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Import and export of the nuclear protein import receptor
transportin by a mechanism independent of GTP hydrolysis

Sara Nakielny and Gideon Dreyfuss

Background: Nuclear protein import and export are mediated by receptor
proteins that recognize nuclear localization sequences (NLSs) or nuclear export
sequences (NESs) and target the NLS-bearing or NES-bearing protein to the
nuclear pore complex (NPC). Temperature-dependent translocation of the
receptor—cargo complex in both directions through the NP C requires the
GTPase Ran, and it has been proposed that the Ran GTPase cycle mediates
translocation. We have addressed the role of GTP hydrolysis in these
processes by studying the import receptor transportin, which mediates the
import of a group of abundant heterogeneous nuclear RNA-binding proteins
bearing the M9 NLS.

Results: We investigated the transport properties of transportin and found that
the carboxy-terminal region of transportin could, by itself, be imported into the
nucleus. Transportin import and export were inhibited by low temperature in
vitro, but were unaffected by the non-hydrolyzable GTP analogue GMP—-PNP.

Conclusions: Temperature-dependent import and export through the NPC can
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be uncoupled from the Ran GTPase cycle and can occur without GTP

hydrolysis.

Background

The division of the eukaryotic cell into nucleus and
cytoplasm necessitates the nucleocytoplasmic transport
of diverse proteins and RNA-protein complexes
between their sites of synthesis and function [1-5]. The
import of proteins into the nucleus is the best under-
stood transport pathway across the nuclear envelope.
Proteins larger than ~60 kDa are imported by a process
that can be considered to comprise three steps. First,
the protein bearing a nuclear localization sequence
(NLS) is recognized in the cytoplasm by a specific
receptor, and this cargo—receptor complex is then tar-
geted to the nuclear pore complex (NPC). Second, the
cargo—receptor complex is translocated through the
NPC into the nucleoplasm by a temperature-dependent
mechanism that requires the GTPase Ran [1-4,6-9].
Third, in the nucleus, the GTP-bound form of Ran
binds to the receptor and triggers dissociation of the
cargo—receptor complex, thereby terminating import by
releasing the cargo into the nucleoplasm [10-12]. Ran is
regulated by an exchange factor, regulator of chromo-
some condensation 1 (RCC1), which is a nuclear protein
[13], and by a GTPase-activating protein (RanGAP1),
which is largely cytoplasmic [14]; their distribution pre-
dicts a steep Ran-GTP gradient across the nuclear
membrane, such that the concentration of Ran—GTP is
high in the nucleus and low in the cytoplasm. Thus, the
terminating effect of Ran—-GTP on import is strictly a
nucleoplasmic event.

Three nuclear import receptor systems have been
described, each of which mediates the import of a distinct
group of proteins. A dimeric receptor comprising
importin o (that binds the NLS) and importin 3 (that
mediates translocation) imports proteins bearing the classi-
cal NLS motif, which contains basic residues [1-4,15]. The
importins are also known as karyopherins. By contrast, a
monomeric receptor, transportin, which is distantly related
to importin f, mediates the import of a group of abundant
heterogeneous nuclear RNA-binding proteins (hnRNPs)
that contain an NLS, termed M9, rich in glycine and aro-
matic amino acids [3,12,16-20]. The import of ribosomal
proteins has also been reported to be mediated by
monomeric receptors, termed Kap123 and Psel, that are
related to importin 3 [21].

Like nuclear protein import, protein export is also medi-
ated by specific signals, termed nuclear export signals
(NESs) [5]. Very recently, two NES receptors were iden-
tified, both of which are distantly related to importin 3
[22]. Exportin 1 (also known as CRM1) mediates the
export of proteins, such as Rev, that contain leucine-rich
NESs [23-26], and CAS1 exports importin o, whose
NES remains to be identified [27]. In contrast to its dis-
sociating effect on import cargo-receptor complexes,
nuclear Ran—-G'TP stabilizes the interaction between
export receptors and their cargo [22,24,27]. One critical
role for Ran in nucleocytoplasmic transport is therefore
to impose directionality on the traffic by dictating the
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stability of cargo—receptor interactions in the nucleus and
the cytoplasm.

The Ran G'TPase cycle has also been proposed to mediate
protein translocation through the NPC ([1,2,4] and refer-
ences therein). Here, we have addressed the role of GTP
hydrolysis in translocation by studying the transport prop-
erties of the import receptor transportin. We report that
both import and export of transportin are temperature-
dependent translocations that do not require G'TP hydrol-
ysis. In addition, we show that the carboxy-terminal region
of transportin is a nuclear import module — it contains all
that a protein needs to translocate into the nucleus.

Results

Transportin accumulates in the nucleus in vitro

We noticed that while transportin is required iz vitro for
the import of M9-bearing proteins such as hnRNP Al
[12,17,18], a fusion of transportin with glutathione §-trans-
ferase (GST-TRN) readily accumulated in the nucleus of
digitonin-permeabilized cells, in the absence of exoge-
nous factors (Figure 1b). GST itself does not accumulate
in the nucleus ([17] and data not shown). The ability of
GST-TRN to localize to the nucleus in this assay is con-
sistent with the predominantly nuclear distribution of
transportin 77 vivo [12]. By contrast, a fusion protein of
GST and importin § accumulated largely at the rim of the
nucleus 7z vitro, although some of it was also detected in
the nucleoplasm (Figure 1c), reflecting the localization
that is observed for importin f} 7z vive [12,28]. Production
of the expected GST fusion protein was in this and all
other cases verified by western blotting (Figure la and
data not shown).

The carboxyl terminus of transportin contains an NLS

In order to identify the primary NLS of transportin, we
fused segments of transportin to a normally cytoplasmic
protein, pyruvate kinase (PK), and analyzed the localiza-
tion of the fusion proteins. HelLa cells were transfected
with plasmids encoding the fusion proteins, and the
expressed proteins were detected by immunofluorescence
microscopy. Whereas the amino-terminal region of trans-
portin (amino acids 2-420) was not capable of localizing
PK to the nucleus, a fusion of the carboxy-terminal
portion (amino acids 421-890) with PK was localized to
the nucleus (Figure 2). Large truncations into this
carboxy-terminal region of transportin from either the
amino or the carboxyl terminus reduced or abolished its
capacity to localize PK to the nucleus (Figure 2). The car-
boxyl terminus of transportin (amino acids 421-890) there-
fore contains an NLS.

The carboxyl terminus of transportin is a temperature-
dependent import module

To further understand the basic requirements for trans-
location of transportin into the nucleus, the behavior of a

Figure 1
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GST-TRN accumulates in the nucleus in vitro. (@) Western blot
analysis of GST fusion proteins. G ST—importinp (~1 ug) and
GST-TRN (~1.5 ug) were detected with an anti-G ST monoclonal
antibody (Santa Cruz Biotechnology). The migration of molecular mass
markers is indicated (in kDa). (b,e) /n vitroimport assays. Permeabilized
Hela cells were incubated with (b) 0.4 uM GST-TRN or (c) 0.4 uM

G ST—-importin . Both incubations were performed in the presence of
an energy-regenerating system. The G ST fusion proteins were detected
by immunofluorescence using an anti-G ST monoclonal antibody.

fusion protein of GST and the transportin carboxyl termi-
nus (GST-C-TRN) was tested in an iz vitro import assay.
Like GST-TRN, GST-C-TRN (76 kDa) accumulated in
the nucleus 2 vitro, in the absence of any exogenous
factors (Figure 3g). Therefore, the import of PK-C-TRN
in vivo cannot be explained by a ‘piggy-back’ mechanism
in which it is carried into the nucleus by binding to
endogenous transportin—Al complexes. The import of
GST-TRN and GST-C-TRN 1 vitro was abolished both
by the lectin wheat germ agglutinin (WGA, an inhibitor of
most facilitated and active nucleocytoplasmic transport
[29]), and by a fragment of importin 3 comprising amino
acids 45-462 (an inhibitor of all tested nucleocytoplasmic
transport pathways, hereafter referred to as AN44 [30]),
and was severely inhibited when the import assays were
conducted on ice (Figure 3). Neither WGA nor AN44
blocks movement through the NPC by passive diffusion
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Figure 2

A carboxy-terminal portion of transportin is (a)
sufficient for nuclear localization in vivo.

(a) Hela cells were transfected with plasmids
expressing Myc-tagged fusion proteins of PK
and the indicated amino acids of transportin.
Approximately 20 h post-transfection, the
intracellular distributions of the expressed
proteins were analyzed by immuno-
fluorescence microscopy using an anti-Myc
tag monoclonal antibody, 9E10. (b) Summary
of the subcellular localization analyses. The
light gray portion of transportin represents the
Ran-binding domain (amino acids 1-517),
and the dark slashed box represents PK. N,
nucleus; G, cytoplasm.
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([29] and U. Kutay and D. Gorlich, personal communica-
tion). These observations show that GST-TRN and
GST-C-TRN are imported through NPCs in a facilitated
or active temperature-dependent manner. The carboxyl
terminus of transportin is therefore a nuclear import
module: that is, it contains all that a protein requires to
interact with NPC components, and to be translocated
through the NPC. As the overall structure of transportin is
similar to that of other members of the importin 3 receptor
family [17,31,32], it is likely that the corresponding
carboxy-terminal domains of all the proteins in this family
function as import modules.

Transportin import does not require GTP hydrolysis

Further analysis of the nuclear import of GST-TRN and
GST-C-TRN, and comparison with the import of a classical
NLS-bearing protein, revealed striking differences in their
mechanisms of translocation. First, RanQ69L., a mutant that
is locked in the G'TP-bound form [33], abolished classical

NLS and M9 protein import ([18,34] and data not shown)
and severely inhibited GST-TRN import, but had no effect
on the import of GST-C-TRN (Figure 3). Second, 5-
guanylyl-imidodiphosphate (GMP-PNP), a non-hydrolyz-
able analogue of GTP, abolished classical NLS import ([7]
and data not shown), but, under the conditions employed
here (that is, assays performed in the absence of exogenous
factors), GMP-PNP had no effect on the import of
GST-TRN or GST-C-TRN (Figure 3). Thus, these pro-
teins are imported in a temperature-dependent but G TP
hydrolysis independent manner. The import of calmodulin
in vivo has been reported to be temperature sensitive, yet
insensitive to A TP-depleting metabolic poisons [35].

Transportin export is temperature dependent, but does not
require the hydrolysis of GTP or ATP

After transporting cargo into the nucleoplasm, import
receptors must be exported to allow them to perform the
next round of protein import. T'o study transportin export,
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Figure 3
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(a-f) GST-TRN import in vitro is temperature dependent and
independent of GTP hydrolysis. Permeabilized HelLa cells were
incubated with GST-TRN either alone (a,b), or with 1 uM of an
importin g fragment comprising amino acids 45-462 (c), 2 uM of a
Ran mutant containing a GIn69—Leu substitution (d), 0.2 mg/ml wheat
germ agglutinin (W GA; e), or 2 mM of a non-hydrolyzable GTP

analogue (f). An energy-regenerating system was included in all
assays, and GST-TRN was detected by immunofluorescence
microscopy. (g-1) GST-C-TRN is imported in vitro in a temperature-
dependent and GTP hydrolysis independent manner. Permeabilized
Hela cells were incubated with GST-C-TRN either alone (g,h), or
together with (i-l) the reagents described in (c—f).

nuclei were loaded iz wvitro with GST-TRN or
GST-C-TRN (Figure 4a,c). The loaded nuclei were
washed and then incubated for a further 20 minutes in
transport buffer containing an ATP-regenerating system,
then fixed and examined by immunofluorescence
microscopy. Only ~30% or less of the GST-TRN
remained in the nucleus following this incubation. In con-
trast, ~90% of the GST-C-TRN was nucleoplasmic
(Figure 4b,d). In order to investigate the mechanism of
the dramatic decrease of nuclear GST-TRN following
incubation, we analyzed the effects of several nucleocyto-
plasmic transport effectors on the process. The loss of
GST-TRN from the nucleus was completely prevented
by the addition of either importin B AN44 or WGA, or by

conducting the incubation on ice. These observations
demonstrate that the decrease in nuclear GST-TRN is
not due to passive diffusion, damage to the nuclear mem-
brane, or to degradation of the protein. Rather, GST-TRN
is exported through NPCs, in a temperature-dependent
manner. Since GST-C-TRN does not appear to be
exported, the carboxy-terminal region of transportin is
presumably not sufficient for export. Although we cannot
yet entirely exclude the possibility that GST-C-TRN is
exported and rapidly re-imported in this assay, we believe
that this is unlikely, as conducting the export incubation
in a much larger buffer volume does not decrease the
nuclear signal of GST-C-TRN (data not shown). The
export of GST-TRN iz vitro was not inhibited by
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RanQ69L. or by the non-hydrolyzable nucleotide ana-
logues GMP-PNP and AMP-PNP (Figure 4j-1), suggest-
ing that the transportin export pathway does not use either
GTP or ATP as an energy source. While this manuscript
was in preparation, protein export mediated by a leucine-
rich NES /» oo, and the export of transportin,
importins o and B, Rev and tRNA in Xenopus oocytes were
reported to be independent of Ran—-GTP hydrolysis
[36,37]. Our observations further suggest that GTP
hydrolysis is not required at all for either transportin
export or import.

Discussion

Although transportin does not have a discernible consen-
sus Ran-binding motif [31,32], like the other importin -
related receptors, it binds Ran—-GTP through its
amino-terminal domain (amino acids 1-517), with a similar
affinity to that with which importin § binds Ran-GTP
(F.R. Bischoff, S.N. and G.D., unpublished observations).
Here we show that the carboxy-terminal region of trans-
portin, comprising amino acids 421-890, is a nuclear trans-
port module that can function independently and does not
require GTP hydrolysis for its translocation. RanQ69L,,
but not GMP-PNP, severely inhibits the import of full
length transportin, whereas the import of the transportin
carboxyl terminus is insensitive to both RanQ69L, and
GMP-PNP. In addition, the nuclear export of transportin
is unaffected by these reagents.

"T'wo distinct functions for Ran in nucleocytoplasmic trans-
port have been proposed. First, the Ran G'T'Pase cycle is
believed to drive the translocation of cargo-receptor com-
plexes through the NPC, although the molecular mecha-
nism is unknown ([1,2,4] and references therein). Second,
a steep gradient of Ran—GTP across the nuclear mem-
brane imposes directionality on NPC traffic (see Back-
ground). We find that transportin import and export do
not require G'TP hydrolysis and therefore propose that the
Ran GTPase cycle does not drive translocation through
the NPC. The function of Ran appears therefore to be

Figure 4

Transportin is exported from the nucleus in vitro in a temperature-
dependent and GTP hydrolysis independent manner. Nuclei of
permeabilized Hela cells were loaded under import assay conditions
with either (@) GST-TRN or (¢) GST-C-TRN, and the fusion proteins
were detected by immunofluorescence. An identical pair of assays was
performed with nuclei loaded in the same manner with either (b)
GST-TRN or (d) GST-C TRN, then the cells were washed and
incubated for a further 20 min before immunofluorescence analysis.
Both import and export incubations included an energy-regenerating
system. (e) Nuclei of permeabilized HelLa cells were loaded with
GST-TRN as in (a). Identical assays were washed, and then incubated
as in (b), either (f) in the presence of buffer, (g) onice, orin the
presence of either (h) 1 uM AN44, (i) 0.25 mg/ml WGA, (j) 10 uM
RanQ69L, (k) 4 mM GMP-PNP, or (I) 4 mM AMP-PNP. GST-TRN
was detected by immunofluorescence microscopy.
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restricted to dictating the direction of transport through
the NPC, and effecting net accumulation of cargo on
either side of the NPC. While this manuscript was under
review, importin § import was reported to show some
similar properties to those described here for transportin,
leading to the conclusion that importin § can translocate
into the nucleus without Ran—-G'T'P hydrolysis [38].

RanGAP1 is localized to the cytoplasm [14], and a propor-
tion of it is also targeted to the nucleoporin RanBP2,
which is positioned at the cytoplasmic face of the NPC
[39,40]. Ran—-G'TP hydrolysis at RanBP2 has been pro-
posed to function early in protein import, to commit
cargo—receptor complexes to translocation through the
NPC [41]. It is also possible that GAP-catalyzed
Ran-GTP hydrolysis at RanBP2 serves as a localized
purging mechanism, to remove any Ran—-GTP, and thus
prevent dissociation of incoming cargo-receptor import
complexes. RanQ69L probably inhibits the import of full
length transportin by preventing its release from
Ran—-GTP-binding nucleoporins such as RanBP2, produc-
ing irreversibly bound receptor-nucleoporin complexes.
The presence of irreversibly bound receptors at the NPC
is expected to inhibit all active transport, as importin 3
mutants that cannot be released from the NPC block all
active traffic [30]. Consistent with this observation, we
found that high levels of RanQ691L. or GMP-PNP caused
slight inhibition of GST-C-TRN import, and when the
assays were performed in the presence of reticulocyte
lysate (which contains transportin and other import recep-
tors), high levels of RanQ69L abolished GST-C-TRN
import (data not shown).

Conclusions

We report that translocation through the NPC in both
directions can be uncoupled from the Ran G'TPase cycle.
By studying the transport of the import receptor trans-
portin, we found that the temperature dependence of
receptor transport does not reflect a requirement for GTP
hydrolysis. There is no indication of a requirement for any
NTP hydrolysis, leaving the possibility that either a less
common high energy bond is used, or that temperature-
sensitive conformational changes in NPC components
drive the translocation. The transport system that we
describe here is the simplest that can be envisioned at
present. It defines the core of the nuclear transport machin-
ery and will allow detailed studies of a fundamental unre-
solved issue in nucleocytoplasmic transport, that of the
molecular mechanism of translocation through the NPC.

Materials and methods

Preparation of GST and PK fusion constructs

The plasmid encoding GST-TRN was made by isolating a BamHI-Sal
fragment from the His—TRN plasmid ([17], this is the TRN1 sequence
in [12]), and inserting it into BamHI-Sal-digested pGEX-5X-3.
GST-C-TRN was made by pfu PCR amplification of the transportin
cDNA to generate at the 5’ end a BamHI site immediately upstream of

amino acid 421 and at the 3’ end an Xhol site downstream of a termi-
nation codon. This fragment was inserted into pGEX-5X-3 digested
with  BamHI and Xhol. To produce GST-importinp, full length
importin B ¢cDNA [17] was amplified by pfu PCR to generate a 5’
BamH]I site and a 3’ Nodfl site immediately downstream of the termina-
tion codon. This fragment was inserted into BamHI-Nof-digested
pGEX-5X-3. To generate pcDNA3-Myc-PK-TRN fusions, fragments of
transportin with an Xhol site at the 5’ end and an Xbal site downstream
of a termination codon at the 3’ end were generated by pfu PCR ampli-
fication of transportin. These fragments were cloned into
pcDNA3-Myc-PK [42].

Preparation of recombinant proteins

G ST fusion proteins were expressed in BL21(DE3) cells and purified
according to the manufacturers’ instructions with the following modifi-
cations. GST-TRN was induced at 37°C overnight, and GST-C-TRN
was induced at 17°C for 4 h. Purification was performed in the pres-
ence of 10 ug/ml each of leupeptin and pepstatin, 1% aprotinin, 1 mM
DTT and 0.1 mM EDTA. BSA was added to the purified proteins to a
final concentration of 15 mg/ml, and they were stored onice at 4°C. To
prepare lysate from bacteria expressing GST-TRN, a cell pellet from
30 ml induced bacteria was washed once with 20 ml transport buffer
(TB; 20 mM HEPES pH 7.3, 110 mM potassium acetate, 5 mM sodium
acetate, 2 mM magnesium acetate, 0.5 mM EGTA) containing 1 mM
DTT, 10 ug/ml each leupeptin and pepstatin and 1% aprotinin, and
then resuspended in 1 ml of the same buffer. Lysozyme was added to
120 000 U/ml, the solution was incubated on ice for 1 h, and then cen-
trifuged for 20 min at 14 000 g. The supernatant was quick frozen in
liquid nitrogen and stored at —70°C. His—RanQ69L was expressed in
M15[pREP4] cells at 37°C. The cell pellet was resuspended in 50 mM
HEPES pH 7.4, 100 mM NaCl, 10 mM magnesium acetate, 5 mM
B-mercaptoethanol, and 0.1 mM GTP (buffer A), then sonicated and
centrifuged at 40 000 g for 30 min. The supernatant was loaded onto
His bind resin charged and equilibrated according to the Novagen
instructions, and the resin was washed with buffer A plus 400 mM
NaCl. RanQ69L was eluted with buffer A plus 400 mM NaCl and
60 mM imidazole and then dialyzed against TB containing 0.1 mM GTP
and 5 mM g-mercaptoethanol.

Cell culture and transfection
Hela cells were cultured and transfected as described previously [42].

In vitro import assay

Hela cells were grown on glass coverslips (Figure 1) or 10-well slides
(all other figures) and permeabilized with digitonin as described [43].
The permeabilized cells were washed in TB containing 2 mM DTT,
1 ug/ml each leupeptin and pepstatin and 1% aprotinin and incubated
for 15 min at 30°C with the same buffer plus an energy regenerating
system (5 mM creatine phosphate, 20 U/ml creatine phosphokinase,
1 mM ATP) and 10 mg/ml BSA, along with 0.4 to 0.8 uM of the indi-
cated G ST fusion protein. For GST-TRN, the figures document experi-
ments performed with bacterial lysate expressing this protein. Purified
GST-TRN gave the same results (data not shown). Where indicated,
importin B AN44 (amino acids 45-462) was included at 1 uM,
RanQ69L at 2uM, GMP-PNP (Calbiochem) at 2mM and WGA
(Sigma) at 0.2 mg/ml. Import assays were terminated by washing the
cells in cold PBS followed by 30 min fixation in 2% formaldehyde/PBS.

In vitro export assay

Nuclei of digitonin-permeabilized cells were loaded for 15 min at 30°C
with either GST-TRN or GST-C-TRN as described above. After
washing in cold PBS, the cells were incubated for a further 20 min at
30°C in TB containing 2 mM DTT, 1 ug/ml each leupeptin and pepstatin
and 1% aprotinin plus an energy regenerating system (see import assay)
and 10 mg/ml BSA. The energy regenerating system can be omitted
without effect on the observed export. Where indicated, importin AN44
(amino acids 45-462) was included at 1uM, WGA at 0.25 mg/ml,
RanQ69L at 10 uM, and AMP-PNP (Calbiochem) or GMP-PNP at
4 mM. Export assays were terminated in the same way as import assays.
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Immunofluorescence staining, confocal microscopy and
western blotting

Fixed cells were permeabilized for 3 min in —20°C acetone, incubated
for 30 min with primary antibody diluted in 3% BSA/PBS (1:100 anti-
GST monoclonal antibody, Santa Cruz Biotechnology, 1:3000 anti-
Myc monoclonal antibody 9E10), washed in PBS and incubated for
30 min in 1:50 FITC-conjugated goat anti-mouse secondary antibody
(Cappel Laboratories). Laser scanning confocal microscopy was per-
formed with a Leica TCS NT confocal microscope. Western blotting
was performed as described previously [16].
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