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ABSTRACT

Poly(A)-binding protein Il (PABP2) is an abundant nuclear protein that binds with high affinity to nascent poly(A) tails,
stimulating their extension and controlling their length. In the cytoplasm, a distinct protein (PABP1) binds to poly(A)
tails and participates in mRNA translation and stability. How cytoplasmic PABP1 substitutes for nuclear PABP2 is still
unknown. Here we report that PABP2 shuttles back and forth between nucleus and cytoplasm by a carrier-mediated
mechanism. A potential novel type of nuclear localization signal exists at the C-terminus of the protein, a domain that
is highly enriched in methylated arginines. PABP2 binds directly to transportin in a RanGTP-sensitive manner,
suggesting an involvement of this transport receptor in mediating import of the protein into the nucleus. Although
PABP2 is small enough to diffuse passively through the nuclear pores, protein fusion experiments reveal the exis-

tence of a facilitated export pathway. Accordingly, no transport of PABP2 to the cytoplasm occurs at 4

°C. In contrast,

export of PABP2 continues in the absence of transcription, indicating that transport to the cytoplasm is independent
of mRNA traffic. Thus, rather than leaving the nucleus as a passive passenger of mMRNAs, the data suggest that PABP2
interacts with the nuclear export machinery and may therefore contribute to mRNA transport.
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INTRODUCTION

With only one known exception, all eukaryotic mRNAs
are posttranscriptionally modified at their 3’ ends by
addition of a poly(A) tail (Adesnik et al., 1972). Poly(A)
tails are generated in the nucleus in a two-step reaction
that involves cleavage of the nascent transcript and
subsequent polyadenylation of the upstream RNA frag-
ment (reviewed by Colgan & Manley, 1997; Kihn &
Wabhle, 1997). After transport of mature mRNAs to the
cytoplasm, poly(A) tails increase the efficiency of trans-
lation initiation and help to stabilize the mMRNAs (Beel-
man & Parker, 1995; Sachs et al., 1997). Presumably
after interaction with the translational apparatus, poly(A)
tails are shortened by a deadenylation mechanism that
triggers the decay of the mRNA (Beelman & Parker,
1995).

The formation of poly(A) tails in the nucleus involves
a number of trans-acting protein factors, namely cleav-
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age and polyadenylation specificity factor (CPSF), cleav-
age stimulation factor (CstF), cleavage factors I,, and
Il (CF I, and CF ll,), poly(A) polymerase (PAP), and
poly(A)-binding protein (PABP). Specific RNA—protein
contacts and protein—protein interactions cause the as-
sembly of these factors with the RNA substrate, gen-
erating a multicomponent 3'-end-processing complex
(reviewed by Keller, 1995; Manley, 1995; Kiihn & Wahle,
1997). The precursor RNA (pre-mRNA) is first endo-
nucleolytically cleaved at a particular phosphodiester
bond, and the resulting 3'-OH group then receives ap-
proximately 250 adenylate residues. The polyadenyla-
tion reaction is catalyzed by poly(A) polymerase, but
this enzyme by itself has a very low and unspecific
affinity for RNA. In the 3’-end-processing complex,
poly(A) polymerase must interact with CPSF to be teth-
ered to the primer. However, poly(A) synthesis in the
presence of poly(A) polymerase and CPSF is slow and
inefficient. Processive and efficient polymerization re-
quires an additional factor, the poly(A)-binding protein.

Comparison of mammalian and yeast pre-mRNA 3’-
end-processing components reveals that, although many
homologies can be found, the proteins are not function-
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ally interchangeable (for a recent review, see Keller &
Minvielle-Sebastia, 1997). An apparent case of diver-
gence during evolution occurs with poly (A)-binding pro-
teins. Yeast contains a single poly(A)-binding protein
(termed Pablp), which is an essential protein presentin
both the nucleus and the cytoplasm (Sachs et al., 1986).
In the nucleus it stimulates polyadenylation and con-
trols poly(A) tail length (Amrani et al., 1997; Minvielle-
Sebastia et al., 1997; Brown & Sachs, 1998), whereas
in the cytoplasm it is involved in translation initiation
(Sachs & Davis, 1989; Sachs & Deardorff, 1992; Tarun
& Sachs, 1995, 1996; Le et al., 1997) and mRNA deg-
radation (Caponigro & Parker, 1995; Boeck et al., 1998;
Coller et al., 1998). In contrast, mammalian cells con-
tain two distinct proteins called poly(A)-binding pro-
tein | (PABP1) and poly(A)-binding protein Il (PAB Il or
PABP2). PABP1 is predominantly detected in the cyto-
plasm (Gorlach et al., 1994), whereas PABP2 is local-
ized in the nucleus (Wahle, 1991; Krause et al., 1994).
PABP1, which is the mammalian counterpart of yeast
Pablp (51% identity), is apparently involved in both
cytoplasmic mRNA stability (Bernstein et al., 1989;
Wormington et al., 1996; Afonina et al., 1997; Ford et al.,
1997; Koérner & Wahle, 1997) and translation (Craig
et al., 1998), but to date there is no evidence that it
participates in nuclear pre-mRNA 3’-end processing
(see Keller & Minvielle-Sebastia, 1997). Consistent with
its nuclear localization, PABP2 is the mammalian pro-
tein involved in polyadenylation. PABP2 stimulates pro-
cessive poly(A) addition and controls the size of the tail
to be ~250 nt in length (Wahle, 1991, 1995; Bienroth
et al., 1993).

How PABP2 bound to poly(A) tails in the nucleus is
replaced by PABPL1 in the cytoplasm remains unknown,
but recent evidence indicates that both PABP1 and
PABP2 shuttle between nucleus and cytoplasm (Afonina
etal., 1998; Chen et al., 1999). Because it is not known
when PABP1 exchanges with PABP2, one possibility is
that PABP2 crosses the nuclear pores in association
with the mRNA and dissociates from the poly(A) tail in
the cytoplasm. Alternatively, PABP2 may dissociate from
the poly(A) tail in the nucleus and be exported to the
cytoplasm independently of the mRNA. To further in-
vestigate this question, we have analyzed the cellular
pathway involved in transport of PABP2 between nu-
cleus and cytoplasm.

All traffic of RNA and protein molecules between
the nucleus and the cytoplasm is routed through nu-
clear pore complexes. Although small molecules may
cross the pores by simple diffusion, eukaryotic cells
have evolved complex transport pathways mediated
by saturable receptors or carriers (for a recent re-
view, see Ohno et al., 1998). As expected from a
receptor-mediated process, nucleocytoplasmic trans-
port is energy dependent and substrate specific. Ac-
cordingly, distinct pathways involved in nuclear import
and export of different classes of proteins and RNAs
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have been identified (reviewed by Nigg, 1997; Na-
kielny & Dreyfuss, 1997; Ohno et al., 1998; Stutz &
Rosbash, 1998). In addition to receptors, a key player
in nucleocytoplasmic transport is the small GTPase
Ran. Like other G proteins, Ran switches between a
GDP-bound and a GTP-bound state, depending on
the activity of regulators. Ran’s regulators are asym-
metrically distributed in the cell, implying that the con-
centration of Ran-GTP is low in the cytoplasm and
high in the nucleus. Because import substrates dis-
sociate from their receptors in the presence of Ran-
GTP, whereas export substrates require Ran-GTP to
associate with the receptor and the interaction is dis-
rupted upon GTP hydrolysis, the steep Ran-GTP gra-
dient across the nuclear envelope was proposed to
explain why some substrates are moved into the nu-
cleus and others are moved out of it (Gorlich et al.,
1996; Gorlich, 1997).

Here we show that PABP2 shuttles continuously be-
tween the nucleus and the cytoplasm making use of a
facilitated carrier mechanism. PABP2 is shown to con-
tain a nuclear localization signal (NLS) in its C-terminal
domain and to bind directly to transportin in a RanGTP-
sensitive manner. As transportin is a nuclear transport
receptor previously shown to mediate nuclear import of
shuttling hnRNP proteins (Pollard et al., 1996; Siomi
et al.,, 1997), this finding suggests that PABP2 and
hnRNP proteins share the same nuclear import path-
way. Interestingly, the facilitated export of PABP2 to the
cytoplasm is independent of ongoing transcription, sug-
gesting that the protein may play a role in mRNA trans-
port similar to that of shuttling hnRNPs.

RESULTS

PABP2 shuttles between the nucleus
and the cytoplasm

Immunofluorescence microscopy using affinity-purified
antibodies reveals PABP2 exclusively localized in the nu-
cleus (Fig. 1A), as previously reported by Krause et al.
(1994). Within the nucleus, PABP2 appears widespread
throughout the nucleoplasm with higher concentration in
“speckles” (Fig. 1A, arrows), which represent domains
enriched in poly (A) RNA (Fig. 1B, arrows; see also Carter
et al., 1991).

To investigate whether PABP2 is permanently re-
tained in the nucleus or transiently shuttles to the
cytoplasm, we have made use of an interspecies het-
erokaryon assay (Borer et al., 1989; Pifiol-Roma &
Dreyfuss, 1992). The migration of human PABP2 was
monitored in human-Drosophila heterokaryons pro-
duced by polyethylene glycol-induced fusion of HelLa
and SL2 cells (Fig. 1C—E). Heterokaryons were kept
in culture for up to 6 h in the presence or absence of
the protein synthesis inhibitor emetine. Specific iden-
tification of human PABP2 was possible because the
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FIGURE 1. PABP2 shuttles between nucleus and cytoplasm. HelLa cells were immunostained with affinity-purified anti-
PABP2 antibodies (A) and hybridized with a poly(U) riboprobe (B). PABP2 is detected exclusively in the nucleoplasm
whereas poly(A) RNA is detected in both cytoplasm and nucleoplasm. Within the nucleoplasm, PABP2 and poly(A) RNA
colocalize in speckles (arrows). C-E: Hela cells were fused with Drosophila SL2 cells to form heterokaryons. HelLa cells
were treated with emetine for 3 h before fusion. After fusion the cells were kept in culture for 3 h in the presence of emetine.
Heterokaryons were fixed and double-labeled with affinity-purified anti-PABP2 antibodies (C) and monoclonal 4F4 directed
against hnRNP C (D). E shows the corresponding phase-contrast image. F: The affinity-purified anti-PABP2 antibodies do
not react with SL2 nuclei. G shows the corresponding phase-contrast image. Bar = 10 um.

affinity-purified antibodies do not cross-react with Dro-
sophila proteins (Fig. 1F,G and data not shown). As a
control, heterokaryons were double-labeled with a
monoclonal antibody specific for human hnRNP C, a
protein that is always restricted to the nucleus (Pifiol-
Roma & Dreyfuss, 1992). In the absence of emetine,
both human PABP2 and hnRNP C proteins synthe-
sized in the cytoplasm of heterokaryons progres-
sively accumulated in the Drosophila nuclei (data not
shown). In contrast, when protein synthesis was in-
hibited, no human hnRNP C protein could be de-

tected in Drosophila nuclei, whereas human PABP2
was readily visible (Fig. 1C-E). Human PABP2 was
first detected in Drosophila nuclei at 3 h after fusion
and progressively accumulated thereafter (data not
shown). From this we conclude that during the course
of the experiment human PABP2 molecules migrated
from the HelLa nucleus to the cytoplasm of the het-
erokaryon and from there they were rapidly imported
into the Drosophila nucleus. Thus, PABP2 shuttles
between nucleus and cytoplasm, as recently reported
by others (Chen et al., 1999).
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Nuclear import of PABP2 is carrier mediated

PABP2 is a small protein (~33 kDa) that may cross
the diffusion channel of nuclear pore complexes. A
possible explanation for the observed nucleocytoplas-
mic shuttling could therefore be that PABP2 diffuses
bidirectionally through the pores but is predominantly
retained in the nucleus as it binds to the growing
poly(A) tails. To address this question, we analyzed
the nucleocytoplasmic distribution of PABP2 fused to
nonnuclear proteins. As reporter proteins we used GFP
(~27 kDa) and a form of firefly luciferase (~60 kDa)
containing a Leu — Val mutation that disrupts its per-
oxisomal targeting signal (Gould et al., 1989). As ex-
pected for relative small proteins with no specific
retention in any subcellular compartment, both GFP
and luciferase appear distributed throughout the cy-
toplasm and the nucleus (Fig. 2A,C). In contrast, the
chimeras GFP-PABP2 and luciferase-PABP2 are ex-
clusively detected in the nucleus, excluding nucleoli
(Fig. 2B,D). Moreover, both chimeras have a speck-
led distribution pattern in the nucleoplasm similar to
endogenous PABP2 (cf. Fig. 1A). Because the fusion
protein luciferase-PABP2 is too large (~90 kDa) to
enter the diffusion channel of nuclear pores, we con-
clude that import of PABP2 into the nucleus involves
a carrier-mediated mechanism.

GFP-PABP2

FIGURE 2. PABP2 targets heterologous proteins to the nucleus. HeLa
cells were transfected with either GFP (A), GFP-PABP2 (B), lucifer-
ase (C), or luciferase-PABP2 (D). Approximately 20 h after transfec-
tion, cells expressing GFP constructs were fixed in formaldehyde
and directly observed with the fluorescence microscope. Cells ex-
pressing luciferase constructs were fixed in formaldehyde, perme-
abilized with Triton X-100, and stained for immunofluorescence with
anti-luciferase antibodies. Both PABP2 chimeras are exclusively de-
tected in the nucleoplasm, with higher concentration in speckles (B,D,
arrows). Bar = 10 um.

A. Calado et al.

A key feature of carrier-mediated nuclear transport
is the recognition of specific signals present in the
substrate proteins. We therefore asked which domains
of PABP2 are important for its nuclear import. To in-
vestigate a potential role of the RNA-binding domain in
nuclear import, we analyzed the nucleocytoplasmic dis-
tribution of a mutant form of PABP2 (dmPABP2), which
contains a double-point mutation in the RNA-binding
domain (phenylalanine to alanine at position 215 and
tyrosine to alanine at position 175). In vitro, this mutant
binds to poly(A) approximately 20-fold less than wild-
type PABP2 (Nemeth, 1998). Both GFP-dmPABP2 and
luciferase-dmPABP2 chimeras are exclusively detected
in the nucleus (Fig. 3A and data not shown). How-
ever, in contrast with wild-type chimeras, the dmPABP2
fusion proteins are uniformly distributed in the nucleo-
plasm, with no concentration in speckles. Since poly(A)-
enriched speckles persist in these cells, the lack of
accumulation of dmPABP2 in these structures most
likely reflects failure of the mutant protein to interact
with poly(A) RNA (to be described in detail elsewhere).
Thus, nuclear targeting of PABP2 appears indepen-
dent of RNA binding.

PABP2 contains two additional structural motifs, an
acidic N-terminal domain containing basic patches and
an arginine-rich C-terminal domain. We therefore ana-
lyzed the localization pattern of both N- and C-terminal
deletion mutants. ANPABP2 contains a deletion of amino
acids 1-160, ACPABP2 contains a deletion of amino
acids 257-306 (Smith et al., 1999), and CPABP2 con-
tains only the C-terminal domain (amino acids 256—
306). The fusion GFP-ANPABP?2 is exclusively localized
within the nucleus (Fig. 3B), whereas GFP-ACPABP2
distributes evenly between the cytoplasm and the nu-
cleus (Fig. 3C). The fusion GFP-CPABP2 is exclusively
detected in the nucleus (Fig. 3D), implying that the nu-
clear import signal of PABP2 is present in the C-terminal
domain.

PABP2 binds transportin

The N-terminal domain of PABP2 contains a cluster
of basic residues reminiscent of a classical NLS (Fig. 3,
bottom diagram). However, deletion of this sequence
does not affect nuclear targeting (Fig. 3B), suggest-
ing that either PABP2 does not interact directly with
transport factors or that it uses a carrier distinct from
importin-a/p.

To identify a putative nuclear import receptor for
PABP2, a total HeLa cell extract was subjected to bind-
ing to immobilized recombinant PABP2. As RanGTP
causes the dissociation of an import substrate/import
receptor complex (Rexach & Blobel, 1995; Gorlich et al.,
1996; lzaurralde et al., 1997b; Siomi et al., 1997), the
binding of Hela cell proteins to immobilized PABP2 was
compared in the absence and presence of RanGTP
(Fig. 4). Among the proteins retained on the PABP2
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FIGURE 3. Targeting of PABP2 to the nucleus
requires the C-terminal domain. The overall or-
ganization of PABP2 is schematically illustrated
(bottom diagram). The protein consists of an
acidic N-terminal domain (amino acids 1-160),
followed by an RNA-binding domain (amino acids
161-256) and an arginine-rich C-terminal do-
main. The N-terminal domain contains a patch
starting with P followed by three basic amino
acids (R and H), which resembles a classical
type of NLS. The amino acid sequence of the
C-terminal domain is also indicated. The follow-
ing PABP2 constructs were fused to GFP and
transfected into HelLa cells: double-point mutant
in the RNA-binding domain (A), N-terminal de-
letion (B), C-terminal deletion (C), and C-terminal
domain (D). After 18-20 h, the cells were fixed
and directly observed with the fluorescence mi-
croscope. Note that the chimera containing the
N-terminal deletion is exclusively detected in the
nucleoplasm with higher concentration in speck-
les (B, arrows), whereas the C-terminal fusion
protein is concentrated in nucleoli (D, arrows),
but not in speckles. Bar = 10 um.
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column was a prominent band of ~90 kDa that showed
a RanGTP-sensitive mode of binding. Of the known
nuclear transport receptors importin 3 and transportin
fit this molecular weight. Immunoblotting with specific
antibodies to transportin and importin 8 demonstrated
that transportin but not importin 8 had been specifically
enriched on the PABP2 column in the absence of
RanGTP. This binding of transportin to PABP2 was con-
firmed using recombinant transportin, which bound spe-
cifically and directly to PABP2 from a total Escherichia
coli lysate (Fig. 4, right panel).

In conclusion, the specific and direct binding of trans-
portin to PABP2 suggests that transportin is the nu-
clear import receptor for PABP2.

Nuclear export of PABP2 is carrier mediated

The results obtained with interspecies heterokaryons
reveal that PABP2 molecules are transiently exported
from the nucleus to the cytoplasm. Given the small size
of PABP2, this could be the result of passive leakage
through the pores. To investigate whether PABP2 is
exported by diffusion or requires an energy-driven mech-
anism, we performed a temperature-shift assay, as de-
scribed by Michael et al. (1995). The rational for the
assay is that at 4°C both receptor-mediated nuclear
import and export are blocked, whereas diffusion is
unaffected. As a positive control we fused GFP to a
classical NLS (the SV40 large T antigen NLS) and ex-
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Binding of transportin to immobilised PABP2 from
Hela extract E.coli lysate
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FIGURE 4. PABP2 binds transportin. AHeLa cell
1lé= e extract (left panels) was subjected to binding to
- immobilized PABP2 in the absence or presence
o= o — ‘ * — & transportin of 2 uM RanQ69L (GTP). RanQ69L is a GTPase-
v deficient Ran mutant that is insensitive to cyto-
o — plasmic RanGAP1 and therefore remains in the
8= o GTP-bound form (Bischoff et al., 1994). After
—— extensive washing, bound proteins were eluted
. — . with 1 M MgCl,, precipitated and analyzed by
o — i : SDS-PAGE. The Coomassie stain shows a prom-
—— g inent band of around 90 kDa that disappears in
46= S el ' the presence of RanGTP (*). Western blotting
— 4 confirmed that transportin but not importin 8 had
il been specifically enriched from the HeLa extract
o on the PABP2 column in the absence of RanGTP.
3= — Note that recombinant transportin from a total E.
' coli lysate bound specifically and directly to im-
27= " ' mobilized PABP2 (right panel). The load in the
— bound fractions corresponds to 50 times the start-
— e - ing material in the Coomassie stains and 25 times
e s the starting material in the Western blots.
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pressed it in HelLa cells (Fig. 5A,C). As GFP is a small
protein (~27 kDa), it may diffuse across the pores, but
due to the presence of an NLS, it is actively imported.
At physiological temperature in the presence of a pro-
tein synthesis inhibitor, GFP-NLS diffuses out of the
nucleus. However, because it is rapidly reimported, the
protein is exclusively detected in the nucleus (Fig. 5A).
In contrast, at low temperature in the absence of pro-
tein synthesis, GFP-NLS continues to leak out of the
nucleus and, as NLS-mediated import is blocked, the
protein progressively accumulates in the cytoplasm
(Fig. 5C).

Contrasting with the results obtained with GFP-NLS,
the chimera GFP-PABP?2 is exclusively localized in the
nucleus at both 37 °C (Fig. 5B) and 4 °C (Fig. 5D). Tak-
ing into account that GFP-PABP2 shuttles between nu-
cleus and cytoplasm in heterokaryon assays (data not
shown), we may conclude that export of PABP2 is tem-
perature sensitive. This implies that transport of PABP2
to the cytoplasm involves a carrier-mediated pathway.
Consistent with this view, a fusion protein, luciferase-
PABP2 (which is too large to diffuse through the pores),
retains the ability to shuttle in a heterokaryon assay
(Fig. 6A,B).

Additionally, PABP2 was fused to the trypsin-resistant
core of nucleoplasmin (NPc; Laskey & Dingwall, 1993).
As NPc is normally retained in the nucleus (Laskey &

Dingwall, 1993; Michael et al., 1995), we asked whether
PABP2 can promote its export to the cytoplasm. Using
the interspecies heterokaryon assay we first confirmed
that a fusion protein, GFP-NPc-NLS, is not exported
from the nucleus (Fig. 6C). In contrast, a fusion of this
chimera with PABP2 does shuttle (Fig. 6D), demon-
strating that PABP2 can direct nuclear export of a pro-
tein that is normally confined to the nucleus.

Nuclear export of PABP2 is independent
of mRNA traffic

One possible explanation for the results described above
is that PABP2 piggybacks on poly(A) RNAs in transit to
the cytoplasm. Alternatively, export of PABP2 is the
active process and the RNAs are the passive cargo. An
experimental approach to distinguish these possibili-
ties consists of determining whether export of the pro-
tein requires RNA synthesis (see Stutz & Rosbash,
1998). The rationale for the experiment is the following.
If PABP2 is a passive cargo of mRNA, then treatment
of cells with actinomycin D should prevent shuttling,
because in the absence of ongoing transcription there
is no traffic of MRNA to the cytoplasm. In contrast, if
export of PABP2 is the active process it should con-
tinue in the absence of RNA synthesis, as previously
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demonstrated for hnRNP Al proteins (Pifiol-Roma &
Dreyfuss, 1992).

Hela cells were incubated with actinomycin D for 3 h
before fusion to Drosophila SL2 cells. As shown in Fig-
ure 7A—C, export of PABP2 continues under these con-
ditions. A similar result is observed when HelLa cells
expressing either GFP-PABP2 or luciferase-PABP2
were incubated with actinomycin D for 3 h before fu-
sion to mouse 3T3 cells (Fig. 7D—E,G—H). Incubation of
actinomycin D-treated cells at 4°C confirms that nei-
ther GFP-PABP2 nor luciferase-PABP2 chimeras dif-
fuse passively to the cytoplasm (Fig. 7Fl). Thus, PABP2

Luc.-PABP2

NPc.-PABP2
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GFP-PABP2

FIGURE 5. Temperature-sensitive nuclear ex-
port of PABP2. HelLa cells were transfected with
GFP-NLS (A,C) or GFP-PABP2 (B,D). After 18—
20 h, the cells were treated with a protein syn-
thesis inhibitor (20 ng/mL emetine) for 3 h and
then incubated in media containing emetine for
another 3 h at 37°C (A,B) or 4°C (C,D). At 37°C
both proteins are exclusively detected in the nu-
cleus due to active import. At 4°C, GFP-NLS is
detected in the cytoplasm because it passively
diffuses out of the nucleus whereas active nu-
clear import is blocked; in contrast, GFP-PABP2
remains restricted to the nucleus, indicating that
it does not leak to the cytoplasm by a passive
event. Bar = 10 um.

is exported to the cytoplasm by a carrier-mediated path-
way that is independent of mRNA traffic.

DISCUSSION

Export of mMRNA from the nucleus is an energy-
dependent process that relies on recognition of the
RNA substrate by specific transport receptors. Be-
cause mMRNAs in the nucleus associate tightly with
several proteins forming ribonucleoprotein particles
(hnRNPs or mRNPs), it is generally assumed that
transport is mediated by interaction of the receptors

FIGURE 6. PABP2 export involves a receptor-
mediated pathway. HelLa cells were transfected with
the following fusion proteins: luciferase-PABP2
(A,B), GFP-nucleoplasmin core (NPc)-NLS (C) or
GFP-nucleoplasmin core (NPc)-NLS-PABP2 (D).
Heterokaryons were formed with mouse NIH 3T3
cells and incubated for 3—6 h in the presence of
20 pg/mL emetine. Immunostaining with anti-coilin
antibody was used as a control because this pro-
tein is retained in the nucleus (B). Note that both
PABP2 chimeras shuttle from the Hela to the 3T3
nuclei. Bar = 10 um.
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hnRNP C

FIGURE 7. PABP2 export is independent from ongoing transcription. A--C: HelLa cells were cocultured with Drosophila SL2
cells and treated with inhibitors of protein synthesis and transcription (20 wg/mL emetine and 5 pg/mL actinomycin D) for
3 h. After PEG-induced fusion, the cells were incubated in medium containing both inhibitors for another 3—6 h. The resulting
heterokaryons were observed by phase contrast microscopy (C) and double labeled with anti-PABP2 and hnRNP C
antibodies (A,B). HelLa cells expressing GFP-PABP2 or luciferase-PABP2 were similarly treated with emetine and actino-
mycin D and fused to mouse 3T3 cells. D, E, G, and H show that both PABP2 chimeras shuttle from the Hela to the 3T3
nuclei. To exclude that nuclear export of PABP2 is due to diffusion, cells expressing these chimeras were treated with
emetine and actinomycin D for 3 h and then incubated at 4 °C for another 3 h (F,l). Bar = 10 um.

with specific nuclear export signals present in the RNA-
binding proteins (Lee & Silver, 1997; Nakielny et al.,
1997; Stutz & Rosbash, 1998). This model is sup-
ported by the finding that a subset of hnRNP pro-
teins shuttle between the nucleus and the cytoplasm
and contain a transferable nuclear export signal. In
addition to hnRNP proteins, the poly(A) tails of all
mMRNAs in the nucleus of mammalian cells are coated
with molecules of poly(A)-binding protein Il (Kihn &
Wahle, 1997). The data reported here demonstrate
that similarly to the shuttling hnRNP proteins, PABP2
is exported to the cytoplasm by a carrier-mediated
mechanism that is independent of mRNA traffic. Thus,
PABP2 may also participate in the process of mRNA
transport.

The overall organization of PABP2, with an acidic
N-terminal domain containing basic patches, followed by

an RNA-binding domain and an arginine-rich C-terminal
domain, is reminiscent of the nucleolar protein nucleo-
lin (Nemeth et al., 1995), which also shuttles between
the nucleus and the cytoplasm (Borer et al., 1989). In this
regard it is noteworthy that the C-terminal domain of
PABP2 expressed as a chimera with GFP is predomi-
nantly localized in the nucleolus, whereas all other forms
of the protein are excluded from this compartment
(cf. Fig. 3).

All macromolecules in transit between nucleus and
cytoplasm are routed through the nuclear pore com-
plexes, which form aqueous channels penetrating and
fusing the double bilayer membrane of the nuclear en-
velope. Nuclear pore complexes contain a diffusion
channel 9 nm in diameter that allows passive move-
ment of small molecules in and out of the nucleus,
whereas globular molecules greater then 60—70 kDa
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fail to diffuse across the pores at a significant rate.
However, macromolecular complexes as large as 25-50
MDa can be translocated through the pores by active
or facilitated transport mechanisms. In response to spe-
cific signals, the nuclear pore complex undergoes a
change in conformation and expands the channel to a
maximum of approximately 25 nm in diameter (for re-
cent reviews, see Nigg, 1997; Ohno et al., 1998).
The predicted molecular weight of PABP2 is ~33
kDa (Nemeth et al., 1995) and therefore, if the protein
is present in the cell as free monomers, it is expected
to passively diffuse through the pores and therefore
equilibrate between the nucleus and the cytoplasm.
However, our finding that PABP2 targets to the nucleus
a fusion protein (luciferase-PABP2, predicted molecu-
lar weight ~90 kDa) that is too large to cross the pores
by simple diffusion provides evidence for involvement
of a carrier-mediated mechanism. This is further sup-
ported by the result that PABP2 binds directly and spe-
cifically to the nuclear import receptor transportin.
Until a few years ago, nuclear import studies were
centered on proteins carrying either a mono- or a
bipartite NLS being recognized by a heterodimeric
carrier named importin «/B. However, recent work led
to the discovery of a second pathway for protein im-
port mediated by an importin-gB-related protein, termed
transportin in mammals (Pollard et al., 1996) and
Kapl04p in yeast (Aitchison et al., 1996). In mam-
mals transportin mediates import of a subset of hnRNP
proteins, the best characterized of which is hnRNP
Al (Pollard et al., 1996; Siomi et al., 1997). The sig-
nal within hnRNP Al that mediates its nuclear import
is a stretch of 38 C-terminal amino acids termed the
M9 domain (Siomi & Dreyfuss, 1995). Because hnRNP
proteins are very abundant (106-107 copies per cell),
it has been speculated that transportin has evolved
as a specialized carrier for these high abundance sub-
strates, contrasting with the importin-a/B8 carrier that
recognizes a broad range of cargoes but with most
members present at relatively low abundance (Nigg,
1997, Gorlich, 1997). The data presented here dem-
onstrate that PABP2 binds directly to transportin, thus
providing evidence that PABP2 is a novel substrate
for this carrier. Importantly, PABP2 dissociates from
transportin in the presence of RanGTP, suggesting
that, in vivo, the high concentration of RanGTP in the
nucleus triggers release of the cargo (PABP2) into
the nucleoplasm, as previously demonstrated for the
importin-«/B-mediated import pathway (Gorlich, 1997,
Izaurralde et al., 1997b; Siomi et al., 1997). The data
also suggest that the NLS of PABP2 is contained in
its C-terminal domain. However, the C-terminal se-
quence of PABP2 (Fig. 3, bottom diagram) shows no
apparent homology with the M9 signal, raising the
possibility that it represents a novel type of NLS.
An interesting feature of the C-terminus of PABP2
is that it is very rich in arginine residues, almost all of
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which are dimethylated (Smith et al., 1999). N€ N&-
dimethylarginine is also a common modified amino
acid in hnRNP proteins (Beyer et al., 1977; Boffa et al.,
1977), and more recently, arginine methylation was
shown to be important for the nuclear export of shut-
ting hnRNP proteins in yeast (Shen et al., 1998).
Therefore, an important question to be addressed in
future studies is whether dimethylated arginines in the
C-terminal domain of PABP2 play a role in transport
of the protein in and out of the nucleus.

In conclusion, the results presented here indicate that
PABP2 is exported to the cytoplasm by a facilitated
transport pathway that acts independently from RNA
synthesis, thus suggesting that this protein may play a
role in mRNA transport similarly to shuttling hnRNPs
(Pollard et al., 1996; Izaurralde et al., 1997a).

MATERIALS AND METHODS

Cell culture, immunofluorescence,
and in situ hybridization

HelLa and NIH 3T3 cells were cultured as monolayers in
Modified Eagle’s medium (MEM) and Dulbecco’s Modified
Eagle’s medium (DME), respectively. Drosophila SL2 cells
were grown in suspension in Schneider’s Medium. All media
were supplemented with 10% fetal calf serum (FCS; Gibco).

Cells grown on 10 X 10 mm coverslips were briefly rinsed
in phosphate buffered saline (PBS) and fixed in 3.7% form-
aldehyde (freshly prepared from paraformaldehyde) diluted
in either PBS or HPEM buffer (30 mM HEPES, 65 mM PIPES,
10 mM EGTA, 2 mM MgCl,, pH 6.9) for 10 min at room
temperature. The cells were then permeabilized with 0.5%
Triton X-100 in PBS (or HPEM buffer) for 10 min at room
temperature.

For immunofluorescence, the cells were rinsed in PBS con-
taining 0.05% Tween 20 (PBS-Tw), incubated for 1 h with
primary antibodies diluted in PBS, washed in PBS-Tw, and
incubated with appropriate secondary antibodies for 30 min.
After washing in PBS-Tw, the samples were mounted in
VectaShield (Vector Laboratories, UK). Secondary antibod-
ies conjugated to FITC or Texas red were obtained from Jack-
son ImmunoResearch Laboratories, USA.

Endogenous PABP2 was visualized using a polyclonal se-
rum previously described (Krause et al., 1994). Affinity-purified
antibodies were obtained using recombinant PABP2 ex-
pressed in E. coli from plasmid pGM10-PABP2 (Smith et al.,
1999). Additionally, the following antibodies were used: mono-
clonal antibody 4F4 directed against hnRNP C protein (Choi
& Dreyfuss, 1984); rabbit polyclonal antibodies directed against
luciferase (Promega); and monoclonal antibody delta di-
rected against human p80 coilin (Almeida et al., 1998).

In situ hybridization to detect poly(A) RNA was performed
as described previously (Gama-Carvalho et al., 1997).

Construction and expression
of fusion proteins

The cDNA encoding bovine PABP2 was subcloned from the
pGM10-PABP2 prokaryotic expression vector (Smith et al.,
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1999) into the pEGFP-C1 protein fusion vector (Clontech).
pGM10-PABP2 was cut with Ndel and the recessed 3’ ends
were filled in. The linear plasmid was then cut with BamHI
and the Ndel(filled in)-BamHI fragment encoding the cDNA
of PABP2 was purified. The pEGFP-C1 was cut with Smal
and BamHI, and ligated to the cDNA fragment. The same
strategy was used to subclone the cDNAs for PABP2 mutants.

To construct the pEGFP-NLS and pEGFP-NLS-PABP2 ex-
pression vectors, two complementary oligonucleotides with
the sequences 5'-A GCT TGG ATC CCT AAG AAG AAG
CGAAAG GTT TCT GCA-3' (5" — 3’) and 5'-GAAAC CTT
TCG CTT CTT CTT AGG GAT CCA-3’ (3' — 5') were syn-
thesized (Gibco-BRL). The annealed oligonucleotide product
was inserted between the EGFP gene and the cDNA of PABP2
using the Hindlll and Pstl sites of the pEGFP-PABP2 vec-
tors. This introduces the sequence encoding the NLS of the
large T antigen from the SV40 virus into pEGFP and pEGFP-
PABP2 vectors. The oligonucleotide also provides a new re-
striction site for BamHI that was used to confirm insertion. A
similar approach was used to construct the pEGFP-NLS vector.

To fuse PABP2 to luciferase, we have made use of plasmid
pBluescript KS+LL/V. First, this plasmid was cut with HindlIII
and Pstl, and the fragment encoding the luciferase gene was
purified. This was subcloned into the Hindlll and Pstl sites of
pSE280 (Invitrogen). This plasmid was then cut with EcoNI
and the recessed 3’ ends generated were filled in. Sub-
sequently the linear plasmid was cut with Bg/ll. The product
containing the luciferase gene deleted in 31 nt at the 3’ end
was purified and ligated to the cDNAs of PABP2 isolated as
described above. Finally, the pSE280-luciferase-PABP2 vec-
tor was cut with Hindlll and Sall, and the fragment containing
the luciferase-PABP2 fusion gene was then purified and sub-
cloned into the Hindlll and Sall sites of pPCMV5 (Andersson
et al., 1989), thus generating the pCMV5-Luciferase-PABP2
vector. To produce the pCMV5-luciferase plasmid, the HindlIl-
Pstl fragment encoding the luciferase gene was subcloned
into the Hindlll and Pstl sites of pCMV5.

The pEGFP-NPc-NLS and pEGFP-NPc-NLS-PABP2 ex-
pression vectors were constructed from plasmid pcDNA3-
myc-NPc, which contains the sequence that encodes amino
acids 2—-150 of the trypsin-resistant NPc (Michael et al., 1995).
This plasmid was cut with EcoRI and the recessed 3’ ends
were filled in. The plasmid was then cut with BamHI and the
NPc-encoding fragment was purified. The pEGFP-NLS and
PEGFP-NLS-PABP2 vectors were cut with Hindlll, and the
recessed 3’ ends filled in. The linear plasmids were cut with
Bglll and then ligated with the NPc-coding fragment.

Final DNA constructs were purified using the Qiagen plas-
mid midi kit, and transfection of HelLa cells was performed
using either the calcium phosphate method (Sambrook et al.,
19809), Lipofectin (Gibco, BRL) or FuGene 6 (Boehringer Mann-
heim), according to the manufacturer’s instructions.

Heterokaryon assay

For HelLa X SL2 heterokaryons, HelLa cells were grown to
subconfluent density on glass coverslips for 1 day. To induce
adhesion, the SL2 cells were washed and seeded onto the
Hela coverslips in serum-free MEM for 15 min at 29 °C in the
presence of 5% CO,. Then the medium was replaced by
MEM supplemented with 10% FCS, and the cells were incu-
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bated for 3 h at 29 °C in an atmosphere of 5% CO,, in either
presence or absence of emetine (20 ng/mL). To induce cell
fusion, the coverslips were rinsed in PBS and placed on a
drop of polyethylene-glycol (PEG 1500; Boehringer Mann-
heim) for 2 min. The coverslips were then washed in PBS and
further incubated in culture medium for periods of 1, 2, 3, and
6 h. For HeLa X 3T3 heterokaryons, 3T3 cells were seeded
onto the Hela coverslips (at subconfluent density) and al-
lowed to adhere for 3 h in DME supplemented with 10% FCS.
Atfter cell fusion, the heterokaryons were incubated for 3—6 h.

Microscopy

Fluorescently labeled samples were analyzed using the laser
scanning microscope Zeiss LSM410 equipped with an Argon
lon laser (488 nm) to excite FITC fluorescence and a helium-
neon laser (543 nm) to excite Texas Red fluorescence. For
double-labeling experiments, images from the same focal
plane were sequentially recorded in different channels and
superimposed. To obtain a precise alignment of superimposed
images, the equipment was calibrated using multicolor fluo-
rescent beads (Molecular Probes, Eugene, Oregon), and a
dual-band filter that allows simultaneous visualization of red
and green fluorescence.

Cloning and expression of
recombinant zzPABP2

A construct for the expression of a zz-tagged PABP2 was
obtained by cloning a Ncol/BamHI fragment from pGM10-
PABP2 into the zz-60 vector. This vector is a derivative of
PQE®6O with two z tags (IgG-binding domain of protein A). The
resulting fusion contains two N-terminal z-tags followed by a
His-tag and PABP2. zzPABP2 was expressed in E. coli XL 1
at 25 °C. Disruption of the cells and purification on nickel-NTA
agarose was in 2X PBS.

Binding assays

The preparation of the HeLa extract was as described (Kutay
et al. 1997). The expression and purification of recombinant
human transportin and RanQ69L have also been described
(Izaurralde et al., 1997b).

Recombinant zzPABP2 was immobilized on IgG-Sepharose
4B at a concentration of 1 mg/mL of resin. All binding exper-
iments were performed in 50 mM HEPES, pH 7.6, 150 mM
NacCl, 75 mM potassium acetate and 5 mM magnesium ace-
tate. For each sample, 20 uL of affinity matrix were incubated
with either 500 uL of HeLa extract or 200 uL of transportin ly-
sate in a total volume of 1.5 mL for 4 h at 4°C. Where indi-
cated RanQ69L was added to 2 uM. After binding, beads were
washed four times with 50 mM HEPES, pH 7.6, 200 mM NacCl,
25 mM potassium acetate, and 5 mM magnesium acetate. Elu-
tion was with 50 mM Tris-HCI, pH 7.5, 1 M MgCl,. Samples
were precipitated with 90% isopropanol and dissolved in SDS
sample buffer.
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