in mouse nuclei was nearly 100% that of the human
nuclei of the same heterokaryons (4 heterokaryons measured, Fig.
3 C and D). In contrast, for the S16A mutant, mouse nuclear
staining was only ⬇25% that of the human nuclei (10 heterokaryons
measured). Thus, the S16A mutation greatly decreases but does not
eliminate PTB shuttling.
A previous report did not observe a difference in the shuttling of
the wild-type PTB protein and the S16A mutant (16). However,
these measurements were done 1 h after heterokaryon formation
rather than at 5 h as done here. It takes at least 4 h after cell fusion
for PTB shuttling to reach equilibrium (17). Our own measurements of this time course indicate that 1 h after fusion, the PTB
concentration in the mouse nucleus has reached ⬇17% that of the
equilibrium state (⫾2.4%, n ⫽ 10 fusions; data not shown). At this
earlier time point, the difference in shuttling between the two
proteins is necessarily smaller. Thus the discrepancy between our
results and the earlier report is likely caused by the difference in the
postfusion time points examined in the two studies. At 5 h, the S16A
mutant was dramatically reduced in the mouse nuclei relative to
wild-type PTB (Fig. 3 C and D).
Because the S16A mutant can be imported into the HEK 293
nucleus (Fig. 3B), its failure to efficiently relocalize into the mouse
nucleus in the heterokaryon assay is presumably due to a defect in
export from the human nucleus. The other mutant, S21A, gave a
partial effect, with mouse nuclear staining at ⬇57% that of the
human nuclei. The close proximity of Ser-21 to the critical residues
(amino acid 11–15) (16) of the NES may cause its mutation to also
affect this process. Taken together, these data suggest that phosphorylation of Ser-16 is important for the export of PTB from the
nucleus to the cytoplasm, although some shuttling can occur
without it.
PKA Coexpression Leads to Increased Phosphorylation at Ser-16 and
Cytoplasmic Accumulation of PTB. To further examine the role of

phosphorylation in PTB nuclear export, we tested the effect of PKA
overexpression on PTB localization. In these experiments, a Flagtagged, catalytic subunit of PKA was coexpressed with the MycPTB in HEK 293 cells and the resulting subcellular distribution and
phosphorylation of Myc-PTB was monitored.
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In contrast to the predominantly nuclear localization observed
when PTB was expressed alone (Fig. 3B), coexpression with PKA
led to a large amount of wild-type PTB localized in the cytoplasm
(Fig. 4B and Fig. 8, which is published as supporting information on
the PNAS web site). Unlike wild-type PTB, the S16A mutant
remains largely nuclear when coexpressed with PKA (Fig. 4 B and
C). Note that the nuclear rim staining seen in this figure is
frequently observed with this mutant. The control mutant S21A
showed a cytoplasmic immunostaining pattern similar to wild-type
PTB. Another activated kinase, protein kinase C␥ (PKC␥), did not
have this effect on PTB localization (Fig. 4D). Thus, PKA specifically causes a shift in PTB localization to the cytoplasm, and the
Ser-16 in PTB is required for this shift.
To further confirm that phosphorylation of Ser-16 was affecting
the nucleo-cytoplasmic distribution of the protein, the N-terminal
55 aa (amino acids 1–55) of PTB were fused to enhanced GFP
(EGFP) and tested for localization (Fig. 5). This portion of PTB was
previously shown to be sufficient for nuclear localization and to be
capable of shuttling (13, 14, 16, 17). The PTB-(aa1–55)-EGFP
fusion protein (wild type) and its mutants (S16A, S21A) were all
localized to the nucleus when expressed alone (Fig. 5). As with full
length PTB (Fig. 4B), this localization changed when coexpressed
with PKA (Fig. 5 B and C). The cytoplasmic accumulation of the
wild-type fusion protein PTB-(aa1–55)-EGFP (wild type) was
increased ⬇2-fold by PKA coexpression. This increase in cytoplasmic protein is less than that seen with the full-length PTB (Fig. 4B),
possibly because of the lack of an additional NES element present
in RRM2 that increases the export of full-length PTB (17). Importantly, the nuclear localization of the S16A mutant EGFP fusion
was not changed by PKA, whereas the response of the S21A mutant
to PKA was similar to the wild type. Thus, the N-terminal 55 aa of
PTB, including Ser-16, are sufficient to mediate PKA-dependent
protein relocalization, albeit at a lower level than the full-length
protein.
These experiments indicate that increasing phosphorylation of
Ser-16 by PKA coexpression leads to greater cytoplasmic accumulation of PTB. Conversely, blocking this phosphorylation by mutation of Ser-16 prevents cytoplasmic accumulation. It is important
to note that PKA is present in both the nucleus and cytoplasm of
the transfected cells, with higher concentrations in the cytoplasm.
This means that we cannot determine where the phosphorylation
is taking place. The PKA could be phosphorylating PTB in the
nucleus and increasing its export or it could phosphorylate PTB in
the cytoplasm to block its import into the nucleus.
Xie et al.

Overexpressed PKA may also activate other kinases in these cells.
To confirm in these coexpression experiments that Ser-16 was the
major site of phosphorylation in PTB, we carried out phosphopeptide mapping. Western blots of immunoprecipitated PTB

Fig. 5. The N terminus of PTB is sufficient to mediate PKA-dependent relocalization. (A) Diagrams of the PTB (amino acids 1–55)-EGFP fusion proteins. (B) The
EGFP fluorescence intensity in transfected cells was measured with the program
NIH IMAGE 1.62b7 for the cytoplasm and nucleus of each cell and the ratio determined
(C兾N). The average increase in the C兾N ratio after PKA expression is plotted (n ⫽
6, 5, and 5 cells, respectively). The C兾N ratio approximately doubles after PKA
expression for the wild-type and S21A PTBs, but is unchanged for the S16A
mutant. (C) Confocal images of HEK 293 cells transfected with the constructs in A.
These are coexpressed either with (Lower) or without (Upper) PKA. Note that the
localization of EGFP itself was not affected by PKA coexpression.
PNAS 兩 July 22, 2003 兩 vol. 100 兩 no. 15 兩 8779
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Fig. 4. PKA coexpression relocalizes PTB to the cytoplasm and the S16A mutation blocks this effect. (A) A
Western blot of protein from HEK 293 cells transfected
with Flag-tagged PKA. (B) Confocal microscopy of antiMyc-stained PTB or anti-Flag-stained PKA in HEK 293
cells. (C) To distinguish cells with strong nuclear staining
from those with stronger cytoplasmic Myc-PTB staining,
anti-Myc immunoflourescence intensity was plotted
along a line drawn across the cells. Cells showing a single
peak of flourescence centered on the nucleus were
counted as predominantly nuclear stainings. Cells showing a bimodal distribution with a dip over the nucleus
were counted as predominantly cytoplasmic. These data
are presented in a bar graph at the right as the percentage of cells with predominantly nuclear staining of
Myc-PTB with PKA coexpression. These data are from the
cotransfection of 2 g of Myc-PTB with 6 g of PKA
plasmid, where n for each bar is 178, 107, and 78 cells,
respectively. (D) Activating the PKC pathway does not
relocalize Myc-PTB to cytoplasm. Shown are the confocal
images of Myc-PTB cotransfected with pPKC␥-EGFP. The
cells were stimulated with TPA (40 ng兾ml) to activate
PKC␥. Note that the activated PKC␥ proteins are typically
localized at the cell membrane.

ies (Fig. 7). PTB phosphorylated at Ser-16 is detectable only in the
cytoplasmic fraction, whereas non-Ser-16-phosphorylated PTB is
seen only in the nuclear fraction (Fig. 7). Thus, in Xenopus oocytes,
only cytoplasmically localized PTB is phosphorylated at Ser-16.
These results support the data from cultured cells that phosphorylation controls the nucleo-cytoplasmic distribution of PTB. Moreover, these data suggest that the cytoplasmic accumulation of PTB
seen in Xenopus oocytes is tied to the phosphorylation of Ser-16.

Fig. 6. Ser-16 is phosphorylated by PKA in vivo. (A) Western blot of immunoprecipitated Myc-PTB from transfected HEK 293 cells. Note that the phosphoSer-16 band is only detectable in the PKA cotransfected sample. (B and C) Ser-16
is the major site of PKA phosphorylation. (B) Immunoprecipitation of radiolabeled PTB from transfected HEK 293 cells grown in 32P-orthophosphoric acid
(Left). This phosphorylated protein was subjected to phospho-amino acid analysis
as in Fig. 2. (C) Phospho-peptide mapping of the immunoprecipitated Myc-PTB
showed a major peptide (b) and two less intense spots (a and c). There were also
three minor spots (x, y, and z) that were used to align the panels. The major spot
b is eliminated by the S16A mutation. This spot is immunoprecipitated by the pS16
antibody (Right). The wild-type and anti-pS16 IP samples were run in the same
tank, and the spot b in both samples is at the same distance from the starting
point in the first dimension.

showed that phosphorylation of Ser-16 in Myc-PTB was indeed
stimulated by PKA coexpression (Fig. 6A). To confirm that Ser-16
is the predominant site of phosphorylation, we isolated Myc-PTB
from transfected cells labeled with 32P-orthophosphoric acid. PKA
coexpression strongly increased the amount of 32P-labeled PTB
present in anti-Myc immunoprecipitates (Fig. 6B). The majority of
PTB phosphorylation in these cells is thus due to PKA. Phosphoamino acid analysis showed that the protein was phosphorylated at
Ser residues only (Fig. 6B). Phospho-peptide analysis showed that
the wild-type PTB had three primary phospho-peptides, a, b, and
c (Fig. 6C), with three background spots x, y, and z. Of these,
phospho-peptide b is by far the most prevalent. The S16A mutation
specifically eliminated the major phospho-peptide b. Moreover, this
phospho-peptide could be immunoprecipitated by the pS16 antibody. Thus Ser-16 is the major site of Myc-PTB phosphorylation by
PKA in the transfected HEK 293 cells.
Phosphorylated PTB Is Highly Restricted to the Cytoplasm of Stage
III兾IV Xenopus Oocytes. The relocalization of PTB to the cytoplasm

induced by PKA is accompanied by increased phosphorylation of
Ser-16. We next wanted to know whether the phosphorylated
protein was cytoplasmic. In cells where Myc-PTB and PKA were
coexpressed, the majority of the phosphorylated PTB was cytoplasmic (data not shown). However, this could be because the
overexpressed PKA was predominantly cytoplasmic (Fig. 4B). It is
difficult to examine endogeneous phosphorylated PTB in HEK 293
cells because of the low levels of phosphorylated protein and the
leakiness of the nuclei during nuclear-cytoplasmic separations.
Xenopus oocytes contain significant amounts of cytoplasmic PTB
that can be cleanly separated from the nuclear pool of protein.
During Xenopus oogenesis, PTB binds to an RNA element that is
required for the cytoplasmic localization of the Vg1 mRNA to the
vegetal pole of the oocyte (12). PKA is thought to be active during
these stages of oocyte development before maturation (34). To
examine the PTB in the oocyte, we isolated cytoplasmic and nuclear
fractions of stage III兾IV Xenopus oocytes and probed these fractions on Western blots with the phosphorylation-sensitive antibod-
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Discussion
We have shown that Ser-16 of PTB is a target of PKA phosphorylation in vitro and in vivo. A serine at this position is
required for efficient nuclear export but not import, and overexpressed PKA increases cytoplasmic PTB. In Xenopus oocytes,
phosphorylated PTB is exclusively cytoplasmic whereas nonphosphorylated protein is nuclear. Thus, PKA apparently controls the nucleo-cytoplasmic distribution of this important
hnRNP protein through the phosphorylation of a specialized
nuclear export signal.
The PTB NLS is of the bipartite type with two sets of basic
residues including Lys-13, Arg-14 and the downstream amino acids
KKFK (amino acids 45–48). These two sets of basic groups flank
the PKA phosphorylation site Ser-16 and both are required for
efficient nuclear localization (14, 15). This NLS has been shown to
bind to the import receptor importin ␣ (15). Importin ␣ probably
binds to unphosphorylated PTB, as the S16A mutant is imported
normally. It is possible that phosphorylation of Ser-16 could inhibit
this interaction to reduce import. In other studies, PTB residues
1–25 were shown to act as a nuclear export signal in constructs
containing a separate NLS (16). There is also a sequence in RRM2
that increases PTB shuttling (17). Because the S16A mutant is
nuclear but greatly reduced in shuttling, phosphorylation is presumably required for efficient export. Confirming this will await the
identification of the PTB export receptor.
Some RNA-binding proteins require ongoing transcription to
exhibit shuttling behavior. This is interpreted to mean that the
protein is being exported as a component of an mRNP complex. For
PTB, shuttling does not require transcription (17). This is in
agreement with the result that the N-terminal domain of PTB
lacking the RRMs is sufficient for PKA-dependent relocalization
(Fig. 5).
Protein kinases, including PKA, are known to regulate the
subcellular localization of a number of proteins (22, 24, 35–37).
These phosphorylation events apparently modulate the interaction
between a cargo protein and its transport factor (38). PKA phosphorylation of the Dorsal protein on Ser-312 increases its binding
affinity to importin and is accompanied by increased nuclear import
(22). In the opposite direction, PKA signaling has been shown to
relocalize the yeast transcription factor Msn2p to cytoplasm (23).
The shuttling signals of several other RNA binding proteins contain

Fig. 7. Phospho-Ser-16-PTB is restricted to the cytoplasm in X. laevis oocytes.
Nuclear or cytoplasmic fractions of stage III兾IV oocytes were analyzed by Western
blot using either anti-phospho-Ser-16 (pS16), anti-nonphosphorylated PTB (S16),
or anti-Xenopus PTB (R3B3) antibodies. Oocytes were manually dissected into
nuclear and cytoplasmic fractions. The pS16 and S16 lanes used 10 oocyte equivalents of proteins, and the R3B3 lanes used 5 oocyte equivalents.
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localization is likely due to other factors such as protein cleavage
(45). The PTB homologue, nPTB, has been reported to relocalize
to the cytoplasm on NGF treatment of PC12 cells (46). Whether
Ser-16 phosphorylation is involved in this process has not been
examined.
In tissue culture cells, the minority of the endogeneous PTB is
cytoplasmic (⬇14 ⫾ 2%; data not shown). The phosphorylated
protein is a very minor portion of the total PTB and it is not clear
what fraction of the cytoplasmic protein is phosphorylated. In
contrast, Xenopus oocytes have a larger fraction of PTB in the
cytoplasm (23 ⫾ 2%) and this fraction is virtually all phosphorylated at Ser-16. In the oocyte cytoplasm, much of the PTB is at the
vegetal cortex where it is colocalized with Vg1 mRNA (12). The
PTB bound to the localized Vg1 mRNA is thus likely the phosphorylated form of the protein. The phosphorylation or lack of
dephosphorylation of PTB in oocytes may serve to increase the
cytoplasmic pool of protein and allow its maintenance at the vegetal
pole.
The results presented here couple the cAMP-dependent protein
kinase pathway with PTB, a protein with important functions in
alternative pre-mRNA splicing, viral RNA translation, and mRNA
localization. It will be interesting to examine whether natural
inducers of protein kinase A, such as the neurotransmitters dopamine and serotonin, can stimulate PTB phosphorylation and alter
PTB transport. How this regulation of PTB localization affects the
downstream cellular functions of the protein are important questions for the future.

Krecic, A. M. & Swanson, M. S. (1999) Curr. Opin. Cell Biol. 11, 363–371.
Mattaj, I. W. & Englmeier, L. (1998) Annu. Rev. Biochem. 67, 265–306.
Nakielny, S. & Dreyfuss, G. (1999) Cell 99, 677–690.
Habelhah, H., Shah, K., Huang, L., Ostareck-Lederer, A., Burlingame, A. L.,
Shokat, K. M., Hentze, M. W. & Ronai, Z. E. (2001) Nat. Cell Biol. 3, 325–330.
van der Houven van Oordt, W., Diaz-Meco, M. T., Lozano, J., Krainer, A. R.,
Moscat, J. & Caceres, J. F. (2000) J. Cell Biol. 149, 307–316.
Valcarcel, J. & Gebauer, F. (1997) Curr. Biol. 7, R705–R708.
Wagner, E. J. & Garcia-Blanco, M. A. (2001) Mol. Cell. Biol. 21, 3281–3288.
Lai, M. M. C. (1998) Virology 244, 1–12.
Borman, A., Howell, M. T., Patton, J. G. & Jackson, R. J. (1993) J. Gen. Virol. 74,
1775–1788.
Niepmann, M., Petersen, A., Meyer, K. & Beck, E. (1997) J. Virol. 71, 8330–8339.
Pilipenko, E. V., Viktorova, E. G., Guest, S. T., Agol, V. I. & Roos, R. P. (2001)
EMBO J. 20, 6899–6908.
Cote, C. A., Gautreau, D., Denegre, J. M., Kress, T. L., Terry, N. A. & Mowry,
K. L. (1999) Mol. Cell 4, 431–437.
Perez, I., McAfee, J. G. & Patton, J. G. (1997) Biochemistry 36, 11881–11890.
Romanelli, M. G., Weighardt, F., Biamonti, G., Riva, S. & Morandi, C. (1997) Exp.
Cell Res. 235, 300–304.
Romanelli, M. G. & Morandi, C. (2002) Eur. J. Biochem. 269, 2727–2734.
Li, B. & Yen, T. S. B. (2002) J. Biol. Chem. 277, 10306–10314.
Kamath, R. V., Leary, D. J. & Huang, S. (2001) Mol. Biol. Cell 12, 3808–3820.
Meinkoth, J. L., Alberts, A. S., Went, W., Fantozzi, D., Taylor, S. S., Hagiwara, M.,
Montminy, M. & Feramisco, J. R. (1993) Mol. Cell. Biochem. 127–128, 179–186.
Montminy, M. (1997) Annu. Rev. Biochem. 66, 807–822.
Shipston, M. J. (2001) Trends Cell Biol. 11, 353–358.
Gray, P. C., Scott, J. D. & Catterall, W. A. (1998) Curr. Opin. Neurobiol. 8, 330–334.
Briggs, L. J., Stein, D., Goltz, J., Corrigan, V. C., Efthymiadis, A., Huebner, S. &
Jans, D. A. (1998) J. Biol. Chem. 273, 22745–22752.
Gorner, W., Durschlag, E., Martinez-Pastor, M. T., Estruch, F., Ammerer, G.,
Hamilton, B., Ruis, H. & Schueller, C. (1998) Genes Dev. 12, 586–597.

24. Gauthier-Rouviere, C., Vandromme, M., Lautredou, N., Cai, Q. Q., Girard, F.,
Fernandez, A. & Lamb, N. (1995) Mol. Cell. Biol. 15, 433–444.
25. Black, D. L. (1992) Cell 69, 795–807.
26. Rosenberg, I. M. (1996) in Protein Analysis and Purification: Benchtop Techniques
(Birkhauser, New York), pp. 226–227.
27. Boyle, W. J., Van der Geer, P. & Hunter, T. (1991) Methods Enzymol. 201,
110–149.
28. Dumont, J. (1971) J. Morphol. 136, 153–179.
29. Chou, M.-Y., Underwood, J. G., Nikolic, J., Luu, M. H. T. & Black, D. L. (2000)
Mol. Cell 5, 949–957.
30. Feramisco, J. R., Glass, D. B. & Krebs, E. G. (1980) J. Biol. Chem. 255, 4240–4245.
31. Kemp, B. E. & Pearson, R. B. (1990) Trends Biochem. Sci. 15, 342–346.
32. Polydorides, A. D., Okano, H. J., Yang, Y. Y. L., Stefani, G. & Darnell, R. B.
(2000) Proc. Natl. Acad. Sci. USA 97, 6350–6355.
33. Markovtsov, V., Nikolic, J. M., Goldman, J. A., Turck, C. W., Chou, M.-Y. & Black,
D. L. (2000) Mol. Cell. Biol. 20, 7463–7479.
34. Ferrell, J. E. (1999) BioEssays 21, 833–842.
35. Xiao, C.-Y., Huebner, S. & Jans, D. A. (1997) J. Biol. Chem. 272, 22191–22198.
36. Komeili, A. & O’Shea, E. K. (1999) Science 284, 977–980.
37. Beals, C. R., Sheridan, C. M., Turck, C. W., Gardner, P. & Crabtree, G. R. (1997)
Science 275, 1930–1933.
38. Jans, D. A., Xiao, C.-Y. & Lam, M. H. C. (2000) BioEssays 22, 532–544.
39. Michael, W. M., Choi, M. & Dreyfuss, G. (1995) Cell 83, 415–422.
40. Fan, X. C. & Steitz, J. A. (1998) Proc. Natl. Acad. Sci. USA 95, 15293–15298.
41. Yun, C. Y. & Fu, X.-D. (2000) J. Cell Biol. 150, 707–717.
42. Sanford, J. R. & Bruzik, J. P. (2001) Proc. Natl. Acad. Sci. USA 98, 10184–10189.
43. Sanford, J. R. & Bruzik, J. P. (1999) Genes Dev. 13, 1513–1518.
44. Ohno, M., Segref, A., Bachi, A., Wilm, M. & Mattaj, I. W. (2000) Cell 101, 187–198.
45. Back, S. H., Kim, Y. K., Kim, W. J., Cho, S., Oh, H. R., Kim, J.-E. & Jang, S. K.
(2002) J. Virol. 76, 2529–2542.
46. Ichikawa, M., Kikuchi, T., Tateiwa, H., Gotoh, N., Ohta, K., Arai, J. & Yoshimura,
N. (2002) J. Biochem. (Tokyo) 131, 861–868.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

Xie et al.

We thank Harvey Herschman and Jim Patton for plasmids; Michelle
Bradley, Bradley Cobb, Matthew Schibler, Batoul Amir-Ahmady, Megan
Hall, Jennifer Park, Aaron Goldman, Weimin Cai, and Kathy Weidman
for technical help; and Juan Alfonzo and members of the Black
laboratory for helpful suggestions. Yingqun Huang, Joan Steitz, and
Xiang-Dong Fu gave helpful criticism of the manuscript. This work was
supported by National Institutes of Health Grants RO1 GM49662 (to
D.L.B.) and RO1 HD30699 (to K.L.M.) and by funding from the Howard
Hughes Medical Institute (to D.L.B.).

PNAS 兩 July 22, 2003 兩 vol. 100 兩 no. 15 兩 8781

CELL BIOLOGY

PKA consensus sites (R-X-S), including the M9 sequence of
hnRNP A1 and the HuR HNS (39, 40). Thus the relocalization of
PTB by PKA may be part of a larger ensemble of RNA-binding
proteins being affected by the PKA signaling.
Non-PKA signaling pathways are also known to affect the
subcellular localization of RNA-binding proteins, including hnRNP
A1, hnRNP K, and the arginine兾serine-rich family of SR proteins
(4, 5, 41–43). HnRNP A1 is relocalized to the cytoplasm in response
to activation of the MKK3兾6-p38 pathway by osmotic stress or UV
irradiation (5). Under these conditions, inclusion of an adenovirus
E1A exon is increased, consistent with the protein’s effect as a
splicing repressor of this exon. The kinase that directly phosphorylates the hnRNP A1 protein in this relocalization process and the
site of modification remain unidentified. HnRNP K protein is
directly phosphorylated by the mitogen-activated protein kinase兾
extracellular-signal-regulated kinase (MAPK兾ERK). This leads to
cytoplasmic accumulation of the protein and translational inhibition of target mRNAs (4). In this case, it is not clear whether the
phosphorylation increases the cytoplasmic level of hnRNP K by
blocking its nuclear import or enhancing its export. An example of
phosphorylation being specifically required for nuclear export is the
U small nuclear RNA system (44). The export of these RNAs
requires the phosphorylated adaptor for RNA export (PHAX).
PHAX is phosphorylated in the nucleus, where it mediates export,
and then dephosphorylated in the cytoplasm. The kinase that
modifies PHAX and its site of phosphorylation are currently
unknown.
The effect of PKA stimulation on PTB function is not yet clear.
We have shown that PTB phosphorylation is induced in PC12 cells
after forskolin treatment. Under these conditions, we have not
observed substantial changes in PTB localization or alternative
splicing, presumably because only a fraction of the total PTB is
being modified in response to the stimulus. Other groups have
shown that PTB is relocalized to the cytoplasm after poliovirus
infection (45). We have found no change in the phosphorylation of
PTB over the course of poliovirus infection. Thus, the change in

