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Abstract The transport of proteins from the cytoplasm into the 
nucleus is a multistep process. The nuclear localization sequence 
(NLS) of a transport substrate associates with the heterodimeric 
NLS-receptor which binds to a subset of proteins of the nuclear 
pore complex (NPC). Translocation through the NPC is energy- 
dependent and requires the small GTPase Ran. Proteins that 
interact with Ran in either the GDP-bound or the GTP-bound 
state coordinate transfer through the NPC. Lastly, the NLS- 
reeeptorlsubstrate complex and Ran reach the nuclear side of the 
NPC where the complex disassembles. 
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1. Introduction 

The nuclear pore complex (NPC) is the site of all transport 
of macromolecules between the cytoplasm and the nucleo- 
plasm. This review will focus on new findings on protein im- 
port  into the nucleus. Export of proteins and import/export of 
RNA have been reviewed recently [1-4]. Molecules of up to 
,~ 50 kDa may pass the NPC by diffusion. However, even 
small proteins require nuclear localization sequences (NLS) 
for efficient targeting [5]. A typical NLS contains two clusters 
of basic amino acids separated by about 10 residues (e.g. the 
bipartite NLS of nucleoplasmin) or only one short basic 
stretch of amino acids (e.g. the SV40 large T antigen NLS) 
[6]. Active uptake of proteins into the nucleus is a rapid, 
specific, and evolutionarily conserved process. Experimentally, 
two steps can be distinguished: NLS-dependent but energy- 
independent binding of substrate to the cytoplasmic side of 
the NPC, followed by its energy-dependent transport through 
the NPC [7,8]. 

The development of an in vitro system that mimics the 
properties of import in vivo has allowed the characterization 
of a number of proteins required for transport. Solubilization 
of the plasma membrane of mammalian cells by digitonin- 
treatment releases soluble proteins from the cytoplasm. How- 
ever, the nuclear envelope (NE) and other organellar mem- 
branes remain intact. Addition of a cytosol preparation is 
required for nuclear uptake of a fluorescent import substrate 
[9]. Subsequent subfractionation of cytosol has identified two 
separable activities; one fraction stimulates binding at the 
NPC, while the second fraction is required for energy-depend- 
ent translocation [10]. Four proteins have been identified 
which can substitute for the cytosol requirement: the two 
subunits of the NLS-receptor (binding activity), the small 
GTPase Ran, and p l0  (transport activity). Alternative bio- 
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chemical and genetic approaches resulted in the identification 
of these and additional important proteins. The relevant fac- 
tors will be discussed in the following sections. 

2. NLS-reeeptor (NR) 

The NLS-receptor (NR) consists of two subunits, NRc~ and 
NRI3. The NR is also termed importin, karyopherin, and 
pore-targeting complex [11-13]. The 54/56 kDa 'NLS-recep- 
tor'  and p97 described by Adam and coworkers represent the 
bovine NR [14-16]. The molecular weights in different species 
are 54-60 kDa for N R a  and 90-97 kDa for NRI3. NRc~ was 
purified from Xenopus egg extracts as an essential protein for 
NLS-dependent binding of a fluorescent transport substrate to 
the NE and subsequent import into HeLa cell nuclei [11]. 
NRc~ is found in a complex with NRI3 [17,12,13,18,19]. Both 
subunits are required for binding and transport [17,20]. N R a  
from yeast, also termed Srplp  or Kap60p [18,21], is most 
likely identical to the previously characterized NLS-binding 
protein NBP70 [22,23]. While there is only one yeast gene 
encoding NRa ,  higher eukaryotes contain a group of similar 
genes, which suggests differences in substrate specificity 
[11,20,24-281. 

NRc~ binds directly to nuclear localization sequences 
[14,22,17,20,26,29,30]. NR[3 was found to have weak [17] or 
no NLS-binding activity by itself [31,32] but it cooperates 
with NRc~ in NLS-recognition and binding of import sub- 
strate to the NE [16,17,32]. A large domain of so-called arm 
repeats [33] within NRc~ is responsible for NLS-binding 
[19,25]. N R a  has eight repeats [11,34] whereas NR[3 has a 
number of less well defined repeats. The NR heterodimer 
was observed to bind import substrates in cytosolic extracts 
[12,13,17]. The NR/substrate complex docks via NR[~ to the 
NPC [20,35] and is translocated through the NPC by an en- 
ergy-dependent and Ran-dependent mechanism. The amino- 
terminal ,~ 50 amino acids of NRct are necessary and suffi- 
cient for NR[3 binding. A fusion protein consisting of this 
peptide and a reporter was imported into the nucleus inde- 
pendently of NRcz. Unlike NRct, this fusion protein was not 
exported from the nucleus [19,36]. Thus translocation through 
the NPC is mediated only by NR[3. Mammalian NRct was 
observed both in the cytoplasm and in the nucleus 
[19,30,36]. Yeast NRct was localized to the nucleus, or the 
NE, or the cytoplasm [21,22,37-39]. NR[3 is located predomi- 
nantly at the NE, also in the cytoplasm but not in the nucleo- 
plasm [16,20,39]. Immunoelectron microscopy revealed that 
NR~ is located on both sides of the NPC [35]. According to 
the localization data, NRct and NR[3 do not form a hetero- 
dimer within the nucleus and the heterodimer dissociates at 
the nuclear side of the NPC. It is not known whether disso- 
ciation of the NR heterodimer is accompanied by release of 
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Fig. 1. The GTPase cycle of Ran (Gsplp) and protein interactions. 
The cycle is regulated by the GDP/GTP exchange factor RCC1 
(Prp20p) and the GTPase activating protein RanGAP (Rnalp). 
Other factors that regulate the guanine nucleotide bound state may 
exist. Dotted lines indicate direct interactions between two proteins. 
NR~ (Kap95p/Rsllp) binds either to NRo~ (Srplp/Kap60p) or to 
Ran-GTP. Names of S. cerevisiae homologues are in parentheses. 

the import substrate from NRc~. By one model, release could 
be achieved by NRc~ modification, e.g. dephosphorylation. 
This idea is supported by the observation that only phos- 
phorylated NRe~ bound NLSs in a blot binding assay [40] 
and by the partial purification of a NRcc kinase from yeast 
which was activated by import substrates [29]. 

Interestingly, it was recently observed that the GTP form of 
Ran bound to NRI3 and caused dissociation of the NR het- 
erodimer in vitro [32]. One interpretation is that this event 
represents import termination and that NRI] returns to the 
cytoplasm complexed to Ran-GTP. Homologues of NRI3 
which were found in a database search [17] might play a 
role in the export of NRcq or they might be alternative 
partners of N R a  during import. It is not known whether 
the NR subunits are involved in export of proteins or RNA. 
It is unlikely that they play a role in mRNA export. Tempera- 
ture-sensitive yeast strains which are mutated in NRc~ (which 
exhibit pleiotropic defects like cell cycle arrest) [23,34] and 
NRI 3 showed defects in protein import but not in mRNA 
export [23,39]. 

3 .  N u c l e a r  p o r e  c o m p l e x  ( N P C )  

The NPC [41-43] consists of about 100 different proteins 
[44], also termed nucleoporins. Although the overall architec- 
ture of the NPC is known in detail, information about the 
function and localization within pore substructures of individ- 
ual nucleoporins is limited. Mutations in several nucleoporins 
lead to defects in protein import and/or RNA export. A num- 
ber of nucleoporins contain more or less extended character- 
istic domains of repeats. The core of  the repeats consists of 
degenerate F X F G  or G L F G  peptide motifs (amino acid single 
letter code). In many cases only F G  is present as a motif. 
Among the 22 known yeast nucleoporins 12 contain F G  re- 
peats. Mammalian F G  repeats containing nucleoporins are 
located at both sides and the central part of the NPC. The 
exact function of the repeats remains unclear. However, there 

is accumulating evidence that they serve as multiple binding 
sites for transport factors. The import factor p l0  was ob- 
served to interact with F X F G  repeats of Nup36p [45] and 
was purified by its ability to bind to the F X F G  nucleoporin 
p62 [46]. Similarly, incubation of immobilized G L F G  repeats 
of Nup98 with a cytosolic subfraction led to depletion of the 
binding activity [47]; NRI3 was identified as one protein 
bound to these repeats [12]. Binding of the NLS-receptor to 
some but not all F G  nucleoporins has also been reported by 
others [20,32,45,48-50] and required only the repeat domains 
[32,45,49,50]. 

Mammalian RanBP2/Nup358 was the first nucleoporin that 
was shown to bind to Ran. It is located at the cytoplasmic 
side of the NPC and has 4 Ran binding domains (see below). 
It binds only the GTP-form of Ran [51,52]. The two yeast 
nucleoporins Nup2p [53] and Nup36p [45] also contain one 
Ran binding domain. The Ran binding domain of Nup2p 
interacted with yeast Ran as shown by two hybrid analysis 
[54,55]. Interestingly, all three of these Ran binding nucleo- 
porins also contain F X F G  repeats and were observed to inter- 
act with the NR [32,45,48,52]. Assuming that they concomi- 
tantly bind Ran-GTP and the NR/substrate complex and that 
GTP hydrolysis by Ran initiates translocation through the 
NPC, these nucleoporins could be the entry sites for translo- 
cation. Other evidence for the interconnection of F X F G  nu- 
cleoporins, the NR, and Ran comes from yeast genetics, 
through genetic interactions between N u p l p  and Nup2p 
[53], N u p l p  and N R a  [48], Nup2p and NR~ (J. Loeb, un- 
published), Rna lp  (the Ran GTPase activating protein) and 
N u p l p  [56], as well as R n a l p  and NRI3 [39]. 

4 .  R a n  

Ran (Ras-related nuclear protein), also termed TC4, be- 
longs to the family of Ras-like GTPases. However, it differs 
from other members of the family in that it lacks a carboxy- 
terminal membrane attachment, is very abundant, and is lo- 
cated mainly in the nucleus. Interactions with other proteins 
depend on the state of the nucleotide bound to Ran (Fig. 1) 
which is regulated by the GTPase activating protein (GAP) 
and the GDP/GTP exchange factor (GEF). Temperature-sen- 
sitive GAP and GEF mutants as well as Ran mutants that are 
defective in GTP-binding (GDP-form) or in GTP-hydrolysis 
(GTP-form) have been studied in different organisms. Ran 
and its regulators have been proposed to function in numer- 
ous nuclear events, e.g. maintenance of the nuclear structure, 
cell cycle control, DNA replication, transcription, RNA pro- 
cessing and export. A primary function of Ran in nuclear 
import is not universally accepted [57,58]. 

Ran was purified from cytosol as the major activity re- 
quired for energy-dependent translocation of import substrate 
into permeabilized cells [59]. GTP hydrolysis by Ran is re- 
quired for import [59-63] but it is not known whether other 
GTPases or ATPases are also involved. Ran is depleted from 
digitonin-treated cells [62] but accumulated at the NE and the 
nuclear interior during import in vitro [20,35,62]. Uptake of 
an import substrate is blocked in the presence of non-hydro- 
lyzable GTP analogues. Under these conditions, Ran accumu- 
lated at the cytoplasmic side of the NPC. By immunoelectron 
microscopy, it was observed to be located at the same periph- 
eral region of the NPC where substrates accumulated after 
ATP depletion [62]. This region, which corresponds to the 
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Fig. 2. Schematic model of protein import into the nucleus. The ct-subunit of the NLS-receptor (NRet) associates with the nuclear localization 
sequence (NLS) of an import substrate. NRet can bind to pore-associated or cytoplasmic NRI3. The NR heterodimer binds via NRI3 to FG re- 
peats of a subset of nucleoporins. Translocation requires energy, Ran and pl0. Ran-GTP binds to Ran binding domain (black) containing nu- 
cleoporins at the cytoplasmic side of the nuclear pore complex (NPC). Translocation is probably initiated by GTPase activating protein (GAP)- 
mediated GTP hydrolysis. The actual transfer mechanism is unknown. The NLS protein/NR/pl0/Ran-GDP complex is a possible intermediate. 
The complex disassembles at the nuclear side of the NPC. This might be accomplished by Ran-GTP binding to NR[3. Then NRct releases the 
import substrate. Ran-GDP is converted to Ran-GTP by the GDP/GTP exchange factor (GEF). Alternative views about the role of Ran dur- 
ing transport are discussed in Section 7. 

cytoplasmic fibrils that extend from the NPC, was proposed 
to be the initial binding site for import substrates [8]. The 
Ran-GTP binding nucleoporin RanBP2/Nup358 was also lo- 
calized to this region [51] and was shown to be a major Ran 
binding component of rat liver nuclear envelopes [52,62]. 

Regulation by specific GAPs and GEFs is required for 
proper function of Ran. So far only one GAP and only one 
GEF have been identified, and they are located on opposite 
sides of the NE (Fig. 2). The nuclear protein RCC1 forms a 
complex with Ran-GDP and promotes guanine nucleotide 
exchange [64,65]. Like other Ras-like proteins, Ran has a 
low intrinsic GTPase activity. Hydrolysis of bound GTP is 
stimulated by a RanGAP [66] which was found to be a func- 
tional homologue of the cytoplasmic yeast protein Rna lp  
[63,67,68]. Mutants in RCC1 and its budding yeast homo- 
logue, PRP20, display pleiotropic defects. They are blocked 
both in RNA export [69 72] and protein import [39,73]. Si- 
milar phenotypes were observed in rnal mutants [69]; they 
also exhibit defects in RNA export [74,75] and protein import 
[63]. Moreover, dominant-negative expression of a Ran mu- 
tant that is unable to hydrolyze GTP in yeast leads to a block 
in protein import and mRNA export [61]. These data together 
show that disturbance of the Ran GTPase cycle will cause 
defects in bi-directional nuclear transport in vivo. Recently, 
Rna lp  was also shown to be involved in protein import in 
vitro. Cytosol prepared from the loss of function mutant 
rnal-1 was unable to support import into competent nuclei 
of permeabilized yeast cells unless wild-type Rna lp  was added 
[63]. 

It has been suggested that Ran shuttles between the cyto- 

plasm and the nucleoplasm and that shuttling is coupled to 
the GTPase cycle of Ran and to nucleocytoplasmic transport. 
In this scenario, Ran-GTP and the import substrate/NR com- 
plex dock at the cytoplasmic side of the NPC, translocation is 
triggered by GAP-mediated GTP hydrolysis, and then Ran- 
GDP and the complex reach the nuclear side of the NPC, 
where the complex disassembles. Nuclear Ran-GDP is con- 
verted to Ran-GTP by the GEF (Fig. 2). If RNA export is a 
mirror image of protein import, a second set of a nuclear 
GAP and a cytoplasmic GEF have to be postulated but 
they have not been found yet [67,68]. 

Using recombinant yeast proteins, it was shown that addi- 
tion of GTP-loaded Gsplp (the essential yeast Ran), and not 
of Gsplp-GDP, caused dissociation of a complex consisting 
of FXFG repeats of Nuplp,  NRct, and NR[3, as well as of a 
complex consisting of import substrate, NRct, and NRI3 [32]. 
As a result, a complex of NR[3 and yeast Ran-GTP was 
formed in which the bound GTP was not accessible to 
Rnalp  [32,76]. These observations have been interpreted as 
representing a dissociation step in repeated association/disso- 
ciation reactions during movement of an import substrate 
across the NPC [32], or to represent the terminal step of 
translocation [4]. 

5. plO 

Ran associates in Xenopus ovary extracts with a dimer of 
pl0, also termed ppl5 or Ntf2p. The pl0 dimer further stim- 
ulates energy-dependent translocation in the presence of Ran 
[77]. Although its addition is not required to all batches of 
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permeabilized cells [35] it seems to be an essential import 
factor. The protein was also purified from HeLa cells by bio- 
chemical complementation of cytosol which was depleted of 
import activity by preincubation with recombinant nucleopor- 
in p62 [46]. The yeast protein is essential and is located at the 
NE [45,78]. The human homologue is able to function in S. 
cerevisiae. Temperature-sensitive ntf2 mutants exhibit defects 
in protein import but show no defect in mRNA export [78]. 

Recombinant p l0  was observed to bind to several repeat- 
containing nucleoporins. It also bound to NRI3 and Ran- 
GDP, but not to Ran-GTP. Assembly of the NR heterodimer 
on F X F G  repeats of Nup36p yielded cooperative binding of 
Ran-GDP and p l0  in vitro. Addition of Ran-GTP to this 
complex (which did not contain an import substrate) caused 
release of the NR heterodimer. Surprisingly, addition of GTP 
caused release of NRc~ [45]. These observations favor an ex- 
tended model for translocation by repeated association/disso- 
ciation reactions. The Nup repeats/NRcx/NRI3/Ran-GDP/pl0 
complex would form as an intermediate and stimulate a 
Prp20p-independent GDP/GTP exchange reaction in the mi- 
croenvironment of the NPC. The formation of Ran-GTP 
would lead to dissociation and movement of the import sub- 
strate [45]. 

6. Other factors 

Except NR(x, none of the import factors purified from 
mammalian cytosol is predominantly located in the cyto- 
plasm. The successful isolation of these proteins has relied 
on the fact that cytosol preparations contain nuclear and 
NPC-associated proteins and that digitonin treatment of 
mammalian cells extracts or inactivates transport factors 
[16,20,62]. Interestingly, the binding activity (i.e. the NLS-re- 
ceptor) is not an absolutely required cytosolic factor in the 
yeast in vitro system [79]. Here, permeabilization is achieved 
not by digitonin treatment but by a freeze/thaw cycle. It seems 
possible that additional import factors can be purified by 
using more stringent permeabilization conditions. 

Other factors like Hsp70 heat shock proteins [80,81] have 
been reported to play a role in protein import. Furthermore, 
several other Ran-GTP binding proteins have been character- 
ized [82]. The 23 kDa protein RanBP1/Yrblp binds Ran only 
in its GTP-form [54,55,83-86] and acts as a co-activator of the 
Ran GTPase [55,84]. It shares a domain of 120 150 amino 
acids, the 'Ran binding domain',  with other proteins, some of 
which are nucleoporins (discussed above). The 70-residue core 
region of the Ran binding domain is highly conserved. Muta- 
tions therein disrupt the interaction with Ran [55,85]. A Ran 
mutant lacking the 6 carboxy-terminal amino acids was un- 
able to bind to RanBP1 but still associated with NR]3. Bind- 
ing of RanBP1 and NR[3 to Ran-GTP do not seem to com- 
pete with each other [87]. The yeast protein, Yrblp ,  is located 
in the cytoplasm but is concentrated in a region around the 
NE. Mutants in YRB1 exhibit defects in protein import and 
mRNA export [55] and cause synthetic lethality with muta- 
tions in NUP1 [88]. Cytosol prepared from yrbl mutants [55], 
or cytosol immunodepleted of Yrb lp  (Schlenstedt and Silver, 
unpublished), as well as the carboxy-terminal Ran deletion 
mutant [89] still supported protein import in vitro. The func- 
tion of RanBPl /Yrb lp  remains unclear. It could play a role in 
export of Ran-GTP from the nucleus, in release of Ran-GTP 

from NR[3, in protection of cytoplasmic Ran-GTP from 
Rnalp ,  or in targeting of cytoplasmic Ran-GTP to the NPC. 

7. Questions and mechanisms 

It is obvious that more import factors will have to be iden- 
tified and characterized before we understand at the molecular 
level how proteins move into the nucleus. We do not know 
whether Ran alone is responsible for the energy requirement 
of transport. It is unclear what ensures the directionality of 
translocation. Does a functional complex exist which consists 
of import substrate/NR and Ran? What causes disassembly of 
the complex in the nucleus? How do transport components 
return to the cytoplasm? Are they involved in export of pro- 
tein or RNA? How is transport regulated overall? 

One controversial question at this point is: what is the 
actual translocation mechanism? There are different views 
about the exact series of interactions and events during im- 
port. They differ mainly in speculations about the role of Ran. 
(1) Binding~release model: The model of repeated association/ 
dissociation reactions during movement of an import sub- 
strate across the NPC implies that the NR heterodimer and 
the import substrate are not translocated as a complex and 
that multiple GTPase cycles of Ran drive binding and release 
of the factors to the NPC. The function of Rna lp  would be to 
convert any cytoplasmic Ran-GTP (which prevents dimeriza- 
tion of the NR) to the primary active Ran-GDP [32,45]. (2) 
Walking model: It has also been suggested that the NR het- 
erodimer and the import substrate are translocated as a single 
complex and moves in discrete steps along an array of binding 
sites with increasing affinity. Multiple Ran GTPase cycles 
would provide the energy for this walking mechanism by reg- 
ulating the affinity for alternate binding sites [4]. (3) Sliding 
unit model: Alternatively, a single Rnalp-triggered GTP hy- 
drolysis event could lead to the assembly of a transport-com- 
petent unit (like a substrate/NR/pl0/Ran-GDP complex). This 
unit would slide along the F G  repeat coated inner surface of 
the NPC. The sliding movement could be driven by putative 
attached motor proteins. As the last step of import, Ran-GTP 
would bind to NR]3 at the nuclear side of the NPC and dis- 
sociate the unit (Fig. 2). 
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