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RanBP1 is crucial for the release of RanGTP from importin B-related
nuclear transport factors
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Abstract Nucleocytoplasmic transport appears mediated by
shuttling transport receptors that bind RanGTP as a means to
regulate interactions with their cargoes. The receptor-RanGTP
complexes are kinetically very stable with nucleotide exchange
and GTP hydrolysis being blocked, predicting that a specific
disassembly mechanism exists. Here we show in three cases
receptor-RanGTP-RanBP1 complexes to be the key disassembly
intermediates, where RanBP1 stimulates the off-rate at the
receptor/RanGTP interface by more than two orders of
magnitude. The transiently released RanGTP:RanBP1 complex
is then induced by RanGAP to hydrolyse GTP, preventing the
receptor to rebind RanGTP. The efficient release of importin
from RanGTP requires importin ¢, in addition to RanBP1.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Transport of macromolecules between the cell nucleus and
the cytoplasm occurs through the nuclear pore complexes
(NPCs) and is generally an energy-dependent and signal-de-
pendent process. These transport signals are thought to be
recognised by specific transport receptors that shuttle contin-
uously between the two compartments (for review, see [1-4]).
The transport receptors from higher eukaryotes identified to
date include the importin o/f heterodimer where importin o
recognises the classical nuclear localisation signal (NLS) and
importin f in turn accounts for the actual translocation
through the NPC and carries importin o with the NLS sub-
strate into the nucleus (for review, see [1,5,6]). CAS is the
export factor that returns importin o back to the cytoplasm
[7]- Transportin is the import factor for proteins with an M9
import signal [8-10], and CRM]1 accomplishes nuclear export
of proteins with a leucine-rich nuclear export signal (NES)
[11,12].

In addition to these pathway-specific transport factors, the
small GTPase Ran appears to be essential for most nucleocy-
toplasmic transport routes as has been demonstrated for the
import of NLS- and M9-containing proteins as well as for
import of snRNPs [9,13-16] and the export of importin o
[7,15,17], NES proteins [15,18], tRNA [15], U snRNA, and
that of several mRNAs [15,19,20].

Ran’s nucleotide-bound state is controlled by the nucleotide
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exchange factor RCC1 which can charge Ran with GTP [21],
the GTPase activating protein RanGAP1 which converts
RanGTP into RanGDP [22-25], and by RanBP1 whose bind-
ing to RanGTP further stimulates the GTPase activation by
RanGAP1 [26-28]. Since RCCI is an exclusively nuclear pro-
tein [29], RanGTP is most likely generated only in the nu-
cleus. RanGAP1 and its co-activator RanBP1 have the oppo-
site localisation, they are excluded from the nuclei and deplete
RanGTP from the cytoplasm [30-34]. This asymmetric distri-
bution of RCC1, RanGAPI, and RanBP1 should result in a
steep concentration gradient across the NPC with a very low
cytoplasmic RanGTP concentration and high levels in the
nucleus. We have previously suggested [1,35] that this
RanGTP concentration gradient is crucial for the directional-
ity of nucleocytoplasmic transport, ensuring that shuttling
transport receptors carry their cargoes in one direction only.

The transport factors importin B, transportin, CAS and
CRM1 belong to a superfamily of RanGTP binding proteins
[36,37]. These Ran binding proteins are distinct from the
RanBPI1 type. The two classes bind to distinct sites on Ran
[35,38-40], their Ran binding motifs are unrelated in se-
quence, and whereas the activation of the RanGTPase is
stimulated by binding of RanBP1 to RanGTP [27,28], it is
blocked by binding of an importin P-related factor
[7,35,37,40-42]. The interaction of RanGTP with importin
B-like transport factors regulates substrate binding in a com-
partment-specific manner: The import factors importin § and
transportin bind their substrates only in the absence of
RanGTP [15,35,38,43], i.e. in the cytoplasm, and release it
upon interaction with RanGTP which should happen in the
nucleus where the RanGTP concentration is predicted to be
high [35]. Importin B and transportin are probably exported
to the cytoplasm as RanGTP complexes [15]. This should
preclude re-export of the cargoes they just carried in. Before
the next substrate molecule can be bound and imported from
the cytoplasm, the import factors need to be released from
RanGTP.

Substrate binding to the exportins (CRM1, CAS) appears
to be regulated in exactly the opposite way, in being greatly
enhanced by simultaneous RanGTP binding [7,12]. This
should happen in the nucleus where the RanGTP concentra-
tion is predicted to be high. The trimeric substrate-expor-
tin'RanGTP complex is then transferred to the cytoplasm.
There, RanGTP needs to dissociate from the complex to allow
the exportin to release the substrate, to re-enter the nucleus
and to bind and export the next cargo molecule.

The disassembly of RanGTP complexes with importin f3,
transportin, and CAS is thus an essential part of both nuclear
import and export cycles. However, the complexes are kineti-
cally very stable and resist GTPase activation of Ran by Ran-
GAP. We investigated the mechanism of the disassembly re-
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actions and identified RanBP1 as a key player in the process
that directly promotes dissociation of RanGTP from the
transport factors. Ran appears to be transiently released as
a RanGTP-RanBP1 complex which then can irreversibly be
converted by RanGAP1 into RanGDP plus RanBP1. RanBP1
can participate in another round of disassembly. RanGAPI
and RanBP1 therefore act catalytically in the process.

2. Materials and methods

2.1. Protein expression and purification

The expression and purification of the following proteins was as
described previously: recombinant human Ran [44], RCC1 [45], S.
pombe Rnalp [23], murine RanBP1 [27], human His-tagged importin
o, (Rch1), human His-tagged importin B [35], His-tagged transportin,
z-fusion of transportin [15], N-His CAS and z-tagged Ran [7].

2.2. Enzymatic assays

Labeling of Ran with [y-**PIGTP or [0-*2P]GDP, GTPase and gua-
nine nucleotide exchange assays were performed as described
[22,27,35]. The concentration of Ran[y-**P]JGTP was adjusted by ad-
dition of unlabeled RanGTP.

To determine the RanBP1-induced dissociation of RanGTP from
transportin, 2 pg purified rabbit IgG per dot were applied via vacuum
filtration onto nitrocellulose (0.45 um, Schleicher and Schuell). Then
the 3 mm dots were cut out and transferred to 1.5 ml reaction tubes
and blocked for 30 min with 50 pl of 1% hydrolysed gelatine in TBS.
Two ul of 26 uM z-transportin was added to each tube and allowed to
bind for 15 min to the immobilised IgG (note ‘2’ is the IgG binding
domain from protein A). After two washes with assay buffer (20 mM
HEPES-NaOH, pH 7.4, 100 mM NaCl, 1 mM MgCly, 1 mM 2-mer-
captoethanol, 0.02% sodium azide, 0.05% hydrolysed gelatine) 30 ul
of 100 nM Ran[y-?P]JGTP was added per tube. After 15 min incuba-
tion, unbound Ran was washed away and 50 ul of 1 pM His-tagged
transportin or a mixture of 0.1 uM RanBP1 and 1 uM transportin
were added to the samples. After the time intervals indicated in Fig.
3A, the supernatant was recovered and filters were washed once with
assay buffer. The radioactivity of the filters and supernatants was
determined separately. Values for the supernatant are corrected for
intrinsic GTP hydrolysis on Ran.

3. Results

3.1. Transportin, like importin B, blocks the activation of the
RanGTPase

When RanGTP is complexed with importin B or a related
factor, its GTPase activation by RanGAP is blocked. The
dose-dependence of this effect is exemplified for importin
and transportin in Fig. 1A. The concentration required for
half-maximum inhibition gives an estimate for the dissociation
constants (Kp) of 0.5 nM for importin §-RanGTP and 1 nM
for the transportin'RanGTP complex. Both complexes are ki-
netically very stable with half-lifes of approximately 4 h in the
case of importin B-RanGTP and 2.5 h for transportin-
‘RanGTP (see below). These complexes therefore would con-
stitute nearly irreversible sinks for the involved transport fac-
tors, unless some efficient mechanism for their rapid
disassembly would exist.

Fig. 1B shows that the addition of even sub-nanomolar
concentrations of RanBP1 efficiently releases the GTPase
block caused by binding of transportin to RanGTP. The
half-maximum effect was observed at about 0.3 nM RanBP1
which is close to the reported Kp of the RanGTP-RanBP1
complex [35,46,47]. To obtain this number we had to use a
RanGTP concentration (50 pM) far below that of RanBPI.
We next wanted to know if RanBP1 could initiate multiple
rounds of disassembly and therefore measured this reaction at
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Fig. 1. A: Importin B or transportin prevent the GAP-dependent
activation of the RanGTPase. Fifty pM Ran[y-32P]GTP was pre-in-
cubated with indicated concentrations of either importin B, trans-
portin, or incubation buffer. After 20 min, 20 nM RanGAP (Rnalp
from S. pombe) was added and 2 min later the hydrolysis of Ran-
bound GTP was determined as released [*?P]phosphate. B: RanBP1
relieves the GAP resistance of the transportin RanGTP complex. 50
pM Ran[y-*2P]GTP was pre-incubated for 20 min with 10 nM trans-
portin or with buffer as a control. Then 20 nM RanGAP was added
followed by the addition of RanBPI to the indicated final concen-
trations. After 2 min, hydrolysis of Ran-bound GTP was deter-
mined as released [*?P]phosphate. C: RanBP1 acts catalytically in
relieving the GAP resistance of the transportinlRanGTP complex.
100 nM Ran[y-*?P]GTP was pre-incubated with 150 nM transportin
to form a transportin'RanGTP complex. Then 20 nM RanGAP and
either buffer, 1 nM or 10 nM RanBP1 was added and GTP hydrol-
ysis was measured at indicated time points.

a much higher concentration of the transportin‘RanGTP com-
plex (100 nM). The time-course in Fig. 1C shows that even
1 nM RanBP1 greatly stimulated the GTPase activation, and
for example after 10 min each molecule of RanBP1 had par-
ticipated in average in 50 rounds of disassembly. This can
only be explained if RanBP1 acts catalytically in the process.
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Fig. 2. A: Importin oo and RanBP1 co-operatively relieve the GAP
resistance of the importin B-RanGTP complex. 50 pM Ran[y-
32P)GTP was pre-incubated for 20 min with 15 nM importin B and
importin o at indicated final concentrations. Then 20 nM Rnalp
was added, followed by addition of RanBP1 to the indicated final
concentrations. After 2 min, hydrolysis of Ran-bound GTP was de-
termined as released [*>P]phosphate. B: Panel shows a time-course
of the effects described in panel A. 10 nM Ran[y-3?P]GTP was pre-
incubated for 30 min with 30 nM importin f in a volume of 500 pl.
After 30 min, the initial reaction was started by the addition of 100
nM RanGAP and at indicated time points, GTP hydrolysis was de-
termined in 50 pl aliquots. After 10 min, importin oo and RanBP1
were added to the indicated final concentrations.

It should be noted that the expected disassembly intermediate,
the transportin‘RanGTP-RanBP1 complex can indeed be iso-
lated (not shown). For two importin B-like proteins, namely
RanBP5 and RanBP7, analogous complexes have previously
been reported [37,40].

The GAP resistance of the transportin'RanGTP complex
and its sensitisation towards GTPase activation by RanBP1
are thus properties shared with the analogous RanGTP com-
plexes of RanBP5, RanBP7, Yrbdp, Pselp, and also the im-
portin orCAS-RanGTP complex [7,37,40,42].

3.2. RanBPI and importin o are together required to efficiently
disassemble the importin FRanGTP complex

In contrast to all other importin B-like transport factors
tested so far, the GTPase block on importin B-bound
RanGTP is not efficiently removed by RanBPl alone
([35,40,42,48,49] and see Fig. 2A). We therefore searched for
an additional activity required for efficient release and found
importin o to be the missing factor (Fig. 2A), which agrees
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with a recent report by Floer et al. (1997). The addition of
importin o alone, even at micromolar concentrations, had
little effect on the release of Ran’s GTPase block (see Fig.
2A and B). However, when RanBP1 was also added, a dra-
matic stimulation of Rnalp-induced GTP hydrolysis was evi-
dent. At saturating concentrations of importin o (1.6 uM
which is comparable to the cellular concentration) the concen-
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Fig. 3. A: RanBPl directly induces disassembly of the transpor-
tin\RanGTP and the importin o-CAS-RanGTP complexes. Transpor-
tin, tagged with the IgG binding z-domain from protein A, was
bound to IgG-nitrocellulose (for details of the assay see Section 2).
Then, Ran[y-*?P]JGTP was allowed for 15 min to bind the immobi-
lised transportin and non-bound radioactivity was washed away.
Then, excess of non-immobilised transportin (i.e. lacking the z-tag)
was added as a trap for RanGTP released from immobilised trans-
portin. Then buffer or 100 nM RanBP1 was added and after the in-
dicated time intervals, the radioactivity was determined on the filter
and in the supernatant. Dissociation of RanGTP from transportin
is given as the ratio between filter-bound and free radioactivity.
B: CAS was expressed in E. coli, a lysate was prepared and 0.5 pM
importin o was added. Three ml of the mixture (corresponding to
30 ml bacterial culture) was bound to z-tagged RanGTP that had
been immobilised to 30 pl IgG Sepharose. The Sepharose was
washed 5 times with 1 ml low salt binding buffer (containing 0.1 M
NaCl) and split into three. Elution was performed with 80 ul of ei-
ther high salt buffer (1 M NaCl), low salt buffer (0.1 M salt), or
with low salt buffer plus 1 nmole RanBP1. The figure shows the
Coomassie stained gel loaded with 2 pl of the lysate and 1/10 of the
eluates. Note that CAS and importin o could be eluted from
RanGTP in the absence of RanBP1 only at high salt concentration.
In contrast, in the presence of RanBPI this disassembly also oc-
curred at physiological ionic strength. z-tagged Ran remained bound
to the IgG Sepharose at low or high salt.
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Fig. 4. Model for the disassembly of transport factorrRanGTP complexes. Disassembly of complexes of Ran-GTP and A: CAS; B: transportin;

and C: importin-B. For details see main text.

tration of RanBP1 required for 50% release was shifted to the
sub-nanomolar range (Fig. 2A).

We next examined GTP hydrolysis by Ran in time-depend-
ent measurements. To 10 nM of RanGTP, a 3-fold molar
excess of importin B was added. Then the GTPase reaction
was started by addition of Rnalp (RanGAP). The high con-
centration of 100 nM Rnalp ensures that once RanGTP is
dissociated from importin B, its GTPase is immediately acti-
vated before RanGTP can rebind to importin . This allows
to calculate the half-life of the importin f-RanGTP complex
by measuring GTP hydrolysis on Ran. From Fig. 2A and B
we estimate a half-life of 4 h for the importin f-RanGTP
complex. The presence of importin o alone had basically no
influence on the stability. If RanBP1 alone was added, only a
slight increase in GTPase activation was observed (Fig. 2B).
However, the addition of both, importin o (300 nM) and
RanBP1 (15 nM) resulted in a roughly 200-fold stimulation
of the RanGTPase (more than 700-fold at 1 uM importin o
and 1 pM RanBP1, not shown).

3.3. RanBPI directly stimulates dissociation of RanGTP from
transportin and the CAS-importin o complex

We next wanted to know if RanBP1 could destabilise trans-
port factor-RanGTP complexes also in the absence of Ran-
GAP. To measure the dissociation of RanGTP from e.g. im-
mobilised transportin directly, re-binding needs to be
prevented. This was achieved by addition of an excess of
non-immobilised transportin for competition. The half-life
of the RanGTP transportin complex determined by this meth-
od is approximately 2 h (see Fig. 3A, curve ‘minus RanBP1’)
which is in good agreement with the number obtained in Fig.
1C. Strikingly, when RanBP1 was added, the dissociation of
RanGTP from transportin was accelerated by more than 100-
fold.

We have recently shown, that importin o is exported from
the nucleus as an importin c*CAS-RanGTP complex which
can be disassembled by catalytic amounts of RanBP1 plus
RanGAPI1 [7]. To show that also in this case RanBP1 is the
primary dissociating agent, we performed the experiment

shown in Fig. 3B: CAS was expressed in E. coli, a lysate
was prepared, supplemented with importin o, and applied
to immobilised RanGTP, where the trimeric importin
a*CAS-RanGTP complex assembled. As seen from the figure,
CAS and importin o could be eluted at high ionic strength as
reported before, but remained on the column at 100 mM
NaCl (low salt). If the low salt buffer, however, also contained
RanBP1 in slight molar excess over Ran, then CAS and im-
portin o were efficiently released, even in the absence of Ran-
GAP. Since importin B-like factors, including CAS and trans-
portin, share related RanGTP binding motifs and behave
similarly in the kinetic assays, it appears likely that RanBP1
directly promotes dissociation of all these factors from
RanGTP. The dissociation is made irreversible by triggering
GTP hydrolysis in the presence of RanGAP1.

4. Discussion

Nucleocytoplasmic transport of most classes of macromol-
ecules directly depends on the GTPase Ran and appears to be
mediated by shuttling transport receptors that bind RanGTP
as a means to regulate the interaction with their cargoes.
Candidate transport receptors are the constituents of a super-
family of Ran binding proteins that include roughly a dozen
factors in yeast and probably even more in higher eukaryotes
[36,37]. In vertebrates, the proven transport factors are the
import receptors importin B and transportin, and the expor-
tins CAS and CRM1 (see Section 1). To accomplish multiple
rounds of transport, these factors have to shuttle continuously
between nucleus and cytoplasm. Binding of RanGTP in the
nucleus releases the import substrates from the import recep-
tors whereas it stabilises the cargo binding to the exportins.
After export of the resulting complexes to the cytoplasm,
RanGTP needs to be released from the transport receptors
in order to unload the cargoes from exportins and to allow
the import factor to bind and import the next substrate mol-
ecule.

Here, we have investigated the mechanisms by which
RanGTP is released from either importin B, transportin, or
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CAS. These transport factorrRanGTP complexes are kineti-
cally very stable and resistant towards GTPase activation by
RanGAPI. Our data suggest that it is the Ran binding protein
RanBP1 that promotes the initial dissociation of Ran from
the transport factors. Ran is transiently released as a
RanGTP-RanBP1 complex which is an optimal substrate for
GTPase activation by RanGAP. GTP hydrolysis renders the
dissociation irreversible since the resulting RanGDP has no
significant affinity for either the transport factors or RanBP1.
RanBP1 can therefore participate in another round of disas-
sembly and acts catalytically in the process, similar to Ran-
GAP. From our data, we suggest the disassembly mechanisms
as depicted in Fig. 4. Crucial for this process is that RanBP1
and the respective importin B-like factor can simultaneously
bind to RanGTP because their binding sites on Ran are dis-
tinct [37-40,50]. In the case of the importin 0-CAS-RanGTP
complex, the binding of RanBP1 to RanGTP greatly weakens
the interaction between CAS and RanGTP and is sufficient
for efficient release of Ran. This would also explain why in-
jection of RanBP1 into the nucleus completely blocks export
of importin ¢ from the nucleus [15]. The disassembly of the
transportin'-RanGTP complex appears very similar to that of
the importin o-CAS-RanGTP complex. A quantitative differ-
ence is that the transportin‘fRanGTP-RanBP1 complex can be
isolated and appears stable in a thermodynamic sense. The
main effect of RanBP1 appears to be a kinetic destabilisation
and we found at least a 200-fold increased off-rate at the
transportin/RanGTP interface.

In the case of the importin f-RanGTP complex, efficient
disassembly requires importin o in addition to RanBP1. Be-
cause we have used a saturating concentration of RanGAP in
these assays, the GTPase activation on the RanGTP-RanBP1
complex cannot have been rate-limiting. Therefore, importin
o must have increased the rate by which RanGTP dissociates
from importin B. This can only be explained by a physical
interaction with importin o and we suggest a tetrameric im-
portin o-importin f-RanGTP-RanBP1 complex as a transient
intermediate. Such an intermediate could formally exist be-
cause the binding sites for Ran and importin @ on importin
B do not overlap [50,51]. The proposed shortlived tetramer
could either release importin o again, or decay into two com-
plexes, namely RanGTP-RanBP1 and the importin o/p heter-
odimer. The RanGTP-RanBP1 complex would be very effi-
ciently removed from the equilibrium by GTPase activation.
The released importin o/p heterodimer would be free for the
next round of nuclear import. Importin B very likely can
afford this more complicated disassembly mechanism because
the cytoplasm contains micromolar concentrations of impor-
tin o. Since importin o can be regarded as the import sub-
strate for importin B we also tested the effect of transportin’s
import substrate on the dissociation of the transpor-
tin'RanGTP complex. However we found no significant accel-
eration of the RanBP1-induced disassembly in the presence of
the M9 domain (not shown).

Two related studies have also investigated the disassembly
mechanism of the importin B-RanGTP complex. Lounsbury et
al. (1997) suggested that RanBP1 and RanGAPI alone are
sufficient for the process. Subsequently, this view was weak-
ened when the authors noticed they had used a defective im-
portin B clone with a 10-fold decreased affinity for Ran. De-
spite the technical difficulty, the experiment emphasises that
RanBP1 is the key-player in the disassembly.
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Another study by Floer et al. (1997), looking at the yeast
importin B-RanGTP complex, suggested that importin o alone
would disassemble the complex. In their model, RanBPI
would bind to the already released RanGTP and aid Ran-
GAPI1 to trigger GTP hydrolysis. If this model was correct,
then a further increase in the RanGAP concentration should
have the same effect as addition of RanBP1. In our hands,
this is certainly not the case. RanBP1 stimulates the disassem-
bly more than a 200-fold even in the presence of micromolar
concentrations of RanGAP.

Consistent with a role in the cytoplasmic disassembly of
transport factorr-RanGTP complexes, RanBP1 and RanGAP1
are excluded from the nucleus. The yeast homologues Yrblp
and Rnalp are encoded by essential genes and are both re-
quired for nucleocytoplasmic transport [25,52,53]. RanBP1
was found to stimulate protein import into nuclei of permea-
bilised mammalian cells when importin was present at a limit-
ing concentration, i.e. when import was dependent on factor
recycling [38].

The nuclear pore protein RanBP2, identified in higher eu-
karyotes contains four domains that are functionally equiva-
lent to RanBP1 [39,54,55]. RanBP2 is located at the cytoplas-
mic filaments of the nuclear pore complex and forms a tight
complex with a sub-population of RanGAP1 that is cova-
lently modified with the ubiquitin-related SUMO-1 [32,33].
This RanBP2-RanGAP1 complex should be particularly effi-
cient in releasing RanGTP from transport receptors and we
suggest that this might be the primary function of this com-
plex.

Acknowledgements: We would like to thank Herwig Ponstingl, in
whose laboratory part of the work was performed. We are grateful
to Liz Mueller and Holger Friesel for critical reading the manuscript.
This work was supported by the Deutsche Forschungsgemeinschaft
(DFG).

References

[1] Gorlich, D. (1997) Curr. Opin. Cell Biol. 9, 412-419.
[2] Corbett, A.H. and Silver, P.A. (1997) Microbiol. Mol. Biol. Rev.
61, 193-211.
[3] Nigg, E.A. (1997) Nature 386, 779-787.
[4] Ullman, K.S., Powers, M.A. and Forbes, D.J. (1997) Cell 90,
967-970.
[5] Koepp, D.M. and Silver, P.A. (1996) Cell 87, 1-4.
[6] Schlenstedt, G. (1996) FEBS Lett. 389, 75-79.
[7] Kutay, U., Bischoff, F.R., Kostka, S., Kraft, R. and Gorlich, D.
(1997) Cell 90, 1061-1071.
[8] Pollard, V.W., Michael, W.M., Nakielny, S., Siomi, M.C., Wang,
F. and Dreyfuss, G. (1996) Cell 86, 985-994.
[9] Nakielny, S., Siomi, M.C., Siomi, H., Michael, W.M., Pollard, V.
and Dryfuss, G. (1996) Exp. Cell Res. 229, 261-266.
[10] Fridell, R.A., Truant, R., Thorne, L., Benson, R.E. and Cullen,
B.R. (1997) J. Cell. Sci. 110, 1325-1331.
[11] Stade, K., Ford, C.S., Guthrie, C. and Weis, K. (1997) Cell 90,
1041-1050.
[12] Fornerod, M., Ohno, M., Yoshida, M. and Mattaj, LW. (1997)
Cell 90, 1051-1060.
[13] Moore, M.S. and Blobel, G. (1993) Nature 365, 661-663.
[14] Melchior, F., Paschal, B., Evans, J. and Gerace, L. (1993) J. Cell
Biol. 123, 1649-1659.
[15] Izaurralde, E., Kutay, U., Mattaj, L. W. and Gorlich, D. (1997)
EMBO J., to appear.
[16] Palacios, I., Weis, K., Klebe, C., Mattaj, I.W. and Dingwall, C.
(1996) J. Cell Biol. 133, 485-494.
[17] Koepp, D.M., Wong, D.H., Corbett, A.H. and Silver, P.A.
(1996) J. Cell Biol. 133, 1163-1176.



254

[18] Richards, S.A., Carey, K.L. and Macara, .G. (1997) Science 276,
18421844,

[19] Cheng, Y., Dahlberg, J.E. and Lund, E. (1995) Science 267,
1807-1810.

[20] Schlenstedt, G., Saavedra, C., Loeb, J.D.J., Cole, C.N. and Sil-
ver, P.A. (1995) Proc. Natl. Acad. Sci. USA 92, 225-229.

[21] Bischoff, F.R. and Ponstingl, H. (1991) Nature 354, 80-82.

[22] Bischoff, F.R., Klebe, C., Kretschmer, J., Wittinghofer, A. and
Ponstingl, H. (1994) Proc. Natl. Acad. Sci. USA 91, 2587-2591.

[23] Bischoff, F.R., Krebber, H., Kempf, T., Hermes, I. and Pon-
stingl, H. (1995) Proc. Natl. Acad. Sci. USA 92, 1749-1753.

[24] Becker, J., Melchior, F., Gerke, V., Bischoff, F.R., Ponstingl, H.
and Wittinghofer, A. (1995) J. Biol. Chem. 270, 11860-11865.

[25] Corbett, A.H., Koepp, D.M., Schlenstedt, G., Lee, M.S., Hop-
per, A.K. and Silver, P.A. (1995) J. Cell Biol. 130, 1017-1026.

[26] Coutavas, E., Ren, M., Oppenheim, J.D., D’Eustachio, P. and
Rush, M.G. (1993) Nature 366, 585-587.

[27] Bischoff, F.R., Krebber, H., Smirnova, E., Dong, W. and Pon-
stingl, H. (1995) EMBO 1J. 14, 705-715.

[28] Richards, S.A., Lounsbury, K.M. and Macara, 1.G. (1995)
J. Biol. Chem. 270, 14405-14411.

[29] Ohtsubo, M., Okazaki, H. and Nishimoto, T. (1989) J. Cell Biol.
109, 1389-1397.

[30] Hopper, A.K., Traglia, HM. and Dunst, R.W. (1990) J. Cell
Biol. 111, 309-321.

[31] Melchior, F., Weber, K. and Gerke, V. (1993) Mol. Biol. Cell 4,
569-581.

[32] Matunis, M.J., Coutavas, E. and Blobel, G. (1996) J. Cell Biol.
135, 1457-1470.

[33] Mahajan, R., Delphin, C., Guan, T., Gerace, L. and Melchior, F.
(1997) Cell 88, 97-107.

[34] Richards, S.A., Lounsbury, K.M., Carey, K.L. and Macara, .G.
(1996) J. Cell Biol. 134, 1157-1168.

[35] Gérlich, D., Panté, N., Kutay, U., Aebi, U. and Bischoff, F.R.
(1996) EMBO J. 15, 5584-5594.

[36] Fornerod, M., van Deursen, J., van Baal, S., Reynolds, A., Da-
vis, D., Murti, K.G., Fransen, J. and Grosveld, G. (1997) EMBO
J. 16, 807-816.

F.R. Bischoff, D. Gorlich/FEBS Letters 419 (1997) 249-254

[37] Gorlich, D., Dabrowski, M., Bischoff, F.R., Kutay, U., Bork, P.,
Hartmann, E., Prehn, S. and Izaurralde, E. (1997) J. Cell Biol.
138, 65-80.

[38] Chi, N.C., Adam, E.J.H., Visser, G.D. and Adam, S.A. (1996)
J. Cell Biol. 135, 559-569.

[39] Lounsbury, K.M., Richards, S.A., Perlhungher, R.R. and Mac-
ara, [.G. (1996) J. Biol. Chem. 271, 2357-2360.

[40] Deane, R., Schifer, W., Zimmermann, H.-P., Mueller, M., Gor-
lich, D., Prehn, S., Ponstingl, H. and Bischoff, F.R. (1997) Mol.
Cell. Biol. 17, 5087-5096.

[41] Floer, M. and Blobel, G. (1996) J. Biol. Chem. 271, 5313-5316.

[42] Schlenstedt, G., Smirnova, E., Deane, R., Solsbacher, J., Kutay,
U., Gorlich, D., Ponstingl, H. and Bischoff, F.R. (1997) EMBO
J. 16, 6237-6249.

[43] Rexach, M. and Blobel, G. (1995) Cell 83, 683-692.

[44] Bischoff, F.R. and Ponstingl, H. (1995) Methods Enzymol. 257,
135-144.

[45] Klebe, C., Nishimoto, T. and Wittinghofer, F. (1993) Biochem-
istry 32, 11923-11928.

[46] Lounsbury, K.M., Beddow, A.L. and Macara, 1.G. (1994) J. Biol.
Chem. 269, 11285-11290.

[47] Kuhlmann, J., Macara, I. and Wittinghofer, A. (1997) Biochem-
istry 36, 12027-12035.

[48] Lounsbury, K.M. and Macara, [.G. (1997) J. Biol. Chem. 272,
551-555.

[49] Floer, M., Blobel, G. and Rexach, M. (1997) J. Biol. Chem. 272,
19538-19546.

[50] Kutay, U., Izaurralde, E., Bischoff, F.R., Mattaj, I.W. and Gor-
lich, D. (1997) EMBO J. 16, 1153-1163.

[51] Chi, N.C. and Adam, S.A. (1997) Mol. Biol. Cell 8, 945-956.

[52] Hopper, A.K., Banks, F. and Evangelidis, V. (1978) Cell 19, 211-
219.

[53] Schlenstedt, G., Wong, D.H., Koepp, D.M. and Silver, P.A.
(1995) EMBO J. 14, 5367-5378.

[54] Yokoyama, N. et al. (1995) Nature 376, 184-188.

[55] W, J., Matunis, M.J., Kraemer, D., Blobel, G. and Coutavas, E.
(1995) J. Biol. Chem. 270, 14209-14213.



