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Abstract. Tpr is a 270-kD coiled-coil protein localized
to intranuclear filaments of the nuclear pore complex
(NPC). The mechanism by which Tpr contributes to the
structure and function of the nuclear pore is currently
unknown. To gain insight into Tpr function, we ex-
pressed the full-length protein and several subdomains
in mammalian cell lines and examined their effects on
nuclear pore function. Through this analysis, we identi-
fied an NH,-terminal domain that was sufficient for as-
sociation with the nucleoplasmic aspect of the NPC. In
addition, we unexpectedly found that the acidic COOH
terminus was efficiently transported into the nuclear in-
terior, an event that was apparently mediated by a pu-
tative nuclear localization sequence. Ectopic expression

of the full-length Tpr caused a dramatic accumulation
of poly(A)* RNA within the nucleus. Similar results
were observed with domains that localized to the NPC
and the nuclear interior. In contrast, expression of
these proteins did not appear to affect nuclear import.
These data are consistent with a model in which Tpr is
tethered to intranuclear filaments of the NPC by its
coiled coil domain leaving the acidic COOH terminus
free to interact with soluble transport factors and medi-
ate export of macromolecules from the nucleus.
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lope, a double-membraned organelle that forms

the interface between the nucleoplasmic and cyto-
plasmic compartments (reviewed in Goldberg and Allen,
1995). The inner and outer membranes of the nuclear en-
velope are connected at discrete structures, the nuclear
pore complexes (NPCs)!, which mediate the flow of traffic
between the nucleus and cytoplasm (for review see Gor-
lich and Mattaj, 1996). The primary feature of the NPC is
a symmetrical framework surrounding a central gated
channel embedded within the double membranes of the
nuclear envelope (Hinshaw et al., 1992; Akey and Rader-
macher, 1993; reviewed in Panté and Aebi, 1994). An ex-
tensive array of filamentous structures protrudes from

THE cell nucleus is demarcated by the nuclear enve-
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each side of the nuclear pore (Ris, 1991). On the cytoplas-
mic face, 8 fibrils extend from the framework to a distance
of ~100 nm. These filaments are thought to have binding
sites that serve as docking areas for proteins being trans-
ported into the nucleus (Newmeyer and Forbes, 1988;
Richardson et al., 1988; Melchior et al., 1995; Wu et al.,
1995; for review see Panté and Aebi, 1995). The nucleo-
plasmic face of the NPC has 8 shorter (50-100 nm) fila-
ments that project into the nucleus and are joined at their
distal ends by a ring-like structure with a diameter of 30—
50 nm (Jarnik and Aebi, 1991; Ris, 1991). These filaments
and their connecting ring form a structure with a basket-
like appearance that is presumed to act in a manner analo-
gous to the cytoplasmic fibrils and bind to substrates in the
process of being exported through the nuclear pore (Bas-
tos et al., 1996). A further series of intranuclear filaments
extending in a cylindrical array as far as 300 nm from the
basket structure has been described in amphibian oocytes
(Ris and Malecki, 1993; Cordes et al., 1993, 1997).

A remarkable number of NPC proteins (collectively re-
ferred to as nucleoporins) have been identified and char-
acterized in recent years (reviewed in Bastos et al., 1995;
Doye and Hurt, 1997). A variety of approaches has been
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taken to define the relative positions of nucleoporins within
the NPC, to determine their interactions with one another,
and to identify specific functions for individual compo-
nents of the NPC. Many of the vertebrate nucleoporins
have been localized by immunogold microscopy to specific
substructures of the NPC (reviewed in Panté and Aebi,
1996). In yeast, a number of genetic approaches have es-
tablished interactions between many NPC proteins and
have identified NPC and nuclear envelope abnormalities
induced by disruptions in genes encoding particular nucle-
oporins (for example see Aitchison et al., 1995; Heath et
al., 1995; Pemberton et al., 1995; Nehrbass et al., 1996; for
review see Doye and Hurt, 1995). Experiments such as
these have defined interactions between subcomplexes of
the NPC and have established a model for NPC architec-
ture in which a number of nucleoporins interact to form
the central core region of the NPC and serve as a framework
to position and support the nucleoporins directly involved
in nucleocytoplasmic transport (Kenna et al., 1996; Nehr-
bass et al., 1996; Zabel et al., 1996). The expression of
nucleoporin cDNAs in mammalian cells has identified
functional domains for individual proteins and has pro-
vided evidence for specific roles in nuclear transport and
NPC assembly (Fornerod et al., 1995; Bastos et al., 1996,
1997). For instance, overexpression of the nucleoplasmic
nup153 leads to disruption of the mRNA export pathway
but does not appear to affect the import of proteins bear-
ing a classical nuclear localization signal (NLS; Bastos et
al., 1996). This approach should be useful in defining func-
tional domains and specific roles for many of the verte-
brate nucleoporins, particularly those which have not yet
been directly implicated in the nuclear transport process.
Many nucleoporins belong to a family with highly repet-
itive motifs conforming to the single-letter amino acid con-
sensus XFXFG or GLFG (see for example Davis and
Blobel, 1986; Snow et al., 1987; Starr et al., 1990). FG re-
peat-containing nucleoporins have been localized to the
cytoplasmic fibrils, the central channel region and the nu-
cleoplasmic basket domain of the NPC (Panté et al., 1994;
Hu et al., 1996), and they interact with soluble transport
factors in vitro (Iovine et al., 1995; Radu et al., 1995; Rex-
ach and Blobel, 1995). While the functions of these pro-
teins have not been determined in vivo, their localization
throughout the NPC and their ability to directly interact
with soluble transport factors has led to suggestions that
transport occurs by sequential binding reactions between
the FG repeat domains and complexes transiting the NPC
(Radu et al., 1995). Consistent with this model is the iden-
tification of a family of soluble receptors that mediate the
transport of specific classes of macromolecules through
the NPC. These receptors share distant homology to the
shuttling carrier importin B, which is responsible for the
import of substrates containing a classical NLS (Gorlich
et al., 1995; Moroianu et al., 1995), and like importin 3, all
of these receptors have been shown to bind to various sub-
sets of FG repeat nucleoporins in vitro (Pollard et al.,
1996; Fornerod et al., 1997; Kutay et al., 1997; Pemberton
et al., 1997; Rosenblum et al., 1997; Siomi et al., 1997,
Stade et al., 1997). Recently, the use of Xenopus extracts
to probe for molecular interactions between nucleoporins
and importin  has shown that at least some of these inter-
actions also occur in vivo (Shah, et al., 1998). These studies
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have also indicated that nucleoporins that do not contain
FG-repeat domains may also be binding sites for importin
B and perhaps other nuclear transport receptors as well.

In this report, we present an analysis of the NPC-associ-
ated protein Tpr (for translocated promoter region), a
protein originally identified as the oncogenic activator of
the met, raf, and trk protooncogenes (Park et al., 1986; So-
man et al., 1991; Greco et al., 1992). Tpr is a very large
(~270 kD) protein with a bipartite structure consisting of
an ~1,600-residue NH,-terminal domain that is almost en-
tirely an a-helical coiled-coil followed by a highly acidic
noncoiled COOH terminus (Mitchell and Cooper, 1992).
Chromosomal translocations resulting in the fusion of the
~140-230 NH,-terminal residues of Tpr with the protein
kinase domains of the protooncogenes met, raf, and trk
have been implicated in cellular transformations and hu-
man tumors (Park et al., 1986; Soman et al., 1991; Greco
et al., 1992). Tpr was initially thought to be a component
of the fibrils emanating from the cytoplasmic face of the
NPC (Byrd et al., 1994; Bangs et al., 1996), but was subse-
quently shown to be localized exclusively to intranuclear
filaments associated with the nucleoplasmic side of the
NPC (Cordes et al., 1997), a finding in agreement with
data from this laboratory (see below) and others (Shah,
et al., 1998). A Drosophila homologue of Tpr, Bx34, has
been identified and is localized to the nuclear interior (Zi-
mowska et al., 1997). Recently, Tpr has been shown to ex-
ist in vivo complexed to importin 3, suggesting that the
protein may serve as a binding site for this NLS receptor.
In this study, we identify a region of Tpr that is responsible
for its association with the NPC. By doing so, we provide
evidence that the mechanism of oncogenic transformation
by Tpr fusion proteins probably does not involve interac-
tions with the NPC. We also identify a region of Tpr that
directs localization to the nuclear interior but does not as-
sociate with the NPC. Finally, we demonstrate that Tpr,
when overexpressed in cultured mammalian cells, blocks
the export of polyadenylated mRNA from the nucleus, but
does not appear to affect protein import.

Materials and Methods

Cell Culture

BHK, COS, and Hela cells were maintained at 37°C under 5% CO, in
DMEM supplemented with 10% FBS, penicillin/streptomycin, and 2 mM
L-glutamine (GIBCO BRL, Gaithersburg, MD).

Antibodies

The monoclonal antibody 12CAS, which is specific for the influenza virus
hemagglutinin (HA) epitope is commercially available (Berkeley Anti-
body Co., Inc., Richmond, CA). Rabbit polyclonal antibodies raised
against the same epitope were a gift from Dr. Michael Czech (University
of Massachusetts, Worcester, MA). The anti-Tpr monoclonal antibody
203.37 was obtained from Matritech, Inc. (Cambridge, MA). A rabbit
anti-lamin B antibody was a gift from Dr. Howard Worman (National In-
stitutes of Health, CHHD, Bethesda, MD). The rabbit anti-nup358 poly-
clonal antibodies were a gift from Dr. Jiang Wu (Rockefeller University,
New York, NY; Wu et al., 1995). The monoclonal antibody QES is de-
scribed by Panté et al. (1994).

Plasmid Constructions

The expression vector pHA1 was a gift from Dr. Michael Green (Univer-
sity of Massachusetts, Worcester, MA) and contains a cDNA encoding the
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13-amino acid influenza virus HA epitope (Field et al., 1988) just up-
stream of the HindIII site in the polylinker of pcDNA I (Invitrogen, Mad-
ison, WI). HA-tagged Tpr constructs were obtained by insertion of the ap-
propriate Tpr cDNA fragments into the polylinker of pHA1l. cDNA
fragments encoding the desired Tpr sequences were obtained from either
pT7Tpr, which contains the full-length human Tpr cDNA (a gift from Dr.
Larry Gerace, Scripps Institute, La Jolla, CA; Byrd et al., 1994) or from
Hela cDNA clones AZ203-1 and AZ203-5, which together encode all but
the first 67 amino acids of Tpr (Bangs et al., 1996). Tpr fragments were ob-
tained by restriction digests or PCR amplification of the desired domains.
Primers used for amplification had restriction sites engineered into them
to allow for in-frame insertion into pHA1. GFP-tagged constructs were
obtained by inserting the appropriate cDNA fragments into pEGFP
(CLONTECH Laboratories, Inc., Palo Alto, CA) such that Tpr domains
were translated with a COOH-terminal GFP fusion.

Transfections

Plasmids were prepared for transfections using QIAGEN Maxi Plasmid
Kits (QIAGEN Inc., Chatsworth, CA). Transfections of HA-tagged Tpr
cDNA constructs were done by electroporation using a Cell-Porator
(GIBCO BRL, Gaithersburg, MD). Log phase COS cells were trypsinized
to remove them from the tissue culture plates and pelleted at 300 g
through complete media. Cells were resuspended in complete media to
~10° cells per ml. 1 ml of cells were transferred to electroporation cham-
bers, 2-5 pg of the appropriate DNA was added to the cells, and the cells
were electroporated using 300 V at a capacitance of 1,160 nF. Cells were
then immediately dispensed into fresh media and plated onto 150-mm tis-
sue culture plates. Plates generally included glass coverslips to be used for
immunofluorescence microscopy.

Transfection of BHK cells was by calcium phosphate precipitation
(Graham and van der Eb, 1973).

Immunaofluorescence

Cells were processed 24-36 h after transfection when they were ~50%
confluent. In cases where cells were preextracted before fixation, cover-
slips were rinsed twice with PBS and cells were extracted in room temper-
ature permeabilization buffer (80 mM Pipes, pH 6.8, 5 mM EGTA, 1 mM
MgCl,, 0.5% Triton X-100) two times for 2 min each. Cells were then
fixed at room temperature for 15 min in 3.7% formaldehyde/PBS, washed
three times with PBS, and blocked 15 min in PBS containing 1% BSA and
0.5% Triton X-100 (PBSAT) before incubation with primary antibodies.
In cases where cells were fixed before being permeabilized, coverslips
were rinsed twice in PBS, fixed 15 min in 3.7% formaldehyde/PBS at
room temperature, and then extracted two times for 2 min in permeabili-
zation buffer. Cells were then washed three times with PBS and blocked
for 15 min in PBSAT. Cells were incubated with primary antibodies at
room temperature for 45 min, washed with PBSAT, and incubated with
fluorescently labeled secondary antibodies for 20 min. After three washes
with PBSAT, cells were incubated with 25 ng/ml DAPI (30 s) to counter-
stain DNA and mounted on glass slides with Vectashield (Vector Labora-
tories, Inc., Burlingame, CA). Primary antibodies were used at the follow-
ing dilutions in PBSAT: anti-HA monoclonal antibody 12CAS, 1:2,000;
anti-HA polyclonal antibodies, 1:2,000; anti-Nup358 polyclonal antibod-
ies, 1:20,000; QES monoclonal antibody, 1:250. Secondary antibodies (di-
luted in PBSAT) were donkey anti-mouse IgG conjugated to CY3 and
goat anti-rabbit IgG conjugated to FITC (Jackson ImmunoResearch Lab-
oratories, Inc., West Grove, PA).

For differential permeabilization with digitonin, cells on coverslips
were washed twice with ice-cold PBS and fixed with cold 3.7% formalde-
hyde. Hela cells were permeabilized in 0.004% digitonin in PBS for 10 min
at 4°C. COS cells were permeabilized in 0.001% digitonin for 10 min at
4°C. Antibody incubations were as described above except that antibody
diluent and washes were PBS with 1% BSA rather than PBSAT.

For the majority of experiments, cells were observed with a Zeiss Ax-
ioplan microscope (Carl Zeiss, Thornwood, NY) through either a 63X
Plan-Apochromat 1.4 NA objective or a 100X Plan-Neofluar 1.3 NA ob-
jective. Images were obtained through a Xillix Technologies Microimager
CCD camera (Richmond, BC, Canada) using BDI software (Biological
Detection Incorporated, Pittsburgh, PA). For the import/export analyses,
a Leica DMRB microscope equipped with 63X PL Apo 1.4 NA and PL
Fluotar 100X 1.3 NA objectives was used. In this case images were col-
lected using a Princeton Instruments Micromax cooled CCD camera
(Trenton NJ). Images were processed and prepared for figures using
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Adobe PhotoShop (Adobe Systems, San Jose, CA) and Canvas (Deneba
Systems, South Miami, FL) software.

Immunoelectron Microscopy

Cells were transfected with the Tpr domain 400-649 as in immunofluores-
cence experiments (above). We found that the optimal fixation conditions
for EM analysis were to prepermeabilize cells for 30 s with cold permeabi-
lization buffer then fix in 4% formaldehyde, 0.05% glutaraldehyde in PBS
for 5 min. While increasing the glutaraldehyde concentration improved
the ultrastructure of pores, the reactivity of the HA antibody was dimin-
ished. Without prepermeabilization, penetration of the gold antibody was
significantly impaired. Since the nuclear membranes are removed in pro-
cessing, the pores appear as dense tufts of material that project from the
edge of the nuclei into the cytoplasm. Staining for nup358 confirmed that
these structures were nuclear pores. After fixation, cells were processed
for gold labeling as previously described (Doxsey et al., 1994).

Immunoprecipitations

Cells were lifted from tissue culture plates by trypsinization, pelleted
through complete media and washed twice with 5 ml cold PBS. Triton
X-100-soluble fractions were obtained by lysing cells in permeabilization
buffer with proteinase inhibitors (40 mg/ml bestatin, 0.7 mg/ml pepstatin,
50 mg/ml phenylmethylsulfonyl fluoride, 2 mg/ml aprotinin, 2 mg/ml leu-
peptin, and 1 mg/ml E64; Boehringer Mannheim Corp., Indianapolis, IN)
for 10 min at 4°C and then centrifuging at top speed in a 4°C microfuge for
30 min. Supernatants were transferred to fresh tubes. Triton X-100-insol-
uble pellets were washed with permeabilization buffer, solubilized in
RIPA buffer (150 mM NaCl, 1%NP-40, 0.5% deoxycholate, 0.1% SDS,
50 mM Tris, pH 8.0) containing proteinase inhibitors for 10 min at 4°C and
centrifuged as before. Supernatants were transferred to fresh tubes. HA-
tagged proteins were immunoprecipitated by incubation with 1.2 ng
12CAS antibody while rotating for 2 h at 4°C. 30 pl of a 50% slurry of
protein G-Sepharose (Pharmacia, Uppsala, Sweden) in permeabilization
buffer and proteinase inhibitors was added and rotated for 60 min. The
beads were pelleted and washed three times with permeabilization buffer
before SDS-PAGE.

SDS-PAGE/Western Blots

Protein samples were resolved according to the method of Laemmli
(Laemmli, 1970). Proteins were transferred onto PVDF membrane (Milli-
pore, Bedford MA) using the semi-dry blotting technique of Kyhse-
Anderson (Kyhse-Andersen, 1984). The membranes were blocked, incu-
bated with antibodies (1:3,000 anti-HA polyclonal), and reactive bands
were visualized, all according to the manufacturer’s instructions for
the Immun-Lite chemiluminescent system (Bio-Rad Laboratories, Her-
cules, CA).

In Situ Hybridization

Fluorescence in situ hybridization with a biotinylated oligo-dT 45 mer
(prepared with a 5’ biotin by the University of Calgary Oligonucleotide
Synthesis Facility, Calgary, Alberta, Canada) and subsequent double la-
beling with fluorescent antibodies was carried out on transfected and non-
transfected BHK cells exactly as previously described (Bastos et al., 1996).

Results

HA-tagged Full-Length Tpr Localizes to the NPC

To identify functional domains of Tpr, a series of HA-
tagged constructs of the human Tpr was developed and
expressed in COS cells. Localization of Tpr proteins to
specific cellular domains was determined by immunofluo-
rescence microscopy. A summary of the relevant con-
structs and localizations of the expressed proteins is pro-
vided in Fig. 1.

Expression of the full-length HA-tagged Tpr (HA-Tpr)
resulted in a fine punctate pattern at the surface of the nu-
cleus as expected for a protein associated with NPCs (Fig.
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tagged Tpr constructs and
o 1-2348 + + expression phenotypes. Sche-
mn 1-256 - - matic diagrams of the Tpr
e 1-304 - - - constructs used for transfec-
oo { .7 34 + - tion studies. All constructs
mmmmn 380-649 + - + were tagged at the NH, ter-
fE=== 400-649 *: 2 mini with an HA-epitope.
===l 435.649 + - The localization phenotypes
== 435-605 - - for all constructs are shown
== | 400-541 - - at right as are the RNA ex-
¢ == 514-649 - port phenotypes for the indi-
: i 632-2348 - + + cated proteins. The func-
1626-2348 e e —— - E tional domains for Tpr and
1626-1989  |=== = * the Tpr-Met fusion domain
1989-2348 T - - are indicated by dotted lines.

2 A). At low to moderate levels of expression, HA-Tpr lo-
calized exclusively to the surface of the nucleus with an oc-
casional focus of staining in the nuclear interior, a pattern
indistinguishable from endogenous Tpr (Bangs et al., 1996;
Cordes et al., 1997).

To determine whether HA-Tpr associated with the NPC,
we used double-label immunofluorescence microscopy
with antibodies to other components of the NPC. As
shown in Fig. 2 A, the anti-HA staining pattern precisely
overlapped with the staining pattern seen for the QES5 an-
tibody that reacts with several nucleoporins (Panté et al.,
1994), although the relative intensity of the two staining
patterns differed at some locations. This result demon-
strated that, within the limits of resolution of the light mi-
croscope, HA-Tpr colocalized with the NPC.

Next, we determined which side of the nuclear envelope
HA-Tpr was on. To accomplish this, we expressed HA-
Tpr at higher levels that caused accumulation of the pro-
tein within the nuclear interior and at cytoplasmic foci, in
addition to the prominent NPC localization (Fig. 2, B and
C). The presence of cytoplasmic foci allowed the detection
of the full-length HA-Tpr in cells that had been differen-
tially extracted with digitonin, as in Fig. 2. In brief, like the
endogenous protein, HA-Tpr was not detected at the NPC
when the plasma membrane was permeabilized with digi-
tonin, but became accessible only after the nuclear mem-
brane was permeabilized with Triton X-100, indicating
that HA-Tpr was localized to the nuclear face of the NPC

(Fig. 2).

The Tpr-Met Fusion Domain Does Not Localize
to the NPC

Having shown that a full-length HA-tagged Tpr would lo-
calize to the NPC, we next constructed a series of HA-
tagged truncations of Tpr to identify functional domains of
the molecule. Since the NH,-terminal region of Tpr is in-
volved in the activation of the Met oncogene (Mitchell and
Cooper, 1992), we determined whether this domain was
involved in the localization of Tpr to the NPC and thus in
localization of the protein kinase domain of the Met onco-
protein to the NPC. Fig. 3 A shows a schematic diagram of
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the clones used in the analysis of the NH,-terminus of Tpr
and their relationship to the full-length molecule. Expres-
sion of the domain that included amino acids 1-734 re-
sulted in a finely punctate labeling of the nuclear envelope
indicating that the first 734 amino acids of Tpr were suffi-
cient for NPC localization (Fig. 3 B). In contrast, Tpr do-
mains consisting of amino acids 1-304 and smaller were
scattered diffusely throughout both the cytoplasm and the
nucleus and did not associate with the NPC (Fig. 3 B); at
high levels of expression, the HA-Tpr1-304 domain some-
times formed long filaments in the cytoplasm (Fig. 3 D).
While Triton X-100 extraction of cells expressing the
HA-Tprl-734 domain before fixation did not change the
nuclear envelope staining (not shown), it completely abol-
ished the staining seen with the HA-Tpr1-304 and HA-
Tprl-256 domains. Immunoprecipitation of these proteins
from Triton X-100-soluble and —insoluble cellular extracts
confirmed that the NPC-associated HA-Tpr1-734 domain
was present in both soluble and insoluble fractions, while
the nonlocalizing domains HA-Tpr1-256 and HA-Tprl-
304 were detectable only in the soluble fraction. These
results suggest that the portion of Tpr involved in the acti-
vation of the Met oncogene (amino acids 1-140) is not suf-
ficient to localize the Tpr-Met chimera to the NPC.

Identification of a NPC Association Domain in Tpr

To further delineate the NPC association domain within
amino acids 1-734 (Fig. 4), and to determine if other NPC
association domains existed elsewhere in the molecule, a
number of additional HA-tagged deletion mutants of Tpr
were analyzed. The domain HA-Tpr400-649 localized ex-
clusively to the nuclear envelope in a punctate pattern in-
distinguishable from that seen for the NPC. However,
deletion of 34 amino acids from the COOH terminus of
this clone abrogated NPC association but produced large
spherical foci in the nuclear interior that were mostly resis-
tant to extraction with Triton X-100 (Fig. 4, B and C). De-
letion of 35 amino acids from the NH,-terminus of HA-
Tpr400-649 had no effect on NPC association, but deletion
of 149 amino acids completely eliminated NPC association
and produced a diffuse staining pattern throughout both

1804



B

Digitonin Triton

HA-Tpr/Dapi HA-Tpr/Dapi

Figure 2. HA-tagged full-length Tpr localizes to the NPC. (A)
Double-label immunofluorescence of a COS cell expressing the
full-length HA-Tpr. Anti-HA staining (green, left); staining by
the antibody QES, which recognizes a number of nucleoporins
(red, center); superimposition of the two images showing overlap
(vellow, right). (B) Two COS cells permeabilized with digitonin
and colabeled with an anti-HA antibody and an anti-lamin B an-
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the nucleus and the cytoplasm that was entirely soluble in
Triton X-100 (Fig. 4, B and C). From these data, we con-
clude that the minimal domain necessary for association
with the NPC lies within the region of Tpr bounded by the
amino acids 435-649. As shown in the schematic diagram
of this construct (Fig. 4 A), this domain includes two re-
gions of heptad repeats that are predicted to form coiled-
coils and two noncoiled stretches.

Immunogold analysis of the Tpr NPC associating do-
main confirmed that the protein was localized to the nu-
cleoplasmic side of the pore (Fig. 5 A). Since the nuclear
membranes are removed in processing (see Materials and
Methods for details), the pores appear as dense tufts of
material that project from the border of the nuclei into the
cytoplasm. Quantitative analysis demonstrated that 83%
of the nuclear gold particles were found within 200 nm of
the nucleoplasmic side of pores (1,038/1,217, n = 3 experi-
ments), usually in clusters of three to five particles and
consistent with labeling of the nucleoplasmic filaments in
association with the NPC as previously described (Cordes
et al., 1997). The remainder of the gold was distributed
randomly along the cytoplasmic face of the nucleus and
the nuclear interior. In parallel samples, immunogold la-
beling of nup358, a cytoplasmic nucleoporin (Wu et al.,
1995), confirmed that the structures examined in this anal-
ysis were nuclear pores (Fig. 5 B). As expected, nup358 lo-
calized almost exclusively to the cytoplasmic face of nu-
clear pores further demonstrating the specificity of the
HA antibody for structures on the nucleoplasmic side of
the pore. No gold was detected if primary antibodies were
omitted (Fig. 5 C).

To reinforce our finding that the Tpr peptide 435-649
was sufficient to convey NPC association, we fused the
cDNA encoding this domain to green fluorescent protein
(GFP) that does not localize to the NPC on its own. When
fused with the NPC association domain and expressed in
COS cells, the GFP-Tpr435-649 fusion protein produced a
nuclear pattern with punctate staining at the nuclear rim,
demonstrating that this peptide was sufficient for targeting
to the nuclear rim (Fig. 6).

The COOH Terminus of Tpr Contains a Nuclear
Localization Domain

We used another set of HA-tagged deletion constructs to
determine the localization of the COOH-terminal domain
of Tpr. To our surprise, removal of the NH,-terminal NPC
association domain (above) resulted in the accumulation
of the remainder of the protein within the nuclear interior,

tibody. Only one of the cells is expressing HA-Tpr. Vertical se-
ries are of the same cell: DAPI staining of nuclei; HA-staining to
show cytoplasmic foci of HA-Tpr but no labeling of the nuclear
envelope; lamin B staining to show that the nuclear membrane is
intact after digitonin extraction; and DAPI and anti-HA staining
to demonstrate the lack of HA-Tpr labeling at the nuclear enve-
lope. (C) A cell expressing HA-Tpr permeabilized with Triton
X-100. The cell is depicted as in B to show: DAPI staining of the
nucleus; anti-HA staining of HA-Tpr at the nuclear envelope and
cytoplasmic foci; lamin B staining to show that the nuclear mem-
brane has been permeabilized; and DAPI and anti-HA staining
to show HA-Tpr labeling of the nuclear envelope. Bar, 10 pm.
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Figure 3. The NH, terminus of Tpr does not localize to the nu-
clear envelope. (A) A schematic diagram of the HA-tagged Tpr
deletion mutants used to analyze the NH, terminus of Tpr. The
bracket under HA-Tpr indicates the portion of the full-length
protein that has been expanded and shown beneath. The num-
bers shown in the diagram indicate amino acids of the Tpr do-
mains that are expressed. The large stippled boxes indicate areas
predicted to be in a coiled-coil motif. (B) Immunofluorescence of
cells expressing truncated forms of HA-Tpr. The cells are aligned
directly to the right of the schematic diagram of the construct be-
ing expressed. Images of the anti-HA staining pattern (left) and
DAPI stains (right) of the same cells. While HA-Tpr and HA-
Tpr1-734 show labeling of the nuclear envelope, HA-Tpr1-304
and HA-Tpr1-256 show diffuse localization in the cytoplasm and
nucleus. The cells were fixed before permeabilization with Triton
X-100. (C) A composite of Western blot analyses of HA-Tpr pro-
teins immunoprecipitated from Triton X-100-soluble and —insol-
uble cell extracts. While all three proteins are in soluble fractions
(S), only HA-Tpr1-734 is in the insoluble fractions (7). Molecular
mass markers on right (X10%). (D) Immunofluorescence of a
BHK cell expressing high levels of HA-Tpr1-304 and showing
shows long filaments in the cytoplasm. Bars, 10 pm.

although not in association with the NPC (Fig. 7). This do-
main, HA-Tpr632-2348, although far too large (190 kD) to
diffuse through the nuclear pore, accumulated to high lev-
els throughout the nucleus and was detected only at low
levels, if at all, in the cytoplasm. This result suggested
that localization to the nucleus was an active process
(Fig. 7 B). This domain was also retained within the nu-
cleus after Triton X-100 extraction of cells before fixation
as shown by morphological (not shown) and biochemical
analysis (Fig. 7 C). Deletion of a 994-amino acid coiled-
coil region from this domain did not have any effect on lo-
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Figure 4. dentification of a NPC association domain. (A) Sche-
matic diagram of the HA-Tpr clones used for the identification of
an NPC association domain in Tpr. See Fig. 3 for details. (B) Im-
munofluorescence of COS cells expressing HA-tagged Tpr frag-
ments. HA-Tpr400-649 and HA-Tpr435-649 localize to the NPC;
HA-Tpr514-649 is diffusely scattered throughout the nucleus and
cytoplasm; HA-Tpr400-605 forms large spherical foci located
within the nucleus but not associated with the nuclear envelope.
(C) A composite of Western blot analyses of HA-Tpr domains
immunoprecipitated from Triton X-100-soluble and —insoluble
cellular extracts. All proteins are present in both soluble and in-
soluble fractions (/) except HA-Tpr514-649, which is only de-
tected in the soluble fraction (S). Molecular mass markers on
right (X10%). Bar, 10 pm.

calization to the nuclear interior, although the resulting
domain (HA-Tpr1626-2348, see Fig. 7 A) was rendered
completely soluble in Triton X-100 (Fig. 7 C).

Accumulation of the non-coiled COOH terminus of Tpr
in the nucleus suggested the presence of a nuclear localiza-
tion signal (NLS). Close inspection of the amino acid se-
quence revealed a potential bipartite NLS based on a con-
sensus of two basic amino acids, followed by a spacer of
variable length, followed by a region of five amino acids of
which three are basic (Dingwall, 1991). The amino acid se-
quence of Tpr located between amino acids 1,829 and
1,860 (KR-X,s-KKLK, where X is any amino acid) fits the
consensus, although the 25-amino acid spacer is atypically
long.

To further define the region of Tpr responsible for tar-
geting to the nuclear interior, we divided the noncoiled
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Figure 5. Immunogold localization of the HA-tagged, NPC-asso-
ciated domain of Tpr overexpressed in COS cells. HA-Tpr400-
649 was detected with polyclonal HA antibodies and 5-nm gold
goat-rabbit IgG in cells prepermeabilized with detergent (see
Materials and Methods for details). Gold particles were found
predominantly within 200 nm of the nucleoplasmic face of nu-
clear pores (A). Quantitative analysis revealed that the majority
of the gold was localized to the nucleoplasmic aspect of the pore
(see Results). In contrast, nup358 was localized to the cytoplas-
mic aspect of the pore in cells processed in parallel (B). No gold
was detected if primary antibodies were omitted (C). Bar, 250 nm.

COOH terminus roughly in half, making the 363—-amino
acid domain HA-Tpr1626-1989 (which contains the puta-
tive NLS) and the 359-amino acid domain HA-Tpr1989-
2348 (Fig. 7 A). The domain containing the putative bipar-
tite NLS accumulated within the nucleus, whereas the
domain lacking the putative NLS was diffusely localized
throughout the cytoplasm and nucleus (Fig. 7 C). Thus,
while both domains were small enough to diffuse into and
out of the nucleus (~40 kD), only the one with the puta-
tive NLS was preferentially localized to the nuclear inte-
rior. To confirm that a nuclear localization sequence was
contained within amino acids 1,626-1,989, we fused this
domain to GFP and expressed the chimeric protein in
COS cells. As shown in Fig. 8, the GFP-Tpr1626-1989 pro-
tein was confined to the nucleus when expressed in COS
demonstrating that this Tpr domain was sufficient for lo-
calization to the nuclear interior.

Overexpression of Tpr Leads to Apparent
Disruption of a Nuclear Export Pathway but Does Not
Affect Protein Import

As an initial test of Tpr function, we examined two impor-
tant functions of the nuclear pore, protein import and
polyadenylated RNA export, in the presence of various
HA-Tpr fusions. To study protein import, we used the
BHK cell line BHKgrf (Bastos et al., 1996) that constitu-
tively expresses a glucocorticoid receptor-p-galactosidase
fusion protein. This chimeric protein acts as an inducible
reporter for nuclear import as it transits from the cyto-
plasm into the nucleus upon the addition of dexameth-
asone (Picard and Yamamoto, 1987). Using this assay,
we examined nuclear import in cells expressing: the full-
length Tpr (HA-Tpr), the nuclear localizing COOH-termi-
nal domain (HA-Tpr632-2348), the soluble NH, terminus
(HA-Tpr1-304), and the NPC-associating domain (HA-
Tpr380-649). None of these HA-Tpr fusion proteins had a
detectable effect on nuclear transport of the glucocorti-
coid receptor-B-galactosidase fusion protein (Figs. 9 and
10). However, at very high levels we could observe a par-
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GFP-Tpr435-649

Figure 6. The NPC association domain of Tpr is sufficient to lo-
calize green fluorescent protein to the nuclear envelope. Two
COS cells expressing GFP-Tpr435-649 (left) and the correspond-
ing DAPI stains (right). Localization of GFP to the nuclear enve-
lope is evident in both cells that were permeabilized with Triton
X-100 before fixation to remove soluble protein that obscures the
nuclear envelope signal. Bar, 10 pm.

tial redistribution of a-importin in cells expressing the full-
length HA-Tpr (data not shown, see Discussion).

In contrast to the results observed for protein import,
the full-length, NPC-associating and nuclear localizing
Tpr domains had a marked effect on the distribution of
poly(A)* RNA. This was examined by in situ hybridiza-
tion with a biotinylated oligo-dT 45-mer (Bastos et al.,
1996). In nontransfected cells, poly(A)* RNA was distrib-
uted roughly evenly between the nucleus and the cyto-
plasm with nuclear poly(A)* RNA restricted to a punctate
reticulum throughout the nucleoplasm and excluded from
the nucleoli (Huang et al., 1994; Bastos et al., 1996). Over-
expression of the full-length, NPC-associating and nuclear
localizing Tpr domains led to significant increases in nu-
clear poly(A)* RNA, and accompanying decreases in cy-
toplasmic poly(A)* RNA (Fig. 11, A, C, D, E, G, and H).
The percentage of cells that exhibited these elevated levels
of nuclear poly(A)* RNA were found to be increased by
factors of 3.3 (full-length Tpr), 4.6 (HA-Tpr380-649), and
5.5 (HA-Tpr632-2348) over a background level that is al-
ways observed in either mock transfected cells or cells
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Figure 7. The COOH terminus of Tpr contains a nuclear local-
ization domain. (A) Schematic diagrams of the HA-tagged Tpr
truncations used for identification of a nuclear localization do-
main. See Fig. 3 for details. (B) Immunofluorescence of COS
cells expressing the HA-tagged Tpr domains. Full-length HA-Tpr
decorates the nuclear envelope while HA-Tpr632-2348, HA-
Tpr1626-2348, and HA-Tpr1626-1989 all accumulate to high lev-
els within the nuclear interior. HA-Tpr1989-2348 is diffusely lo-
calized throughout the cytoplasm and nucleus. (C) A composite
of Western blot analyses of HA-Tpr proteins immunoprecipi-
tated from Triton X-100-soluble and —insoluble cellular fractions.
HA-Tpr632-2348 is detected in soluble and insoluble fractions
and all others are detected only in soluble fractions. Molecular
mass markers on right (X10%). Bar, 10 um.

transfected with irrelevant DNA. In contrast, overexpres-
sion of the NH,-terminal peptide HA-Tpr1-304 did not ap-
pear to markedly affect the distribution of poly(A)* RNA
(Fig. 11, B and F) in BHK cells. It should be noted that the
relatively harsh conditions (50% formamide) used for in
situ hybridization experiments are known to cause a loss
or redistribution of immunofluorescent signals when the
two methods are used in combination. Thus, the images
for HA-Tpr constructs in these experiments do not show a
nuclear envelope localization as clearly as those seen in
Figs. 3, 4, and 6.

Discussion

In this study, we have examined the function of the Tpr
protein through a molecular dissection of its various do-
mains. In particular, we have identified distinct regions of
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GFP-Tpr1626-1989

Figure 8. The NLS domain of Tpr localizes GFP to the nuclear
interior. Two COS cells expressing GFP-Tpr1626-1989 fixed as in
Fig. 3 to show that virtually all of the protein accumulates within
the nuclear interior. Bar, 10 pm.

the molecule that can confer localization either to the nu-
clear face of NPCs or to the nuclear interior. Since Tpr was
first identified in NH,-terminal oncogenic fusions with cer-
tain protein kinases, we were especially interested in the
role that the Tpr NH,-terminal domain might play in intra-
cellular targeting. Finally, we have identified regions of
the Tpr protein that when expressed in mammalian
cells cause an accumulation of nuclear poly(A)* RNA.
Through this analysis, we have been able to implicate Tpr
in the process of mRNA export from the nucleus.
Previous studies have shown that Tpr is often fused
with the protein kinase domains of several protooncogenes
(met, raf, and trk) in human tumors (Park et al., 1986; So-
man et al., 1991; Greco et al., 1992), and that the Tpr-Met
chimera dimerizes in vivo inducing autophosphorylation
and constitutive activation of the protein kinase domain
(Rodrigues and Park, 1993). Although it was possible that
Tpr also directed localization to the NPC, thereby tether-
ing an active protein kinase at the nuclear periphery, we
found that the NH,-terminal region of Tpr implicated in
oncogenesis does not in fact contain such a targeting func-
tion. While this NH,-terminal domain does occasionally
form striking filamentous arrays extending throughout the
cytoplasm, this only occurs at extremely high expression
levels and it is doubtful that this phenomenon contributes
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HA-Tpr1-304 HA-Tpr380-649 HA-Tpr632-2348

Figure 9. Overexpression of
HA-Tpr proteins does not ef-
fect the distribution of a glu-
cocorticoid receptor-B-galac-
tosidase  fusion  protein.
Immunofluorescence of BH-
Kgrp cells expressing (A
and E) HA-Tpr, (B and F)
HA-Tpr1-304, (C and G)
HA-Tpr380-649, and (D and
H) HA-Tpr632-2348. Cells
in A-D show staining with
anti-HA. Cells in E-H are
the corresponding fields
stained with an anti-B-galac-

tosidase antibody. In the absence of dexamethasone, the glucocorticoid receptor-B-galactosidase fusion is largely cytoplasmic for

all HA-Tpr proteins and nontransfected cells alike. Bars, 10 pm.

to the transforming activity of Tpr-Met chimeras. Based
on these observations, it appears that that the role of Tpr
in the activation of protooncogenes is unrelated to NPC
localization but instead is most likely the promotion of
dimerization or higher-order oligomerization (Rodrigues
and Park, 1993).

A minimal sequence lying between residues 435 and 649
of the Tpr protein can confer localization to the nucleo-
plasmic region of NPCs in transient transfection assays.
This domain appears to be essential for NPC association
of the Tpr molecule since both NH,- and COOH-terminal
deletions that extend into the sequence abolish NPC local-
ization. Domains containing NH,-terminal truncations do,
however, accumulate within the nucleoplasm. At present,
we cannot rule out the possibility that, in the context of the
full-length molecule, other regions of Tpr may be involved
in interactions with the NPC. Furthermore, the minimal
225-residue NPC targeting or association region that we
have identified could actually represent a domain within
the molecule that functions in self association. In this way,
NPC targeting by this minimal sequence could be by virtue
of interaction with endogenous Tpr. This is not an issue
that can be immediately resolved in normal cells that con-
stitutively express the full-length protein. However, if this
segment of Tpr does have a direct function in NPC-associ-
ation it must logically interact with another component of
the NPC or the nuclear envelope. Identification of such

HA-Tpri1-304

HA-Tpr380-649

protein(s), by two hybrid analysis or more conventional in
vitro binding assays for instance, would lend support for a
direct role in NPC targeting. Such findings would also pro-
vide further insight into the role of Tpr in the maintenance
of the normal architectures of both the NPC and nucleus.
A COOH-terminal domain of Tpr (amino acids 1,626—
1,989) localizes to the nucleus and also imparts nuclear lo-
calization to GFP suggesting that this domain contains a
nuclear localization signal. A sequence closely matching
the consensus NLS for import via the importin o/B path-
way (Dingwall, 1991) is contained within this domain, but
as we have not shown that this sequence is responsible for
nuclear localization, it is also possible that the nuclear lo-
calization domain contains a nuclear import signal unre-
lated to the classical basic domain NLS, (as recently de-
scribed by Pollard et al., 1996; Pemberton et al., 1997
Rosenblum et al., 1997; Rout et al., 1997). A signal-medi-
ated transport mechanism could explain how a protein as
large as Tpr becomes associated with the nucleoplasmic
face of the NPC, since it is far too large to diffuse through
the NPC on its own. Alternatively, Tpr may “piggy-back”
its way into the nucleus via binding to another protein that
is itself transported into the nucleus. This possibility has
been suggested for the nucleoporins Nup153 and Nup98,
which also associate with the nucleoplasmic face of the
NPC but at the same time do not appear to use a recogniz-
able NLS (Bastos et al., 1996). This scheme, however,

Figure 10. Overexpression of
Tpr proteins does not effect
nuclear import of a glucocor-
ticoid receptor-B-galactosi-
dase fusion protein. Immu-
nofluorescence of BHKgrf
cells expressing (A and E)
HA-Tpr, (B and F) HA-
Tprl-304, (C and G) HA-
Tpr380-649, and (D and H)
HA-Tpr632-2348 as described
in Fig. 8. Cells were treated
with 10 pg/ml dexametha-
sone for 30 min before fixa-

HA-Tpr632-2348

tion to induce nuclear import of the receptor. In all cases, nuclei of cells expressing the Tpr proteins accumulate the glucocorticoid re-
ceptor-B-galactosidase fusion protein to the same levels as nontransfected cells. Bar, 10 pm.

Bangs et al. Role for Tpr in mRNA Transport
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seems unlikely for Tpr since it is almost entirely localized
to the nucleus even at expression levels that might be ex-
pected to saturate endogenous levels of a non-shuttling
carrier protein, another NPC protein for example.

While it is clear that the COOH-terminal portion of Tpr
contains a nuclear localization domain, it is also possible
that an additional nuclear localization signal exists within
the NH,-terminal coiled-coil domain. The HA-Tprl-734
domain localizes to the NPC (Fig. 4) as does a larger con-
struct HA-Tpr1-1387 (not shown), although both of these
constructs are too large to diffuse through the NPC. As
suggested above, it is possible that these molecules enter
the nucleus by association with another nuclear protein,
but a second nuclear localization sequence between the
amino acids 304 and 734 cannot be ruled out.

Our data indicate that Tpr has a potential role in the ex-
port of mRNA. Moderate overexpression of Tpr domains
that localize to the NPC or to the nuclear interior cause
the dramatic accumulation of poly(A)™ RNA within the
nucleus. In contrast, NH,-terminal domains that do not
associate with the NPC have no such effect, even at ex-
tremely high expression levels. A recent publication by
Shah et al. (Shah et al., 1998) has provided compelling evi-
dence that Tpr also interacts with components of the nu-
clear import machinery, in particular importin o/f het-
erodimers. Whether this reflects a role in import or a
function in the recycling of the NLS receptor subunits to
the cytoplasm has yet to be satisfactorily resolved. How-
ever, the observation that interaction of importin o/f3 with
Tpr occurs only in the absence of binding of an NLS-bear-
ing transport substrate would perhaps be more consistent
with the latter interpretation. We have not been able to
detect any inhibition of nuclear protein import at Tpr ex-
pression levels that have a clear effect on poly(A)* RNA
distribution. Nevertheless, at very high Tpr expression lev-
els we observe a partial redistribution of importin o.. How-
ever, the abundance of this and other soluble transport
factors is sufficiently great that the overall impact of ex-
cess Tpr on their availability may be only marginally de-
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HA-Tpr380-649 HA-Tpr632-2348

.-

Figure 11. Overexpression of
full-length Tpr, the NPC asso-
ciation domain and the nu-
clear localization domain in-
terfere with poly(A)* RNA
trafficking. Poly(A)"™ RNA
distribution in BHK cells ex-
pressing (A and E) HA-Tpr,
(B and F) HA-Tpr1-304, (C
and G) HA-Tpr380-649, and
(D and H) HA-Tpr632-2348.
A-D Show anti-HA staining
patterns for the respective do-
mains. E-H show the corre-
sponding fields after in situ hy-
bridization with a biotinylated
oligo-dT 45 mer. Poly(A)*
RNA accumulates in cells
expressing HA-Tpr, HA-
Tpr380-649, and HA-Tpr632-
2348, but not HA-Tprl-304.
Bar, 10 pm.

tectable in terms of distribution of nuclear import sub-
strates. Thus, the results of Tpr overexpression are not
inconsistent with the results of Shah et al. (Shah et al.,
1998). In any case, the fact that the nuclear import of
the glucocorticoid receptor-B-galactosidase fusion protein
(which probably exists as a ~750 kD tetramer) is largely
unaffected by Tpr overexpression, suggests that the effect
on RNA distribution is not due simply to a loss or occlu-
sion of NPCs.

The mechanism by which Tpr over expression inhibits
poly(A)* RNA export is still a matter of speculation, par-
ticularly since two separate domains that localize to either
the NPC or the nuclear interior both disturb the normal
distribution of poly(A)* RNA. Although it is possible that
the NPC-binding region domains might displace the full-
length Tpr from NPCs, there are likely additional reasons
since immunofluorescence observations on cells overex-
pressing such domains reveal no major alterations in the
localization of the endogenous molecule (Bangs, P., un-
published results). As discussed above, it is possible that
this NPC targeting region could actually function at least
in part by virtue of association with the endogenous pro-
tein as its coiled coil structure predicts. Such an interaction
would most likely be formed in the cytoplasm soon after
synthesis. The hybrid full-length/mutant Tpr dimer would
then be imported into the nucleus (full-length provides the
NLS) followed by localization to the NPC. The prediction
of course is that this heterodimer would be nonfunctional
(or would have reduced function) in terms of mediating
RNA export. This model would explain why we do not see
any major redistribution of endogenous Tpr from the
NPC, since a 50% reduction (the maximum that could be
achieved in this dimerization scheme) might not be imme-
diately apparent by immunofluorescence microscopy. An
alternative to the self association that would explain the
poly(A)* RNA effect is that a large excess of the NPC as-
sociation region of Tpr might potentially block assembly
of one or more additional nucleoporins that are essential
for normal RNA trafficking. The merits of either model
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will be better evaluated once we have more information
on the identities of proteins with which the Tpr NPC tar-
geting region (435-649) interacts.

A somewhat different scenario is likely to account for
the block in poly(A)* RNA export caused by overexpres-
sion of the Tpr COOH-terminal domain. Since this trun-
cated protein exhibits no preferential association with the
NPC and instead localizes uniformly throughout the nu-
cleus, the resulting accumulation of poly(A)* RNA is
probably not due to a disruption of activity at the site of
the NPC. It is more likely the result of titration of factors
necessary for efficient RNA export. These could include
any of the recently identified carriers that mediate export
from the nucleus (Fornerod et al., 1997; Kutay et al., 1997;
Stade et al., 1997), as well as RN A-binding proteins neces-
sary for the assembly of transportable RN A-protein com-
plexes, a possibility suggested previously (Cordes et al.,
1997).

Based on the identification of distinct Tpr domains that
localize to the NPC and the nuclear interior and the ability
of these domains to inhibit mRNA export but not nuclear
import, we conclude that Tpr is involved in the export of
macromolecules from the nucleus. Our data are consistent
with a previously suggested model in which Tpr, by virtue
of its extensive coiled-coil structure, is an integral compo-
nent of the intranuclear filaments that extend from the
NPC and that the acidic COOH terminus of this protein
interacts with soluble transport factors to facilitate the
passage of RNA-protein complexes to the transport ma-
chinery of the NPC (Cordes et al., 1997). Discovery of the
NPC association domain of Tpr will facilitate the identifi-
cation of proteins that localize Tpr to the NPC and subse-
quently provide a better understanding of the role of Tpr
in nuclear export.
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