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ABSTRACT. The cytoplasmic disassembly of R&TP-importin and RarGTP-exportircargo complexes

is an essential step in the corresponding nuclear import and export cycles. It has previously been shown
that such disassembly can be mediated by RanBP1 in the presence of RanGAP. The nuclear pore complex
protein RanBP2 (Nup358) contains four Ran-binding domains (R@nBax might function like RanBP1.

We used biophysical assays based on fluorescence-labeled probes and on surface plasmon resonance to
investigate the dynamic interplay of Ran in its GDP- and GTP-complexed states with RaaBdDwith
importin3. We show that RanBP1 and the four RariBBrom RanBP2 have comparable affinities for
RanGTP (16—10° M~1). Deletion of Ran’s C-termin@'DEDDDL 216 sequence weakens the interaction

of RanGTP with RanBPis approximately 2000-fold, but accelerates the association é6Rarwith
importin{3 10-fold. Importing binds RanGTP with a moderate rate, but attains a high affinity for Ran

(Kp = 140 pM) via an extremely low dissociation rate of"2&. Association with Ran is accelerated

3-fold in the presence of RanBP1, which presumably prevents steric hindrance caused by the Ran
C-terminus. In addition, we show that the RanBDf RanBP2 are full equivalents of RanBP1 in that

they also costimulate RanGAP-catalyzed GTP hydrolysis in Ran and relieve the GTPase block in a Ran
GTPtransportin complex. Our data suggest that the C-terminus of Ran functions like a loose tether in
RanGTP complexes of importins or exportins that exit the nucleus. This flag is then recognized by the
multiple RanBDs at or near the nuclear pore complex, allowing efficient disassembly of thes&Ran
complexes.

Rart is the major regulator of nucleocytoplasmic transport RanGAP1 carries a covalent SUMO1 modification and is
across the nuclear pore complex [NPG] (It is a small Ras- tightly bound to the nucleoporin RanBP23-15). The
like GTP-binding protein that switches between a GTP- and cytoplasmic localization of free and SUMO-modified Ran-
a GDP-bound form by GTP hydrolysis and nucleotide GAP should ensure that ReBTP is depleted from the
exchangeZ—5). RanGTP is generated from R&@DP by cytoplasm. This differential localization of the regulators of
nucleotide exchange. This reaction is catalyzed by the Ran’s nucleotide-bound state should thus result in a-Ran
exchange factor RCCB{-8). The exclusive nuclear local- GTP gradient across the NPC which is believed to drive
ization of RCC1 9) should ensure that the generation of import and export cycles (for recent reviews, see fiéfs
RanGTP is confined to the nucleus. The conversion of Ran 19).

GTP into RanGDP is catalyzed by the GTPase activating

; . Importin-3-related nuclear transport receptors are thus far
protein RanGAP1 10—12). A fraction of the vertebrate

the only known regulatory targets of the RanGTPase system.

They bind specifically to the GTP-bound form of Ran and
* To whom correspondence should be adressed: Max-Planck-Institut use this RarGTP binding to regulate cargo loading and

fur molekulare Physiologie, Otto-Hahn-Strasse 11, D-44227 Dortmund, ynloading. An importin binds its cargo initially in the

(133?3[?4%”53’_ : ET_ﬁlgﬁh?Ss;;:ﬁk(l?glrﬁgﬁ;@iﬂ?ﬁéfjﬁzﬁpg{ém' cytoplasm, is translocated through the NPC, and releases the

* Max-Planck-Institut fu molekulare Physiologie. cargo upon binding Ra@TP in the nucleus20—23). It
$ Present address: Procter & Gamble, R&D, Sulzbacherstrasse 40,returns to the cytoplasm as a R&TP complex and without

65823 Schwalbach, Germany. the cargo it just carried in. The removal of R&TP from
Universita Heidelberg.

L Abbreviations: DTE, dithioerythritol; GAP, GTPase activating the importin involves the hydrolysis of the Ran-bound GTP
protein; GST, glutathion&transferase; mantGxP or mGxP,2-bis- and allows the importin to bind and import the next cargo

O-(methylanthraniloyl)guanosine di- (D), tri- (T), or-§3,y-imido]- molecule. Binding of substrates to exportins is regulated in
triphosphate (ppNHp), mixture of 2and 3-isomers; mantdGDP or

mdGDP, 2-desoxy-3-O-(methylanthraniloyl)guanosine diphosphate; a CO”‘,’erse_ mann_er as compared t(_) th6.lt of importins.
GppNHp, guanosine'§4,y-imido]triphosphate; Ran, Ras-like nuclear Exportins bind their cargoes preferentially in the nucleus,
protein product of the humaRan/TC4gene; RanC, wild-type Ran forming a trimeric cargeexportirtRanGTP complex 24—

protein lacking the C-terminal DEDDDL sequence; RanBRan- ; ; ; i
binding domaini of RanBP2; RanBP, Ran-binding protein; RCC1, 27). This trimeric_complex is then transferred to the

regulator of chromosome condensation; SDS, sodium dodecyl sulfate; Ytoplasm where hydrolysis of the Ran-bound GTP results
SPR, surface plasmon resonance. in Ran’s irreversible dissociation from the complex, allowing
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the exportin to release its substrate, re-enter the nucleus, andMATERIALS AND METHODS
bind and export the next cargo molecule. ) )

The disassembly of transport recepRanGTP complexes Chemicals and En_zyme%l.l cherr_ucals and enzymes were
is thus an essential part of both import and export cycles, Purchased from Aldrich (Mannheim, Germany), Boehringer
However, it is complicated by the fact that these complexes (Mannheim, Germany), Fluka (Neu-Ulm, Germany), Merck
resist GTPase activation by RanGAR0(28). RanBP1 can  (Darmstadt, Germany), Serva (Heidelberg, Germany), or
relieve this GAP resistance in all cases tested soddy (Sigma (Minchen, Germany).

29-31; see also refl6 and further references therein).  Proteins and Nucleotide®Ran was expressed in a pET3d
RanBP1 has been originally identified as a RahP binding vector usingEscherichia coliBL21DE3 @7), and RanBP1
protein 82) and subsequently shown to costimulate Ran- was expressed in a pET11d vector in the s&meoli strain.
GAP-dependent GTPase activation in Rdr, (33). The Both proteins were purified as described previougl§)(
precise mechanism by which RanBP1 dissociates importin ~ GST fusion proteins of the Ran-binding domains of
RanGTP and carg@xportitRanGTP complexes is not  RanBP2 were cloned in pGEX-2T vectors (Pharmacia) in
fully understood. However, it appears to be clear that the the group of T. Nishimoto (Kyushu University, Kyushu,
disassembly proceeds through intermediates in which RanJapan). Proteins were expressed frEmcoli BL21 cells,
binds simultaneously RanBP1 and the transport recep®r ( which were induced with 10@M IPTG at an ORg of 0.5
This ternary complex appears to be in equilibrium with the and incubated fio4 h at 37°C and then overnight at 3TC.
free transport receptor and a RanBRAnGTP complex. The  After being harvested, cells were lysed by sonification and
latter is an excellent substrate for GTPase activation by purified over a glutathioneSepharose column.

RanGAP 84) and is removed by GTP hydrolysis from the  The importing fragment of residues4462 was expressed
equilibrium. RanBP1 and RanGAP act catalytically in the fom PQE6O with a C-terminal His tagd®) in E. coli
disassembly Z9). Consistent with its function, RanBP1 is ckgo0oK cells, which were induced at an @pof 0.6 with
excluded from nuclei35) and essential for viability in the 100u4M IPTG for 5 h at 37°C. Cells were lysed in 50 mM
yeastSaccharomyces. cersiae (36): ) Tris-HCI (pH 7.5), 20 mM imidazole, 200 mM NacCl, and 1

The central Ran-binding domain of RanBP1 is called mnm pMSF by sonification; the supernatant was applied over
RanBD. Homologous QOmalns have also been detected in &g fast-flow Ni-NTA column (Qiagen) and eluted with an
number of other proteins37, 38). An example is RanBP2  ipigazole gradient (50 to 500 mM). After precipitation of

(Nup358) from higher eukaryotes which contains four jmporting with 3 M (NH,),SO, proteins were dissolved in
RanBDs 89, 40). RanBP2 is located at the tip of the 50 mM Tris-HCI (pH 7.5).

cytoplasmic filaments of the NPC. It forms a tight complex
with SUMO-modified RanGAPI3, 41). Assuming that the
RanBDs from RanBP2 are functional equivalents of RanBP1
then one should also expect the RanBR2MO RanGAP
complex to be very efficient in disassembling Ra@inP

Proteins were stored in a concentrated for2 (ng/mL)
at—80°C over a period of 6 months without loss of activity.
' Loading of Ran with nucleotides was performed as described
previously 7). Free nucleotide was separated from Ran on

transport receptor complexes. However, this still needs to > HighTrap gel filtration column (Pharmacia), and the loading
P P P ' ' efficiency was analyzed by HPLC.
be demonstrated experimentally.

The crystal structure of RaGppNHp (GppNHp is a For _fluorescence studieg\-methylanthraniloyl (mant)_
nonhydrolyzable analogue of GTP) in complex with the derivatives of GDP, GTP, GppNHp, and the corresponding
RanBD1 of RanBP2 has been determined to a resolution of d€Soxynucleotides were prepared as described by Hiratsuka
2.9 A. The RanBD folds like a PH domain and is involved (50) and John et al.q1). Conf:entrations were determined
in extended, intimate contacts with several regions of Ran, spectroscopically for nucleotides and by using the standard
in particular with the C-terminal extension of Ra#2). This method described by Bradfor82) for proteins. All solutions

is in contrast to the structure of Ran in complex with Were degassed and filtered before being used.

Importin3 or transportin, where the C-terminal end was  Biophysical Experiment3he basic experimental setup for

either not structured at alk®) or only partly visible 44). biophysical analysis with fluorescence-based assays and
The structures show that RanBD and impogiiind to surface plasmon resonance (SPR) has been described previ-

essentially nonoverlapping sites on Ran and that the C-ously @8). Fluorescence titration and slow kinetics were
terminal end is the major element of Ran discriminating analyzed in a SPEX Fluoromax fluorescence spectrometer,
between these two ligands. and fast kinetics were assessed in an SX16MV stopped-flow
Here we show that each of the Ran-binding domains from System (Applied Photophysics, APP). Because of the insta-
RanBP2 indeed has properties similar to those of RanBP1.bility of Ran in long-term experiments, dissociation reactions
The RanBD from RanBP2 can also stimulate RanGAP- of RanmGTRimportin£f or RanmGppNHpimportin£
catalyzed GTP hydrolysis on RéBTP and form ternary ~ complexes were assessed in 20 mM potassium phosphate
complexes together with R&BTP and importin3, while buffer (pH 7.4), 5 mM MgC}, 1 mM j-mercaptoethanol,

ternary complexes between RanBD from RanBP2 (Nup358) and 0.4 g/L BSA. Surface plasmon resonance experiments
have been shown to be formed in vitrd5 and on were carried out in a BIAcore 1000 system (BlAcore). We

Cytop|asmic fibers of the nuclear pore Comp|@6)( used _a Sandwich assay Wlth antl—GST serg (BIAco_re) as
We find that the C-terminal end of Ran, while absolutely described previoushy5@) to immobilize GST fusion proteins.
essential for tight binding to RanBDis inhibitory with All experiments were performed in HEPES buffer [LO mM

respect to importing binding. RanBD accelerates the HEPES (pH 7.4), 5 mM MgGJ 0.005% (w/v) Igepal, and
association of importigp with Ran, presumably by seques- 150 mM NacCl] unless indicated otherwise. This buffer was
tering the loose C-terminal extension of Ran. found to be optimal to minimize nonspecific accumulation
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in the BIAcore system and to stabilize the anti-GST matrix. RanBD1 to RanBD459). To elucidate such a function, we

Buffers for fluorescence experiments did not contain Igepal. studied the interaction of Ran with the various Ran&ftom
Data Analysis Stopped-flow experiments were analyzed RanBP2. These data were compared with the biophysical

with the APP software, and slow dissociation experiments data for the RanBP1Ran interaction described previously

were analyzed using GRAFIT 3.0 software and MS EXCEL (48).

97. BlAevaluation 3.0 software (BlAcore) was used for ~ Dynamics and Affinities of the Interaction between Ran-

surface plasmon resonance experiments. Binding Domains of RanBP2 and R&BST fusion proteins
Analysis by Limited ProteolysisProteins and protein ~ With RanBD1 (167 amino acids), RanBD2 (159 amino acids),

complexes were incubated at a concentration of 1 mg/mL RanBD3 (155 amino acids), and RanBD4 (150 amino acids)
in 20 mM KR (pH 7.4) and 5 mM MgGl with elastase,  Wwere expressed ik. coli BL21 and purified over a GSH
trypsin, anda-chymotrypsin (all at final concentrations of 4 ~ Sepharose column, yielding95% pure GST fusion proteins.
ug/mL). Carboxypeptidase A was used at a final concentra- The fusion proteins could be used without thrombin cleavage
tion of 100ug/mL, and the buffer was supplemented with because the GST moiety was found to have only a negligible
50 4M ZnCls. Incubations were performed at room temper- influence on the interaction of RanBP1 with Ra&8). Two
ature. Aliquots (1QuL) were taken at the indicated times @pproaches were used to quantify the dynamic parameters
points, mixed with 3 SDS buffer, frozen in liquid nitrogen, ~ ©f the RanBD—Ran interaction. _ _
and subsequently analyzed by SBESAGE. Fluorescence assays make use of the increase in fluores-
GTP Hydrolysis AssayRan (40uM, preloaded with cold cence upon binding of RanB@o Ran complexed with the
GTP) was incubated with a 10-fold excess 9ffP]GTP quorescentIy.IabeIed, noncleavable_ GTP analogue mGpp-
(diluted with cold GTP to a specific activity of 500 Ci/mol) ~NHP. Saturation of RamGppNHp with RanBDresults in
in 20 mM KP, (pH 6.5) and 5 mM EDTA fo 1 h atroom an approximately 1.5-fold increase in fluorescence yield,
temperature. The reaction was stopped by addition of MgCl which is linear with the concentration of the RaRanBDO
(final concentration of 10 mM), and freeF2P]JGTP was  complex. _ _
removed by gel filtration over a NAP5 column. Association kinetics were studied by stopped-flow experi-
Ran[y-*?P]GTP (1uM) was incubated at room temper- ments with an SX17MV system (Applied Photophysics),
ature in 60QuL of 64 mM Tris-HCI (pH 7.4), 5 mM MgCl recording the fluorescence increase after mixing different
and 1 mM DTE in the absence or pres.en,ce of eithpl\/Q concentrations of RanBiDwith a constant amount of Ran
RanBP1 or RanBD1 for 10 min. After this preincubation, mGPpNHp. Single-exponential analysis yielded apparent rate

Rnal (RanGAP fromSchizosaccharomyces porpbeas constants for pseudo-first-order reactions, which were plotted
added to a final concentration of 0.15 nM, and&0samples as a function of the amount O.f free _RanBID provide the
were taken at various time points, mixed with 35D of kon for the second-order reaction (Figure 2).

; ; : To measure the dissociation rates of the RaBppNHp
charcoal suspension, and centrifuged. Aliquots of the super-
natant were counted in a Beckman LS6500 scintillation RanBD1 complex, an Eexcess of nonfluorescent-BapNHp
counter. was added to trap transiently released RanBD1. The con-

centration of the RamGppNHpRanBD1 complex was
RESULTS followed over time using the fluorescence assay described
for the association kinetics. However, in this case, the

Consevation of the Ran-Binding Motifs in RanBP1 and dissociation reactions were sufficiently slow to be measured
RanBP2. RanBP2 comprises four RanBP1 homologous in a standard fluorescence spectrometer.
domains (RanBQi = 1—4; Figure 1A) with an affinity for In a second approach, binding and dissociation kinetics
RanGTP high enough to be detected by blot overlay assaysbetween Ran and RanBWere assessed by surface plasmon
(39, 40). The RanBIbs contain a highly conserved Ran- resonance with a BIAcore instrumer@i0-62). We used a
binding motif [Figure 1B 87, 38, 54)]. The fold of RanBD1 sandwich assay with anti-GST sera covalently bound to the
(42 was shown to be similar to that of the PH domain dextran matrix of the sensor surface as described for RanBP1
involved in phosphoinositide binding¥%), the phosphoty-  (48). The association and dissociation rate constants for the
rosine binding domain [PTB5§)], and the Ena-Vasp four individual Ran-binding domains were calculated and
homology domains5g) involved in protein-protein interac- compared to the fluorescence data. The reactions were
tion. This leads to the notion that this is a domain with a assessed at physiological ionic strength. Table 1 summarizes
common structure and differing function. The degree of the kinetic data obtained and compares them with data
sequence identity between the RanBibd RanBP1 ranges obtained for GSTRanBP1.
from 45 to 55%. There are similar differences among the Binding of RanGTP to each of the four RanB® from
RanBOs and between the RanBBnd RanBP1. In addition  RanBP2 occurs d&,, rates in the range of 3~ s%, while
to the conserved RanBD, RanBP1 contains an additional dissociation rate constants vary between3iand 104 s,
short N-terminus and an approximately 40-amino acid Deletion of the C-terminal DEDDDL sequence of Ran
C-terminal extension. The latter has been suggested toreduces the association rate constant by a factor of KO (
contain a nuclear export/cytoplasmic retention sequed®e ( = 1.8 x 10® M~* s % for RanBD1).

Electron micrographs of nuclear pore complexes show Kp, kon, andkgiss values derived from SPR and fluorescence-
cytoplasmic filaments 3540 nm in length %7), which are based measurements are in good agreement with each other.
suggested to be formed among other proteins by RanBP2For the association rate constants, BIAcore and stopped-flow
(58). Blot overlay assays indicated different affinities between kinetic data were analyzed on the basis of RaGppNHp
RanGTP and the individual RanBDof RanBP2 40), or GST-RanBD concentrations, respectively (pseudo-first-
leading to speculation about a gradient in affinity from order kinetics). This leads to an additional independence of
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a Zinc-finger
RanBD1 domain RanBD2 RonBD3 RanBD4
e ==
==
Leucine-rich NUP153 hom. Cyclophilin
domain Domain hom. domain
< 358 kD >
N C
b T T T
10 20 30
1155 ETDGGSAHGDDD-===--~~~ DDGPHFEPV  RanBD1
1 MAAAKDSHEDHDTSTENADESNHDPQFEPI RanBP1
: e
46, Trypsin 60
1176 VPLPDKIEVKTGEEDEEEFFCNRAKLFRF- RanBD1
31 VSVPEQ-EIKTLEEDEEELFKMRAKLFREFA RanBP1
T T T
70 80 90
1205 [-DVESKEWKERGIGNVKILRHKTSGKIRLL ~ RanBD1
60 SENDLPEWKERGTGDVKLLKHKEKGTIRLL RanBP1
I H T
100 110 120
1234 MRREQVLKICANHY;S PDMKLTPNAGSDRS! RanBD1
90 MRRDKTLKICANHYITPMMELKPNAGSDRA RanBP1
T ' T
130 140 150
1264 ;I:"VWHA—IjDYADELPKPEQLAIRFKTPEEZ-\AE RanBD1
120 WVWNTHADFADECPKPELLAIRFLNAENAQ RanBP1
T T T
160 170 180
1293 LFRCKFEEAQSILKAPGTNV------==-~ RanBD1
150 KFKTKFEECRKEIEEREKKGPGKNDHNAEK RanBP1
T T T
190 200 230
1313 2 ———mmmmmm e AMASNQAVR RanBD1
180 VAEKLEALSVREAREEAEEKSEEKQ RanBP1

Ficure 1: (a) Schematic structure of RanBP2. RanBD is the Ran-binding domain. (b) Alignment of RanBP1 and RanBD1 of RanBP2. The
amino acid sequences of RanBP1 (AC X83617) and RanBP2 (AC D42063) were aligned by the GCG program. Dashed lines represent gaps
inserted to achieve a maximum level of homology. Residues conserved in all RaoBRanBP2 and RanBP1 are indicated by bold

letters. The box marks the minimal Ran-binding domain; the corrugated line represents residues of RanBD1 defined in the structure of the
RanRanBD1 complex. The arrow shows the trypsin cleavage site in RanBD1 in the absence GpRdHp.

the corresponding data sets, because errors in the determiThe structure of RanBD1 in complex with R&ppNHp has
nation of the active concentration for one of the proteins in, shown that the N-terminal part of this domain is not part of
e.g., the stopped-flow experiments, are not propagated in thethe PH domain-like fold, but is an extended chain that reaches
SPR measurements. over to Ran and is involved in a number of contae?g)(

Rarr(m)GppNHp binds the RanBDrom RanBP2 with a The first 16 acidic amino acids of the RanBD1 N-terminus
similar or slightly weaker affinity than the full-length  were not visible in the electron density of the complex. To
RanBP1 (Tables 1 and 2). The Ran-binding domain alone is probe the structure of RanBD in this area, we performed a
sufficient for high-affinity binding of Ran in the GTP state limited proteolysis of RanBD1 with trypsin. It produced a
with Kp values in the nanomolar range. The data also show stable fragment lacking the N-terminal 31 amino acids of
that the rate (Table 1) and equilibrium constants (Table 2) RanBD1 as judged by SDSAGE (Figure 3a) and mass
of the individual RanBIs of RanBP2 are comparable to each spectroscopic analysis. The presence of stoichiometric
other. There exists no gradient in affinity, which would amounts of RarGppNHp protected the N-terminus of
support the idea of a guided walk of Ran along the RanBP2 RanBD1 from trypsin cleavage (Figure 3b), suggesting also
protein. that the N-terminal highly acidic residues are involved in

The N-Terminal Sequence of the Ran-Binding Domains contacts with Ran. Indeed, the truncation of these first 31
Is Essential for Recognition of Ra@n the basis of sequence amino acids in RanBD1 diminished the affinity for Ran
similarity, a minimal RanBD has been defined as an GppNHp dramatically. Since no complex formation could
approximately 150-residue fragment that can be stably be observed by our techniquéd&; values are estimated to
expressed irE. coli and that is able to bind to Rarb4). be >50 uM (data not shown).
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FicurRe 2: Association of RamGppNHp with Ran-binding
domains of RanBP2. Stopped-flow kinetics after mixing of 200
nM RanmGppNHp with varying concentrations of different GST-
RanBP2anBO yyere measured in an APP SX17MV instrument. Data
were fitted with a single-exponential equation to yi&lgs for the
pseudo-first-order reaction. A plot &f,svs [GST-RanBD) results

in a linear trace with a sloplk,, for the individual RanBD (#)
RanBD1, @) RanBD2, @) RanBD3, and (*) RanBDA4.

Table 1: Kinetic Parameters for R4m)GppNHp Interaction with
GST-RanBD from RanBP2

Kaiss (x 10% s7%)

Kon (x 104 M~1571)

domain SPR fluorescence SPR fluorescence
RanBD1 2.5 4.2 58&1.6 5.5
RanBD2 4.8 8.4 2311 21.5
RanBD3 11 14 5.3 17
RanBD4 17 4.7 9.2 35
RanBP1 3.7 10.5 30 30

a Dissociation experiments were performed as duplicates, and only
selected domains were analyzed in repeated association reactions.

Table 2: Affinities of RanGppNHp for GSTRan-Binding Domains
of RanBP2 in Nanometers

BlAcore fluorescence BlAcore fluorescence

RanBD1 4.3 7.5 RanBD4 1.8 1.3
RanBD2 2.1 3.9 RanBP1 1.2 3.5
RanBD3  20.8 8.2

Dynamic Aspects of the Ratmportin{3 Interaction.
Affinities of Ran for importing have so far been estimated
only by competition of EDTA- or RCC1-stimulated nucle-
otide exchange in RaG TP or by inhibition of the RanGAP-
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Ficure 3: Proteolytic digestion of RanBD1 with trypsin. (a)
RanBD1 (10Q«g) of RanBP2 was incubated with 0.4 mg/L trypsin

in a total volume of 20QuL at room temperature. Proteolysis
products were analyzed by SBSAGE after the indicated digestion
times (in minutes). Mass spectroscopic analysis of the stable reaction
product resulted in a molecular mass of 15 657 Da, indicating
cleavage after K31. (b) Same as panel A but with 2@00f a
RanGppNHpRanBD1 complex incubated with trypsin. While the
Ran band is degraded, RanBfDns at the same position even after
treatment with protease for 6 h.
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FiGure 4: Association of RammGppNHp with importing or
RanBO. RanmGppNHp (200 nM) was mixed with either &M
importiny3 (residues +462) or GSTRanBPZa"8D2 in an APP
SX17MV stopped-flow instrument. While the increase in the

mediated GTPase reaction of Ran to be in the order of 0.3 magnitude of the fluorescence signal is completed for the RanBD2

nM (20). To determine the equilibrium constant in a direct
approach and to study the dynamic behavior of the-Ran
importin{3 interaction and its requirements, we verified that
formation of a binary complex with importif-causes an
increase in the fluorescence intensity of the mant group in
RanmGppNHp. Hence, it should be possible to assess

within <0.5 s, the reaction with importifi-is more than 1 order of
magnitude slower under the same conditions’@OHEPES buffer).
Traces were normalized concerning their amplitude.

cence increase upon binding of 200 nM RaGppNHp to
either 6uM GST-RanBD2 or 6uM importin-3 (residues
1-462) using the same buffer conditions and temperature.

association and dissociation reactions in the same mannefyhile the half-time of the reaction is about 0.4 s in the case

as described previously for the RanBa&nd RanBP1. We
studied an importir® fragment comprising residues-462
which has previously been shown to be sufficient for tight
binding @9), a finding that has been verified by the crystal
structure of the complex of this fragment with R&ppNHp
(43).

In stopped-flow kinetics, importi- exhibits slow as-
sociation with RarmGppNHp. Figure 4 shows the fluores-

of the RanBD), it takes approximatgl8 s for the fluorescence
signal to reach its half-maximum change for impoifin-
(Figure 4). The resulting association rate constant is thus
20-fold smaller than the corresponding value for RanBP1.
While no difference could be found in the association rate
constants of Ra& TP and RarGppNHp with RanBP1 and
the Ran-binding domains of RanBP2 (data not shown),
importin{ discriminates strongly between R&TP and
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Table 3: Association Rate Constamts (M~* s™1) of the Interaction Table 4: Dissociation of Ralmportin$ (residues +462)
between Importing (residues +462) and Ran as a Function of the Complexes
Nucleotide and Ran C-Terminus

kdiss(s)
GTP  GppNHp mGTP mGppNHp mGDP RanmGTP (11.6£1.7)x 10°8
RanmCoeNGP S5
Ran 8.5x 10* 1.3x 10*
RamAC 14.3x 10* 1.2x 10®
RanC4A 11.9x 104 1
surface plasmon
resonance RanAC*mGppNHp
GST-Ran 1.0x 10* 0.2x 10¢ 038 1
06 |
0w A
128412 o f: RanC4A*mGppNHp Ran*mGTP
~ 04 1 ¥
1,0E+12 e !
(0]
c
§ 8,0E+11 - 02 - Ran*mGppNHp
g
S 60E+1 - 0
i
= 0 2 4 6
© 40E+11 —
[Imp-B3] (M)
2,08+11 Ficure 6: Effect of C-terminal modification in Ran on the
dynamics of importing binding. Different Ran constructs (200 nM)
0,0E+00 were mixed in an APP stopped-flow instrument with increasing

0,E+00 5E+04 1,E+05 2,E+05 2E+05 3,E+05 concentrations of importif-(residues +462). Fluorescence traces
t(s) were fitted as pseudo-first-order kinetics, and the resulking
values were plotted vs the concentration of impoftinRamAC-

FicurRe 5: Dissociation of the the RamGTPimportin8 complex. mGppNHp @), RanC4AmGppNHp @), Ran(flymGTP @), and
RanmGTP (400 nM) was mixed with 800 nM importj#{residues Ran(flymGppNHp @®). In RanC4A, the natural C-terminal motif

1-462) in KR buffer [20 mM KR (pH 7.4), 5 mM MgC}, 1 mM of residues'DEDDDL2!6 is replaced wittP!AAAADL 216,
DTE, and 0.1 g/L BSA] at 20C and mant fluorescence observed

in a Fluoromax-2 fluorescence spectrometer (SPEX). Five minutes sjow release of the antiboeST complex will mask the
after mixing was carried out, an excess gfM RanGppNHp was dissociation reaction of GSRan and importirg.

added and the change in the signal was recorded. While a slow Effect of the C-Terminal Domain of Ran on the Interaction
decrease in the signal could be observed in the competition h X
experiment, the control without ReBppNHp showed a slow with Importlnﬂ. It has been shown before that the C-terminal
increase in the signal. Subtraction of the control signal from the end of Ran is crucial for the interaction with RanBRBB)(
competition experiment was used for the calculation of the net gnd that its loss reduces the binding affinity 10000-fdig)
kinetic. Data were fitted as single exponentials. For RanBD1, we find that the deletion of the C-terminal
. DEDDDL motif reduces the affinity for RaGppNHp 2000-
ggngpNH% In bgth exptir_lrr;]entil ;etups, quorelscegce_ar:ld fold (data not shown). This is in line with the crystal structure
Kon is about 6 times higher if Ran is complexed with 06 the C-terminal end of Ran wraps around the RanBD1
GTP (Table 3). . o ) ) such that the DEDDDL motif can dock onto a basic patch
To analyze the dissociation of the R&ppNHpimportinfi  (42) Overlay assays with different GST constructs of the
complex, an excess of ReBpPpNHp was added to compete  Ran protein revealed enhanced binding of impoginith
with rebinding of importing to the fluorescent Ran  he C-terminally truncated form GST-RAE, indicating an
mGppNHp. The spontaneous dissociation of the ‘Ran innibjtory effect of the DEDDDL sequence at the Ran
importin; complex is, however, very slow, and measuring  c.terminus upon interaction of Ran with imporiin¢63).
times of ~20 h were thus required to obtain reaction T determine the effect of the Ran C-terminal end on the
amplitudes that were high enough for kinetic analysis. Due jnteraction with importing, we assessed the association of
to the instability of Ran at temperatures ®20 °C or in several Ran constructs with importthand found an ac-
long-time experiments with an excess of competing ‘Ran celeration of the association reaction by a factor of 10 for
GppNHp, a strong tendency of aggregation was observed.ihe truncated RakC as compared to that of the wild-type
This aggregation could be largely prevented by using Ran protein (Figure 6 and Table 3). The deletion of the
phosphate buffer supplemented with 0.4 g/L BSA. C-terminal end increases the association rate such that
Figure 5 shows the dissociation of a ReGTP importin{3 recognizes RakC even in the GDP-complexed
importin{3 complex corrected for a slow increase in the state. Here importir® binds with aKp of ~5 xM with Rarr
fluorescence signal in the absence of competitor. Here, NomGDP as determined by fluorescence kinetics. The inhibition
significant differences in the dissociation reaction could be effect of the acidic C-terminus in Ran upon binding of
observed for RamGppNHp and RamGTP (Table 4).  importin{ is reduced if the negative charges are substituted
From this, we can calculate an equilibrium dissociation py neutral side chains. A Ran mutant (RanC4A) in which
constant for the RamGppNHpimportin{ complex of 1 four out of five aspartate and glutamate residues were
nM and for the RarmGTPRimportin;3 complex of 140 pM.  substituted by alanine exhibits an increased association rate
In our SPR-system, dissociation reactions with such constant for association with importfh{R. Assheuer et al.,
extremely lowkgiss values cannot be assessed, because themanuscript in preparation).
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Ficure 7: Formation of a complex formed by R&DP, RanBD1, ,/{
and importing. GST-RanBP22"8P1was immobilized on the anti- 0.01
GST matrix of a BIAcore sensor chip. Injection of eitheu . ® 4
RanGDP (dark gray) or importirf- (residues 462, light gray) o 0008
alone resulted in only a slight increase in the SPR signal. Only a 3 / /
mixture of RanGDP and importins shows specific changes due 0.006 .
to formation of the ternary complex (black trace). A
0,004 A A
A steric conflict between the Ran C-terminus and binding 0,002
of importin{ was illustrated by proteolytic digestion experi- .
ments. Carboxypeptidase A cleaves the 36 C-terminal amino 0 200 400 500 800 1000
acids of RanGppNHp in the complex with importif- as [importin-8'*%] (nM)

determined by mass spectroscopy (Figure 10), while no pgure 8: Effect of RanBP1 upon association of imporfirwith
cleavage of Ran was observed for RappNHp complexed RanmGppNHp. (a) Sensogramms for the binding of impopin-
with RanBD1 or noncomplexed R&BDP. (residues +462) to GST-RarGppNHp in a BlAcore system after

; : incubation of the Ran surface with either buffer or 500 nM RanBP1.
Ternary Complexes of Ran, RanBDi, and ImpofiirRan Importin concentrations were 0, 50, 100, 150, 200, 300, 400, and

in it_s GTR—boqnd state is.capable of binding a RanBD and 500 nM. Curves were normalized according to the start of
an importing-like factor simultaneously3l, 45, 64—-67), importin injection (samples with RanBP1 treatment with an
indicating separate bindings sites for both binding partners additional—500 RU shift for reasons of clarity). (b) Binding phases
on Ran. This is supported by the three-dimensional structurefor importin{ association with either GSRanGppNHp @) or

; ; _ GST-RanGppNHpRanBP1 complex4) were analyzed as mo-
of RanGppNHp complexed with RanBDHE) and impor noexponential functions with the GraFit software. Apparent as-

tin-f3 (43) or transportin 44). RanGDP exhibits only little  gociation rate constants are plotted vs the concentration of importin-
[4 uM (48)] or no detectable affinity for RanBDor B. Association rate constants at 2@ for binding of importing
importin{3 alone, but forms stable ternary complexes in the with GST-RanGppNHpRanBP1 and GSRanGppNHp are 1.6
presence of both (N. C. Chi et al., 1996). While the first x 10*and 5.0x10° M~* s7*, respectively.

200 amino acids of importif% have been reported to be

sufficient for formation of the RaiG TP-RanBDO-importin{3 importin4$ dynamics in surface plasmon resonance (Figure
complex, the corresponding GDP complex requires amino 8a)- Here, GSIRanGppNHp was captured by an anti-GST
acids 1352 of importing (64). sera matrix and treated with either buffer or 500 nM RanBP1.

These findings, together with the requirement of the Afterthis,aserie; qf variou; importi@concentrations was
C-terminal sequence of Ran for high-affinity binding of applied and the blndlng klnetlcs for |mpor';B1vvere. analyzed
RanBP1, have prompted the model wherein RanBRy as monoexponential functions. Indeed, |mpoﬁ|b_ound to
unmask a region on Ran which is normally blocked by the GST-RanGppNHpRanBP1 complexes about 3 times faster
C-terminus to allow binding of importig(63). We inves-  than to noncomplexed GSRanGppNHp (Figure 8b).
tigated such a helper function of RanBfdr the binding of Costimulation of RanGAP-Catalyzed GTP Hydrolysis in
importin5 to Ran by the BlAcore system. Importfhand Ran by Ran-Binding DomainsRanBP1 was shown to
RanGDP alone exhibit negligible, nonspecific binding enhance RanGAP-induced GTP hydrolysis in Ran by a factor
toward GSTRanBD on the sensor surface, while equimolar of 10 (34). We tested if RanBD1 also enhances the GAP-
concentrations of RaGDP and importins together result  stimulated GTPase reaction and whether the conserved
in significant binding (Figure 7). The dissociation of this RanBD domain itself is sufficient for the costimulation, or
ternary complex occurs much faster than the dissociation of if the additional N- and C-terminal flanking amino acids in
binary complexes between R&TP and RanBDor impor- RanBP1 are necessary for this effect. Rnalp, the RanGAP
tin-3 alone. homologue fromS. pombge which was shown to work

If binding of importin$$ to RanGTP is hindered by the efficiently on human Ran1Q, 68), was added to Ran
Ran C-terminus (as shown in our stopped-flow experiments, complexed with §-32P]JGTP, and the production of radioac-
Figure 6), complex formation with RanBP1 should accelerate tive R was measured. RanGAP-stimulated GTP hydrolysis
the association reaction of R&ITP with importing. We in Ran was enhanced by RanBD1 in the same manner as by
verified such a contribution of RanBP1 upon the RanP RanBP1 (Figure 9a).
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Ficure 9: Effect of RanBD on GTP hydrolysis in Ran A.
Costimulation of Rnal-catalyzed GTP hydrolysis in Ran by GST-
RanBP&an8D1 Ran (1 uM) preloaded with §-32P]GTP was
incubated with 150 pM Rnalfs( pombgin the presence of 2M
RanBP1 or GSTRanBD1 at 30C. Aliquots of the reaction solution
were mixed with charcoal at defined time points, and fye®&P ] ) )
was quantified in a scintillation counter: RanBPA){ GST- Ficure 10: Proteolytic analysis of Ran complexes with carboxy-
RanBD1 @), buffer @), and the intrinsic rate (without Rnalm). peptidase A. RaiGDP (A) and RarGppNHp complexed with
(b) Overcoming the transportin blockade of Rnal-catalyzed GTP either importing (residues +462, B) or RanBD1 (C) were
hydrolysis in Ran by GST-RanBP®BPL Ran (1uM) preloaded incubated with carboxypeptidase A for the indicated times. Aliquots
with [y-32P]GTP was incubated with eitheraM transportin alone  of the protease digestion were analyzed by SBPBGE. While

(O) or 1 uM transportin and M GST-RanBD1 #) for 10 min, no proteolysis of the Ran band can be seen for-B&#® and the
followed by addition of Rna1pS. pombjpand incubation at 36C RanGppNHpRanBD1 complex (there RanBD1 is degraded), there
as described above. Data were corrected for background radioactivs a clear proteolytic digestion of Ran complexed with impogtin-

ity.

similar to the values measured for RanBP1. Microplate assays
with purified RanBP2 and radiolabeled R&TP resulted

Importin-like proteins inhibit intrinsic and RanGAP- in an average affinity of Ran for RanBP2 of 0.5 N,

stimulated GTP hydrolysis in Ra@§ 65). RanBP1 has been . I . . . .
shown to overcorze thié blockadeg;‘orSi)mporﬁr[m this case This value is |de.nt|.cal V.V'th. the lowel, determined in our

in concert with importine. (29, 30), RanBP7/importin 7§5), system at a similar ionic strgn_gth and 10-fold higher
transportin 29), importin 5/RanBP5§6), CAS (27), expor- com_pare_zd with the average affinity of all _four Ranis
tin-t (26), and CRM1 69, 70)]. It was therefore interesting Taklng Into account th?. fapt that_the microplate assay
to know whether the RanBDs from RanBP2 can substitute includes several nonequl_hbnq washing steps, one normally
for RanBP1 in this reaction. We therefore tested the effect would exp.e_ct an overestimation of the value or a value

of RanBD1 in a system with Rafy-2P]GTP, transportin, for the affinity lower than the real value. In our case, the

. ; discrepancies in affinity may be due to contributions of the
and Rnalp on GTP hydrolysis. Again, RanBD1 was suf- o - N :
ficient to reconstitute the capability for GTP hydrolysis GST moietles, additional stabilizing mtits of the RanBP2
(Figure 9b) protein which were absent from the expressed Ran-binding

domains, or a cooperative effect of the RanBD the
DISCUSSION complete RanBP2.

Electron micrographs of nuclear pore complexes have

Similar Affinities for Ran-Binding Domains from RanBP1 localized RanBP2 to the fibrilSE) at the cytoplasmic side

and RanBP2RanBP1 and RanBP2 share domains with high of the NPC. The lengths of purified RanBP2 after negative
affinity for RanrGTP. Quantifying the interaction of the four  staining and that of the fibrils are very similar [36 and-35
Ran-binding domains from RanBP2 with R&ppNHp 50 nm, respectively 11)] and were seen as support for
yielded Kp values between 18 and 10% M, with no participation of RanBP2 in the formation of the fibril
significant differences between the individual domains and structures. The idea was proposed that a linear arrangement
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of the four RanBIbs of RanBP2 on the fibrils could function Deleting the negative regulatory DEDDDL sequence
as an affinity gradient for Ra®TP, guiding the Ran  allowed binding of importins even to RaAC in its GDP-
transport complexes from low- to high-affinity binding sites bound state, resulting in a micromolég for the interaction
along the cytoplasmic pore. Neither the similar affinities between RanC-mGDP and importin3. Further evidence
determined for the different RanB®for RanGTP nor the  for a direct competition between the R&RPP- motif and
slow dissociation of RaG TP from the RanBDcan support importin3 is derived from proteolytic digestion with car-
such a model. boxypeptidase A. Whereas the last 36 amino acids of Ran
RanGTP and Importind: Slowly but Tightly.The as- are cleaved in the complex with importth-they are not
sociation of RarGTP with importing is slow but results in accessible in Ra®DP alone or the RaGppNHpoRanBD1
a highly stable complex. Affinities measured for RaG TP complex.
and RanmGppNHp were on the order of 140 pM and 1 nM, Immunological experiments with antibodies directed against
respectively, and correspond to values (0.5 nM) determineda peptide adjacent to the DEDDDL sequence showed
indirectly for RanGTP and importing in inhibition assays recognition of Ran preferentially in the triphosphate state,
(20). We show that the dissociation of the binary complex indicating enhanced exposure of the C-terminus in-RaiP
occurs with half-times of days. This is at least 10 times (33). A monoclonal antibody against the DEDDDL motif
slower than a first estimation fdwissbased on filter binding  itself recognizes Ran only in the importfireomplexed form
assays with Rafiy-?P]GTP and importin, where the rate of RanGTP and not in RaiG TP alone 76). The structures
of release of Ran from the complex was determined by Ran1-of the RanGppNHp bound to a fragment of importih¢43)
catalyzed GTP hydrolysi2@). We assume that the dena- and to transportin44) have shown that the C-terminal end
turation of Ran as seen in filter binding assays previously is not necessary for the interaction and is actually either not
(34) has contributed to an overestimation of the amount of visible in the structure43) or only partially visible due to
released radioactivity. With lss of 1075 s7%, spontaneous its involvement in crystal contactd4). Although we do not
dissociation is much too slow for efficient nuclear transport. have an easy explanation for the inhibitory role in the
Our experiments concerning the interaction between im- association reaction between R&TP and importin, we
portin3 and Ran in the triphosphate conformation have assume that in the structure of R&TP, which is not known
shown that care has to be taken concerning the utilization at the present moment, the C-terminal end is located on Ran
of nonhydrolyzable GTP analogues. Imporfinelearly such that a contact site for importin binding is blocked and
discriminates between RanGTP and RaimGppNHp dur- has to be rearranged before complex formation.
ing the association reaction, whereas for RanBbe nature Ran-Binding Domains: Enhancer or Terminator of the
of the 3,y-bridging bond is not relevant. The structure of Ran—Effector Interactiondn the structure of RaGppNHp
the RanrGppNHpimportin{3 structure gives no obvious complexed with RanBD1 of RanBP23), the Ran C-
explanation for this behavior. Here, tifgy-NH group is terminus forms an almost complete turn that is wrapped
involved in a strong hydrogen bond with the main chain NH around the surface of the RanBD1 moiety in what has been
of Gly13 and a weak one with the side chain OH of Tyr39. called a molecular embrace. This supports the idea that
However, all these interactions are far away from the-Ran RanBP1 (or RanBD could open the importi$-binding site
importin interface and are unlikely to affect its structure. In  on Ran by removing the steric hindrance of the acidic Ran
structural studies on Ras, GTP- and GppNHp-bound com- C-terminus.
plexes are found to be very similafd). Refined investiga- We could demonstrate by SPR experiments where we
tions revealed that differences between RgpNHp and applied importing to either immobilized GS'RanGppNHp
RasGTP could be detected in catalytic loop 4 of the switch alone or the preformed complex of RanBP1 that there is a
Il region (73). Experiments with Ras and the catalytic domain clear enhancement of the association reaction by RanBD
of NF1 suggested that the dissociation rate constant for aTherefore, it is assumed that RanBlas a similar role as
RasmGppNHpNF1 complex is about 10 times higher than the deletion of the DEDDDL motif in removing the C-
for the corresponding RasGTP complex T14). terminus from its original docking site at the Ran surface.
The difference in binding affinity might be related to the This reorganization of the C-terminus may release a basic
dynamic behavior of Ran. P-NMR has shown two different patch on the Ran surface which is composed of basic residues
chemical environments only for thephosphate in RaGTP in helices az and o4 which we speculate to work as a
but not in RanGppNHp and that after saturation with positively charged docking site for the acidic DEDDDL
RanBP1 only one of the twg-phosphate environments sequence.
remains in RarGTP (75). In our experiments, RanBB enhance binding of impor-
Antagonistic Role of the C-Terminal Region of R@he tin-g with RanGTP and RafGDP. In the GTP-complexed
acidic C-terminal sequence of the Ran protein is essentialstate, they accelerate binding; in the case of ‘B&P,
for fast binding to RanBD(as shown here) as well as to binding of importing with Ran can be detected only in the
RanBP1 {8). The opposite effect could be observed for presence of RanBD
importin{5. While formation of the complex between Ran These results are somewhat in conflict with the finding
and importing is at least 1 order of magnitude slower than that RanBDs also have a clear role in mediating RanGAP-
the same reaction with RanBDtruncation of the acidic  catalyzed GTP hydrolysis in Ran which is complexed with
C-terminus of Ran causes a 10-fold increase in the associaimport or export receptor29, 30). Complete dissociation
tion rate constant for importif- Analogous stronger binding  of an export complex formed by importim; CAS, and Ran
of importin to Ram\C-GTP (compared with RaGTP) GTP could be induced with RanBP29). Our own results
under equilibrium conditions has been described previously demonstrate that RanB®alone are sufficient to overcome
in overlay assays46). the GTPase blockade by transportin; in the case of importin-
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Ficure 11: C-Terminus of Ran as a painter in nuclear export. Formation of theGdR&mimportin{5 complex terminates import of importin-
B-importin-a-NLS substrate trimers. Binding with importjhipushes the C-terminus of Ran into the solvent, where it is recognized by the
RanBO of RanBP2 when the complex leaves the nuclear pore. SUMO-modified RanGAP thereby has direct acces&fidP Rad can
stimulate GTP hydrolysis (left side). The residual affinity of the ternary complex betweei@R&) importing, and RanBDis sufficiently

high to retain importin3 at the nuclear pore, increasing the efficiency in binding of the import substrate.

S, the release needs the presence of impartand RanBP1
(29, 30). A partial competition between RanB@nd im-
portin-5 for binding to Ran can be deduced from structural
studies. In the RaGppNHpRanBD1 structure, residues
preceding Hi¥ of RanBD1 could not be traced in the
electron density map. Hisis located in the vicinity of the
basic patch of Ran so that a substitution of R&R- by the
acidic N-terminus of RanBD1 (DDDDDGP preceding Hjs
is likely and may contribute to the high affinity of Ran for
RanBD1. This idea is supported by the finding that N-
terminally truncated RanBD1s lose the property to bind-Ran
GTP completely (after trypsin cleavage, missing the first 31
N-terminal residues) or show a 50-fold drop in affinity (a
RanBD1 construct starting at HisZhao et al., unpublished
data). In the Ratimportin{3 complex @3), the basic patch
of Ran is deeply buried in the interface so that in the ternary
complex importing and RanBD may compete for this
contact point. The acidic N-terminus of the RanBfan be
modeled as a crowbar, fitting into a central cavity in the
Rarrimportin{3 complex. Obviously, this crowbar is not
sufficient to dissociate the Remportin5 complex without
further support by importir.

A better understanding of RanBOn the release of

complexes between Ran and import receptors should be

achievable by dynamic and structural studies with transportin.
This import receptor can be dissociated from R&RP by
RanBD alone (without the need of additional factors) and
therefore should show enhanckgls rates in the presence
of RanBD (29).

Under physiological conditions, the acceleration of im-
portin{ binding with Ran by RanBD may reflect a
secondary effect. If the function of RanBP2 is to prevent
escape of Ra@ TP (either alone or complexed with import
or export receptors) into the cytosol, Ran has to bind RanBD
and importins or exportins simultaneously. If the Ran

C-terminus is exposed to the solvent in complexes with
importin{g, it may work like a tether. The RanBvill catch

the complex via the C-terminus of Ran, fix it at the nuclear
pore in proximity to the SUMO-attached RanGAP, and
support GTP hydrolysis in Ran. The residual binding affinity
of the RanGDP-RanBDO-importin{# complex should be
sufficient to keep importirg at the NPC, leading to a more
efficient initiation of the next import cycle by binding of
the new import substrate (Figure 11). Further insight into
the role of RanBD in the formation and disassembly of
import and export complexes should be achieved by deter-
mining the structure of ternary complexes between Ran,
RanBD, and importing or transportin, the binary complex
of RanBO and RanGDP, and RarGTP without further
binding partners.
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