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Summary

In recent years, our understanding of macromolecular transport processes across the nuclear
envelope has grown dramatically, and a large number of soluble transport receptors mediating either
nuclear import or nuclear export have been identified. Most of these receptors belong to one large
family of proteins, all of which share homology with the protein import receptor importin 3 (also
named karyopherin [3). Members of this family have been classified as importins or exportins on the
basis of the direction they carry their cargo. To date, the family includes 14 members in the yeast
Saccharomyces cerevisiae and at least 22 members in humans. Importins and exportins are regulated by
the small GTPase Ran, which is thought to be highly enriched in the nucleus in its GTP-bound form.
Importins recognize their substrates in the cytoplasm and transport them through nuclear pores into
the nucleus. In the nucleoplasm, RanGTP binds to importins, inducing the release of import cargoes. In
contrast, exportins interact with their substrates only in the nucleus in the presence of RanGTP and
release them after GTP hydrolysis in the cytoplasm, causing disassembly of the export complex. Thus,
common features of all importin-B-like transport factors are their ability to shuttle between the
nucleus and the cytoplasm, their interaction with RanGTP as well as their ability to recognize specific

transport substrates.

Gene organization and evolutionary history

A major effort in the nucleocytoplasmic transport field has
been directed towards the analysis of all members of the
importin B family, in particular with the aim of identifying
specific transport cargoes. This has led to the characteriza-
tion of a large number of related proteins (both importins
and exportins) in all eukaryotic species analyzed. New
members have primarily been identified by sequence homol-
ogy or biochemically via their interaction with the small
GTPase Ran. Strikingly, the roles of many of these receptors
is conserved from yeast to humans. There are 14 putative
members of the importin B family in the completed
Saccharomyces cerevisiae genome, nine of which have been
shown to function as importins and four as exportins [1].
The genes encoding yeast transport receptors are dispersed
throughout the genome and none of them contains introns.
Higher eukaryotes contain an even larger number of
importin-p-like proteins. It has been proposed that there are

more than 22 putative members in mammals [1-3]. Little is
known about the gross structure of the genes encoding these
nuclear transport receptors, and our knowledge of the chro-
mosomal localization or the organization of the individual
genes encoding members of this family is very poor.

Characteristic structural features

The relative molecular masses of members of importin-f-
like proteins vary between 9o kDa and 130 kDa, but all are
characterized by an acidic isoelectric point. The overall
sequence similarity between various transport receptors is
low (less than 20% amino acid identity) and, in many cases,
is restricted to the amino-terminal domain. Work mainly on
importin B has demonstrated that these receptors bind
RanGTP via the amino-terminal domain and cargo via the
carboxy-terminal domain [4-8]. To permit shuttling through
the nuclear pore complex (NPC), transport receptors also
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contain one or multiple binding domains for components of
the NPCs, called nucleoporins. Truncation studies using
importin B indicate that the binding site for nucleoporins
containing FxFG repeats (in the single-letter amino acid
code, where x is, in many cases, a small polar residue or
glycine) is located in an amino-terminal/central region of
importin B (residues 152-352) [4,5]. This was recently con-
firmed in the crystal structure of an amino-terminal frag-
ment of importin B in a complex with five FXFG nucleoporin
repeats [9]. Additional information comes from the crystal
structures of importin $ and of transportin 1 (also known as
karyopherin B2), which were solved either in a complex with
RanGTP [7,8], with a cargo [6], or in the free form [10].

Overall, the structures of importin-p-like receptors are char-
acterized by a very similar series of helical HEAT repeats (19
in importin B and 18 in transportin 1; Figure 1). HEAT
repeats are approximately 40 residues in length and are
found in many eukaryotic proteins such as the PR65/A
subunit of protein phosphatase 2A [11]. The fundamental
repeat unit is a right-handed superhelical structure consist-
ing of a hairpin made up of two B helices, named A and B,
separated by a sharp turn. Each hairpin is connected to the
next by a linker region. In transportin 1, almost all linkers
contain a third helix, but there are very few linker helices in
importin B. In both receptors, one turn is extended into a
long acidic loop, which has been suggested to be important
for RanGTP-mediated cargo release. Full-length importin
complexed with the importin-B-binding domain of importin o
(IBB) forms a snail-like superhelical structure wrapping
tightly around the IBB domain. The structure of the uncom-
plexed amino terminus of importin B reveals a different
superhelical architecture with a much steeper helical pitch
than the cargo-bound or RanGTP-bound forms [10]. This
suggests that importin B undergoes twisted conformational
changes in its HEAT-repeat helix stacking, which could be
essential for the regulation of cargo binding and release
and/or for protein interactions during the translocation
through the NPC. No structure of an exportin has yet been
reported. Although the sequence homology is limited, it is
expected that exportins will fold in a similar way to the
reported importin structures. It still remains unclear,
however, why RanGTP is required for binding of cargo to
exportins but causes cargo dissociation from importins.

Localization and function

A major function of transport factors of the importin B
family is to mediate the transport between the nucleus and
cytoplasm of macromolecules that contain nuclear import or
export signals [1,12]. To this end, all transport factors con-
stantly shuttle between the nucleus and the cytoplasm. At
steady state, they can be found in the nucleus, at the NPC or
in the cytoplasm. At present, very little is known about the
tissue distribution of this family of proteins. All members
have the ability to recognize and bind specific cargoes, either

directly or via adaptor molecules, to bind RanGTP and to
interact with nucleoporins at the NPC. Interactions between
the proteins of the importin B family and nucleoporin
repeats have been shown both in vitro [4,5,13-17] and in
vivo [18]. These interactions contribute to the import or
export of importin B family members and their cargoes
through the central transporter of the NPC.

Import and export are multistep processes that are initiated
by the recognition of nuclear localization signals (NLSs) and
nuclear export signals (NESs). The most thoroughly studied
import signals are the ‘classical’ and the bipartite NLSs, first
identified in SV40 large T antigen and nucleoplasmin, respec-
tively [19]. Their transport is mediated by importin B, the
first-characterized member of this protein family. Importin 3
indirectly associates with these NLS motifs via the adaptor
molecule importin o [20-24]. Additional importin-B-depen-
dent adaptors in vertebrates include snurportin 1 (involved in
import of m3G-capped small nuclear ribonucleoproteins,
snRNPs [25]) and XRIPa (involved in the import of replica-
tion protein A, RPA [26]). Importin B can also form a
complex with another importin-B-like factor, importin 7, in
order to transport the linker histone H1 into the nucleus [27].
In addition, importin B is able to interact directly with a large
variety of different cargoes, including the T-cell protein tyro-
sine phosphatase [28], the human immunodeficency virus
(HIV) TAT and Rev proteins [29], human T-cell leukemia
virus Rex protein [30], ribosomal proteins L23a, S7, and L5
[31], cyclin B1 [32,33], Smad [34] and the parathyroid-
hormone-related protein [35]. Table 1 details known
importins, exportins and their cargoes and adaptors.

The import of ribosomal proteins seems to rely on at least
partially redundant mechanisms. In yeast, the importin
Kap123p/Yrb4p has been shown to be an important media-
tor of ribosomal-protein import [36,37], but the related
protein Kapi2ip/Pseip can functionally substitute for
Kap123p in vivo [36]. In mammalian cells, at least four
importin-B-like transport factors are able to mediate import
of ribosomal proteins [31]. Interestingly, both the p-like
importin receptor binding (BIB) domain and some riboso-
mal proteins can be imported by any of the four receptors
importin B, transportin 1, importin 5 or importin 7 [31].

The yeast importin Kap1o4p mediates nuclear import of the
mRNA-binding proteins Nab2p and Nab4p [38]. Its verte-
brate homolog, transportin 1 (Kapp2), also mediates import
of the RNA-binding proteins hnRNP A1 and hnRNP F, but
also of ribosomal proteins [31,39-42]. Mammalian trans-
portin-SR mediates nuclear import of a group of abundant
arginine/serine-rich proteins, which are essential pre-
mRNA splicing factors [43,44]. In yeast, the TATA-binding
protein (TBP) is imported into the nucleus by Kap114p [45].

Other members of the importin-p family have been found to
mediate nuclear export events. Exportin 1 (Crm1p, Xpo1p)
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Structure of importin B. () Importin 3 is composed of 19
helical-repeat motifs (HEAT repeats). Each consists of an A
and a B helix connected by a short turn, which in HEAT-8 is
replaced by an acidic loop critical for the regulation of
substrate binding and release. The HEAT repeats 1-8 are
required for high-affinity binding to RanGTP [4,5]. The
importin-B-binding (IBB) domain of importin o interacts
mainly with residues located in repeats 7-19 of importin 3
[6]. The binding site for nucleoporins of the NPC is located
between residues 152 and 352, corresponding to repeats 4-8
[4,5]. On the basis of the crystal structure, the A helices of
HEAT repeats 5 and 6 and a region between HEAT repeats
6 and 7 are thought to be critical for recognition of the
FXFG motif [9]. N, amino terminus; C, carboxyl terminus.
(b) Structure of importin § bound to the IBB domain of
importin a (adapted from [6]). Importin 3 (yellow) forms a
superhelical structure that wraps like a snail around the IBB
domain (blue). The 19 HEAT repeats share a common core
of 21 residues, comprising the A helix with about three turns
and the B helix with about four turns. The helices critical for
the interaction with FxFG-repeat nucleoporins [9] are in
green. Important residues for interaction with RanGTP [8]
are in red. Note the acidic loop, which contacts both
RanGTP and the IBB domain (white arrow).

has been identified in both yeast and higher eukaryotes as an
export receptor for leucine-rich NES-containing proteins [46-
49]. Human exportin 1 has been found to export protein
kinase inhibitor o (PKIo) and HIV Rev [46], IxBa [50], snur-
portin 1 [51], HTLV Rex [52], the small nuclear RNA [46,53],
cyclin B1 [54] and the transcription factor NF-AT4 [55].
Targets for exportin in S. cerevisiae include the transcription
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factors Yapip [56], and Ace2p [57], the mitogen-activated
protein kinase Hog1p [58], and the heat-shock protein Ssbip
[59]. CAS (yeast Cse1p) functions in the export and recycling
of importin a [60-63]. Msn5p was first identified as a yeast
exportin that exports the phosphorylated form of the tran-
scription factor Phog4p [64]. Interestingly, Msnsp was
recently shown to function as an import receptor for the
trimeric RPA [65], suggesting that individual members of the
importin-B-like protein family can function both as import
and export receptors. The first cellular RNA export receptor
to be discovered, named exportin-t in higher eukaryotes or
Los1p in yeast, mediates nuclear export of tRNAs [66-68].

Many of the nuclear transport factors identified in S. cere-
visiae are not essential for viability, even though they trans-
port essential cargoes. This phenomenon can be explained
by the fact that cargoes can use alternative transport path-
ways. This is probably best exemplified in the import
pathway of ribosomal proteins, which is mediated by at least
four different import receptors (see above).

Mechanism and regulation

Nuclear transport mediated by importins and exportins is
strongly directional in vivo: importins bind their cargo in the
cytoplasm and transfer it to the nucleus, whereas exportins
interact with their substrates in the nucleus and mediate
their export to the cytoplasm (Figure 2). Protein transloca-
tion through the NPC is thought to occur by an essentially
similar mechanism for all importin-B-related receptors,
except for the fact that, in some situations, additional adap-
tors are required to bridge the cargo-receptor interaction.
The most-studied pathway is the import of classical NLS-
containing proteins. This is mediated by importin B together
with its adaptor importin o, which binds both the NLS-
containing cargo and importin B in the cytoplasm. After a
trimeric importin o-importin B-NLS complex is formed,
importin B mediates docking at the NPC. In the presence of
RanGDP and free GTP, this trimeric complex translocates
through the NPC. Translocation is terminated by binding of
RanGTP to importin B, which releases the complex from the
NPC and dissociates importin o from importin f (reviewed
in [1,12,69]). Free importin o has a lower affinity for the NLS
cargo [60], and release from importin B is therefore believed
to trigger release of the NLS cargo as well. Thereafter, the
importin B-RanGTP complex, and importin a bound to its
exportin (CAS) and RanGTP, are re-exported to the cyto-
plasm for another round of import [1,12,69].

Transport in the reverse direction, mediated by exportins, is
regulated in a converse manner (Figure 2) [1,12,69]. A para-
digm for transport out of the nucleus is the export of leucine-
rich NES-containing proteins. Exportin 1 binds to substrates
containing a leucine-rich NES in the nucleus, forming a
trimeric complex with RanGTP. This complex is then trans-
ferred to the cytoplasm by a mechanism involving binding of
exportin 1 to the NPC. Once in the cytoplasm, GTP hydrolysis
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Table |

Proteins in the importin-B-like family and their cargoes

Vertebrate

Yeast

Cargoes

Importins

Importin B (Kap B1, p97, PTACB) [L39793]

Transportin | (importin 2, karyopherin 2)
[U70322]

Transportin-SR (transportin-SR2 & Mtr10a)
[AJ133769]

Importin 5 (RanBP5, karyopherin 33)
[U72761]

Importin 7 (RanBP7) [AF098799]

Importin || [from ESTAA082435]

Exportins
Exportin | (CRMI, XPOI) [Y08614]

CAS [U33286]
Exportin-t [AF039022 ]
Exportin 4 [AF145021]

Examples of orphan importins/exportins
Transportin 2 (karyopherin 2b) [AF019039]
RanBP6 [AF039023]

RanBP8 [U77494]

RanBPI3 (Mtrl0b) [AF267987]
RanBP 16 [AF064729]
RanBP17 [AF222747]

Kap95p [AAB67265]

Kap104p [CAA84959]

Kap108p/SXM| [AAB64837]
Kap! | Ip/Mtr10p [CAA99366]
Kap| 14p/YGL241W [CAA96960]

Kap | 19p/Nmd5p [CAA89663]
Kap121p/Pselp [CAA89141]
Kap122p/Pdrép [CAA96716]
Kap123p/Yrb4 [AAC03208]
Kap 142p/Msn5p [AAB64771]

Crm|p/Xpolp [CAA97246]

Cselp/Kap|09p [CAA96957]
Los|p [CAA82050]

Kap 142p/Msn5p [AAB64771]

Kap120p/Lph2p [AAB68237]

Ribosomal proteins (H.s.) [31], viral proteins [29], cyclin BI (X and
H.s.) [32,33], Smad proteins (H.s.) [34], T-cell protein tyrosine phos-
phatase (H.s.) [28]. Adaptors: importin o.: cNLS-containing proteins
(reviewed in [1]); importin o/4E-T: eukaryotic translation initiation
factor 4E (H.s.) [78]; snurportin: m3G-capped U snRNPs (H.s.) [25]
XRIP o: RPA (X.1) [26]

hnRNP protiens (Al, F) (H.s.) [39,42]; ribosomal proteins (H.s.) [31]

Nab2p (S.c.) and Hrplp (S.c)) [38]
SR domain proteins (H.s.) [43,44]

Ribosomal proteins (H.s.) [31]

Lhplp (S.c.) & ribosomal proteins (S.c.) [79]
NpI3p (S.c.) [80]
TBP (S.c.) [45]

Ribosomal proteins (H.s) [31]; mediates import of histone HI (H.s.)
[27] when bound to importin 3

Hoglp (S.c.) [58], TFIIS (S.c) [81]

Pho4p (S.c)) [82], ribosomal proteins (S.c.) [36], Spol2p (S.c.) [83]
Toalp and Toa2p (S.c) [84]

Ribosomal protein (S.c.) [36,37]

Replication protein A (S.c.) [65]

UbcM2 (murine) [3]

NES-containing proteins [46-49,52,54,55], m7G-capped U snRNAs
(XL) [53], snurportin | [H.s] [51], IkBa (avian) [50], Ssb1p (S.c.) [59],
Ace2p (S.c) [57], Yaplp (S.c)) [56], Hoglp (S.c) [58]

Importin o (H.s. and S.c.) [60-63]

tRNA (H.s. and S.c.) [66-68]

elF-5A (H.s.) [85]

Pho4p (S.c.) [64], Miglp (S.c) [86], Farlp (S.c.) [87], Ste5p (S.c.) [88]

Unknown
Unknown
Found in a complex with importin 3, unknown function [89]
Unknown
Unknown
Unknown

Unknown

Abbreviations: H.s., Homo sapiens; S.c., Saccharomyces cerevisiae; X.I., Xenopus laevis. GenBank accession numbers are given in square brackets for each

protein, and alternative names are in parenthesis.



results in dissociation of Ran from the complex, allowing
exportin 1 to release its cargo. Free exportin 1 re-enters the
nucleus to bind and export additional cargo molecules.

As illustrated in these examples, the RanGTP cycle plays a
key role in conferring directionality to nucleocytoplasmic
transport events [70,71] and RanGTP acts as a marker of the
nuclear compartment for both nuclear import and export
(Figure 2; reviewed in [1,12,69]). Remarkably, this model
predicts that only a single molecule of GTP is hydrolyzed per
import/export cycle; it strictly requires that RanGTP is
highly enriched in the nucleus. It is thought that a steep
RanGTP-RanGDP gradient is generated by the cellular com-
partmentalization of regulators of the Ran cycle. Specifically,
the guanine-nucleotide exchange factor of Ran (RanGEF or
RCC1), which regenerates RanGTP is nuclear and bound to
chromatin [72]. In contrast, the main GTPase-activating
protein (RanGAP), and the Ran-binding proteins, RanBP1
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and RanBP2, which stimulate GTP hydrolysis by Ran, are
found in the cytoplasm [73-76]. This asymmetric distribu-
tion predicts that Ran is present mainly in the GTP-bound
form in the nucleus, whereas Ran is immediately converted
to a GDP-bound state in the cytoplasm.

Recently, it was suggested that in addition to the Ran cycle,
the NPC itself could provide an additional mechanism to
ensure transport directionality [77]. Given that several
nucleoporins implicated in binding to importins and
exportins have distinctive locations in the structure of the
NPC, the asymmetric design of the NPC may also be impor-
tant to efficiently drive nuclear import and export.

Frontiers
Despite the large amount of progress that has been made in
the nucleocytoplasmic transport field in recent years, many
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Figure 2

A schematic representation of nuclear import and export cycles through the NPC. Typically, an import cargo is first
recognized by its importin in the cytoplasm. The cargo-loaded importin translocates through the NPC into the nucleus,
where the cargo is dissociated from the importin by binding of importin to RanGTP. The importin-RanGTP complex recycles
back to the cytoplasm, where RanGTP hydrolysis is stimulated by RanGAP and RanBPI; this frees the importin for the next
round of import. Binding of cargoes to exportins is regulated in a converse manner. Exportins bind their export substrates in
the nucleus, forming a trimeric cargo-exportin-RanGTP complex. This complex is exported from the nucleus and dissociated
in the cytoplasm by hydrolysis of RanGTP to RanGDP and inorganic phosphate (Pi). This releases the export substrate, and
the exportin is recycled back into the nucleus. For details, see text.
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important questions remain unsolved. Many import and
export receptors have now been characterized and their first
cargoes have been identified. The further characterization
of new transport receptors and adaptors, and the identifi-
cation of new import and export substrates, will lead to a
more complete picture of nucleocytoplasmic transport. A
big challenge for the future will be to understand how
translocation through the NPC occurs, and how nucleo-
cytoplasmic transport is regulated. How does the NPC
achieve its tremendous amount of selectivity? What type of
changes in NPC conformation are required for passage
through the NPC? To gain insight into these questions, a
quantitative analysis of interactions between transport
receptors and nucleoporins will be required. It will be also
interesting to see whether an increasing affinity gradient of
receptors for nucleoporins along the NPC exists and, if so,
whether it makes an important contribution towards the
direction of transport.

Other issues that remain to be solved include the structural
differences between members of the importin and exportin
family. How does RanGTP dissociate import complexes in
the nucleus but promote binding of export cargoes to
exportins? A key mechanistic topic that is poorly understood
is the export of RNAs and RNPs. Although a tRNA-export
factor has been identified, the mechanism of rRNA or
mRNA export is still poorly understood. Several proteins in
S. cerevisiae, such as Mex67p and Yraip, and their metazoan
counterparts TAP and Aly, have been indicated to play an
important role in mRNA export. Mex67p/TAP does not
belong to the family of importin-B-like proteins, suggesting
that there are alternative translocation pathways through
the NPC. Future studies will provide insights into these
important questions.

References

I. Gorlich D, Kutay U: Transport between the cell nucleus and
the cytoplasm. Annu Rev Cell Dev Biol 1999, 15:607-660.

A comprehensive review on nucleocytoplasmic transport, which
describes the role of importins, exportins and Ran in nuclear transport
and contains many references to the original work and other reviews.

2.  Kutay U, Hartmann E, Treichel N, Calado A, Carmo-Fonseca M,
Prehn S, Kraft R, Gorlich D, Bischoff FR: Identification of two
novel RanGTP-binding proteins belonging to the importin
{beta} superfamily. | Biol Chem 2000, 275:40163-40168.

Using affinity chromatography with immobilized RanGTP the authors
isolate RanBP 1 6. Another close homolog, RanBP17, is also identified on
the basis of RanBP |6 sequence.

3. Plafker SM, Macara IG: Importin-1 1, a nuclear import receptor
for the ubiquitin-conjugating enzyme, UbcM2. EMBO J 2000,
19:5502-5513.

This paper identifies importin ||, a human member of the importin-§
family that mediates the nuclear import of UbcM2, an E2 ubiquitin-con-
jugating enzyme.

4.  Kutay U, lzaurralde E, Bischoff FR, Mattaj IW, Gérlich D: Domi-
nant-negative mutants of importin-beta block multiple
pathways of import and export through the nuclear pore
complex. EMBO | 1997, 16:1153-1163.

The authors analyze the interaction sites of importin 8 with its multiple
partners. These data suggest that termination of import involves
binding of RanGTP to importin f3.

Chi NC, Adam SA: Functional domains in nuclear import
factor p97 for binding the nuclear localization sequence
receptor and the nuclear pore. Mol Biol Cell 1997, 8:945-956.
The authors map the binding domains of importin 8 with the pore and
the NLS receptor using deletion analysis and site-directed mutagenesis.
Cingolani G, Petosa C, Weis K, Muller CW: Structure of
importin-beta bound to the IBB domain of importin-alpha.
Nature 1999, 399:221-229.

The authors describe the crystal structure of full-length human importin
f bound to the IBB domain of importin a.

Chook YM, Blobel G: Structure of the nuclear transport
complex karyopherin-beta2-Ran x GppNHp. Nature 1999,
399:230-237.

This paper describes the crystal structure of full-length karyopherin 32
(transportin) bound to RanGTP. In the complex, RanGTP shows exten-
sive structural rearrangements compared with the GDP-bound form.
Vetter IR, Arndt A, Kutay U, Gérlich D, Wittinghofer A: Structural
view of the Ran-importin beta interaction at 2.3 A resolu-
tion. Cell 1999, 97:635-646.

This paper reports the three-dimensional structure of a complex
between Ran bound to GTP and an amino-terminal 462-residue frag-
ment of importin B.

Bayliss R, Littlewood T, Stewart M: Structural basis for the inter-
action between FxFG nucleoporin repeats and importin-
beta in nuclear trafficking. Cell 2000, 102:99-108.

The authors describe the crystal structure of a complex formed
between residues 1-442 of importin B and the FxFG repeats from the
nucleoporin Nspl. From this information they engineer a point muta-
tion in importin B that impairs binding to FxFG nucleoporins and
decreases nuclear import in vitro.

Lee §J, Imamoto N, Sakai H, Nakagawa A, Kose S, Koike M,
Yamamoto M, Kumasaka T, Yoneda Y, Tsukihara T: The adoption
of a twisted structure of importin-beta is essential for the
protein-protein interaction required for nuclear transport.
J Mol Biol 2000, 302:251-264.

The authors report the crystal structure of the free amino-terminal
fragment of mouse importin . Structural analysis reveals flexible move-
ment and rearrangements of importin .

Groves MR, Hanlon N, Turowski P, Hemmings BA, Barford D: The
structure of the protein phosphatase 2A PRé65/A subunit
reveals the conformation of its 15 tandemly repeated HEAT
motifs. Cell 1999, 96:99-110.

The authors report the crystal structure of the human PR65/A subunit,
revealing a left-handed superhelical conformation distinct from the
right-handed superhelical fold found in importin f.

Nakielny S, Dreyfuss G: Transport of proteins and RNAs in and
out of the nucleus. Cell 1999, 99:677-690.

This comprehensive review covers a large body of information, includ-
ing details on cargoes, transporters and models of translocation
through the NPC.

Radu A, Moore MS, Blobel G: The peptide repeat domain of
nucleoporin Nup98 functions as a docking site in transport
across the nuclear pore complex. Cell 1995, 81:215-222.

The authors report the characterization of the nucleoporin Nup98,
which is located at the nucleoplasmic side of the NPC, and map an
importin-B-docking site at the amino-terminal half of Nup98.

Rexach M, Blobel G: Protein import into nuclei: association
and dissociation reactions involving transport substrate,
transport factors, and nucleoporins. Cell 1995, 83:683-692.
Using a solution binding assay the authors characterize the RanGTP-
induced dissociation of importin a and 3 and analyze the dynamics of
interactions between nucleoporins and soluble transport factors bound
to their cargoes.

Shah S, Tugendreich S, Forbes D: Major binding sites for the
nuclear import receptor are the internal nucleoporin
Nup153 and the adjacent nuclear filament protein Tpr. | Cell
Biol 1998, 141:31-49.

This work shows that importin B co-purifies with Nup 153 and Tpr, but
not with p62, Nup93, Nup98 or Nup2 4. Importin 3 is shown to bind
Nup 53 directly.

Kehlenbach RH, Dickmanns A, Kehlenbach A, Guan T, Gerace L: A
role for RanBPI in the release of CRMI from the nuclear
pore complex in a terminal step of nuclear export. | Cell Biol
1999, 145:645-657.

An in vitro assay is used to identify cytosolic factors required for Crm|-
mediated protein export. Reconstitution experiments demonstrate that
RanBP| and the homologous domains of Nup358/RanBP2 are capable
of dissociating Crm| from the NPC.



20.

21.

22.

23.

24.

25.

26.

27.

Seedorf M, Damelin M, Kahana |, Taura T, Silver PA: Interactions
between a nuclear transporter and a subset of nuclear pore
complex proteins depend on Ran GTPase. Mol Cell Biol 1999,
19:1547-1557.

Immunoprecipitation of several nuclear receptor-GFP fusions from yeast
extracts show an overlapping but not identical pattemn of interactions with
different Nups. Pselp-Nup interactions are shown to be dependent on
the nucleotide-bound state of Ran.

Damelin M, Silver PA: Mapping interactions between nuclear
transport factors in living cells reveals pathways through the
nuclear pore complex. Mol Cell 2000, 5:133-140.

Interactions between Nups and importins are investigated in vivo using
fluorescence resonance energy transfer (FRET) in S. cerevisiae. Different
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protein in the absence of importin o.

Rout MP, Blobel G, Aitchison JD: A distinct nuclear import
pathway used by ribosomal proteins. Cell 1997, 89:715-725.
The previously uncharacterized yeast beta karyopherin Kapl23p is
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dent transport pathway. Mol Cell Biol 2000, 20:1571-1582.

The authors provide mechanistic insight into nuclear shuttling of IkBat.
Nuclear import of IkBa occurs via a Ran-independent mechanism,
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Ferrigno P, Posas F, Koepp D, Saito H, Silver PA: Regulated
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and to bind tRNA in a RanGTP-dependent manner. Exportin-t is the
first exportin to be shown to bind directly to a nucleic acid.

Hellmuth K, Lau DM, Bischoff FR, Kunzler M, Hurt E, Simos G: Yeast
Loslp has properties of an exportin-like nucleocytoplasmic
transport factor for tRNA. Mol Cell Biol 1998, 18:6374-6386.
Los|p binds to nucleoporins and to RanGTP. Formation of the trimeric
Los|p-Ran-GTP complex was stimulated in the presence of tRNA.
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EMBO J 1997, 16:6535-6547.

Using microinjection experiments, the authors demonstrate that the
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mic transport pathways.

Bischoff FR, Ponstingl H: Catalysis of guanine nucleotide
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1991, 354:80-82.

RCCI is indentified as the guanine-nucleotide exchange factor of Ran.
Bischoff FR, Klebe C, Kretschmer |, Wittinghofer A, Ponstingl H:
RanGAPI induces GTPase activity of nuclear Ras-related
Ran. Proc Natl Acad Sci USA 1994, 91:2587-2591.

The purification and identification of the Ran GTPase-activating protein,
RanGAPI, a nuclear homodimeric 65 kDa protein.

Bischoff FR, Krebber H, Smirnova E, Dong W, Ponstingl H: Co-acti-
vation of RanGTPase and inhibition of GTP dissociation by
Ran-GTP binding protein RanBP 1. EMBO J 1995, 14:705-715.
The authors characterize RanBPI, which binds tightly to RanGTP.
RanBP| does not activate the RanGTPase alone, but cooperates with
RanGAPI.

Wau |, Matunis MJ, Kraemer D, Blobel G, Coutavas E: Nup358, a
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Yokoyama N, Hayashi N, Seki N, Pante N, Ohba T, Nishii K, Kuma
K, Hayashida T, Miyata T, Aebi U et al: A giant nucleopore
protein that binds Ran/TC4. Nature 1995, 376:184-188.

The identification and characterization of a 3224-residue nuclear pore
protein, RanBP2 (Nup358), that interacts with RanGTP.

Ben-Efraima |, Gerace L: Gradient of increasing affinity of
importin B for nucleoporins along the pathway of nuclear
import. | Cell Biol 2001, 152:411-417.

Using a solid-phase binding analysis, the affinity of an importin-p-cargo
complex for different nucleoporins was determined. The results
support a model in which importin B binds to nucleoporins with pro-
gressively increasing affinity as the import complex moves from the
cytoplasmic to the central and the nucleoplasmic regions of the NPC.
Dostie ], Ferraiuolo M, Pause A, Adam SA, Sonenberg N: A novel
shuttling protein, 4E-T, mediates the nuclear import of the
mRNA 5’ cap-binding protein, elF4E. EMBO | 2000, 19:3142-3156.
The cloning and the characterization of an elF4E-binding protein, 4E-T
(elF4E-transporter). 4E-T was found to be a nucleocytoplasmic shut-
tling protein that targets elF4E for nuclear import.
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Rosenblum |S, Pemberton LF, Blobel G: A nuclear import
pathway for a protein involved in tRNA maturation. J Cell Biol
1997, 139:1655-1661.

Demonstrates that the yeast La protein Lhplp is specifically imported
by the importin-B-like protein Kap [08p/Sxm I p.

Senger B, Simos G, Bischoff FR, Podtelejnikov A, Mann M, Hurt E:
Mtrl0p functions as a nuclear import receptor for the
mRNA-binding protein Npl3p. EMBO | 1998, 17:2196-2207.
MTRIO genetically interacts with NUP85 and is responsible for the
nuclear import of Npl3p.

Albertini M, Pemberton LF, Rosenblum ]S, Blobel G: A novel
nuclear import pathway for the transcription factor TFIIS.
J Cell Biol 1998, 143:1447-1455.

The yeast protein Nmd5Sp/Kap ! 19p functions as an importin for the
transcription elongation factor TFIIS.

Kaffman A, Rank NM, O’Shea EK: Phosphorylation regulates
association of the transcription factor Pho4 with its import
receptor Psel/Kapl21. Genes Dev 1998, 12:2673-2683.

Pho4p is imported into the nucleus via Pse | p/Kap 12 1p. The interaction
between Pho4p and Pselp is inhibited by phosphorylation, suggesting
that phosphorylation of Pho4p regulates its import.

Chaves SR, Blobel G: Nuclear import of Spol2p, a protein
essential for meiosis. | Biol Chem 2001, 276:17712-17717.
Demonstrates that Spol2p is imported into the nucleus by the karyo-
pherin Kap121p/Pselp.

Titov AA, Blobel G: The karyopherin Kap122p/Pdrép imports
both subunits of the transcription factor IIA into the
nucleus. | Cell Biol 1999, 147:235-246.

Characterization of Pdrép/Kap|22p. A complex of the large subunit
(Toalp) and the small subunit (Toa2p) of TFIIA was identified as an
import substrate for Kap 122p.

Lipowsky G, Bischoff FR, Schwarzmaier P, Kraft R, Kostka S, Hart-
mann E, Kutay U, Gérlich D: Exportin 4: a mediator of a novel
nuclear export pathway in higher eukaryotes. EMBO | 2000,
19:4362-4371.

The identification of exportin 4 as an exportin for elF-5A. The export
signal in elF-5A involves its unique hypusine modification.

DeVit MJ, Johnston M: The nuclear exportin Msn5p is required
for nuclear export of the Miglp glucose repressor of Saccha-
romyces cerevisiae. Curr Biol 1999, 9:1231-1241.

Demonstrates that Msn5, a member of the importin-f family, is
required to mediate the regulated export of Migl from the nucleus.
Blondel M, Alepuz PM, Huang LS, Shaham S, Ammerer G, Peter M:
Nuclear export of Farlp in response to pheromones
requires the export receptor Msn5p/Ste2lp. Genes Dev 1999,
13:2284-2300.

Farlp is exported in an Msn5p-dependent manner in response to
pheromone treatment.

Mahanty SK, Wang Y, Farley FW, Elion EA: Nuclear shuttling of
yeast scaffold Ste5 is required for its recruitment to the
plasma membrane and activation of the mating MAPK
cascade. Cell 1999, 98:501-512.

The authors show that SteSp is a shuttling protein whose nuclear
export is stimulated by pheromone. Ste5p export seems to be depen-
dent on MSN5.

Gorlich D, Dabrowski M, Bischoff FR, Kutay U, Bork P, Hartmann E,
Prehn S, Izaurralde E: A novel class of RanGTP binding pro-
teins. | Cell Biol 1997, 138:65-80.

This paper describes the novel superfamily of Ran-binding proteins that
includes importin B. Two proteins are characterized in more detalil,
namely RanBP7 and RanBP8. Both resemble importin f3 in their interac-
tion with Ran, and both bind directly to nuclear pore complexes.




