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ABSTRACT

GTP-hydrolysis, the small ras-related GTP-binding
protein Ran and its cognate guanosine nucleotide
exchange factor,the RCC1gene product, have recently
been identified as essential components of the protein
nuclear import pathway. In this report we use three
independent approaches to investigate the role of these
components in U1 snRNP nuclear import in somatic
cells. (i) Using a somatic cell based in vitro nuclear
import system we show that U1 snRNP nuclear import,
in marked contrast to protein transport, is not
significantly inhibited by non-hydrolyzable GTP-analogs
and is therefore unlikely to require GTP  -hydrolysis.
(i) Using the dominant negative Ran mutant RanQ69L,
which is defective in GTP-hydrolysis, we show that
Ran-mediated GTP-hydrolysis is not essential for the
nuclear import of U1 snRNP in microinjected cultured
cells. (i) Using a cell line expressing a thermolabile
RCC1 gene product, we show that the nuclear
accumulation of microinjected Ul snRNP is not
significantly affected by RCC1 depletion at the
non-permissive temperature, indicating that RCC1
function is not essential for U-snRNP nuclear import.
Based on these observations we conclude that protein
and U-snRNP nuclear import in somatic cells differ in
their requirements for GTP-hydrolysis, and Ran or RCC1
function. Based on these results, the substrates for
nucleocytoplasmic exchange across the NPC can be
divided into two classes, those absolutely requiring Ran,
including protein import and mRNA export, and those for
which Ran is not essential, including U-snRNP nuclear
import, together with tRNA and Ul snRNA nuclear
export.

INTRODUCTION

nuclear pore complexes (NPC) embedded in the nuclear envelope
(NE). Although many smaller molecules can passively diffuse
across the NPC, others, particularly those larger than 40 kDa are
translocated by signal mediated mechanisms. Both the recognition
of the nuclear localisation signals (NLS) by their cognate receptors
and docking at the NE precede the energy dependent movement
through the nuclear pores (reviewed)inNLS recognition and NE
docking requires two proteins, denoted impaxtiand importind

(also referred to as karyophedirand B, respectively) 36). The
importin-o/B-karyophile complex is presumed to dock with proteins
on the cytoplasmic face of the NPE7). Subsequent nuclear entry
requires an additional protein complex containing at least the two
proteins p25 [Ran/TC4, ras-related nuclear protB),( a small
GTP-binding protein] and p10/NTF2, as well as GTP-hydrolysis
(10-15).

The Ul, U2, U4 and U5 small nuclear ribonucleoprotein
particles (U-snRNPs), essential components of the splicing
machinery, are assembled in a complex sequence of events in bott
the nuclear and cytoplasmic compartments. The RNA components
of these U-snRNPs are co-transcriptionally capped with a
7-methyl-guanosine-cap (@-cap) structure which constitutes
part of their nuclear export signdlgj. Once in the cytoplasm
these U-snRNAs, which also share a single-stranded uridine rich
sequence referred to as the Sm-binding site, are assembled into ar
RNA-—protein complex, referred to as the Sm-core domain, which
contains members of the Sm-protein family)( The n{G-cap
is then hypermethylated to a 2,2,7-trimethylguanosine-cgp-(m
cap), an event which effectively inactivates the nuclear export
signal. Additional RNP specific proteins are then added to such
Sm-core particles prior to, during or after re-entry into the nucleus
(reviewed inl8).

From studies using microinjectéenopusoocytes, we know
that these U-snRNPs possess a complex bipartite nuclear localisa-
tion signal (NLS) composed of the Sm-core domain and the
mgG-cap ((9-22). However, based on recent results obtained
using both microinjected cultured cells andimrvitro ShRNP
nuclear import system, it is now clear that the Sm-core domain

The bi-directional movement of macromolecules between thadone is both necessary and sufficient to mediate the nuclear
cytoplasmic and nuclear compartments occurs solely through ttaggeting of U-snRNPs in somatic cel&3,4). The reported
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mzG-cap dependence is a characteristic unique to oco@yes ( MATERIALS AND METHODS
U-snRNP nuclear import has the following featu&s: ((i) it is . ¢ microini d .
ATP and temperature dependent, (ii) it is a saturable process, &igParation of microinjected proteins

(iii) it requires soluble cytosolic factors. At least some component\/40 T-antigen was purified as describéd)( Recombinant
of the U-snRNP and protein nuclear import pathway differ singguman Ran and RanQ69L were expressEddherichia coland
these two karyophile classes do not cross compete for limitingrified as describe@®). After loading with GTP, the identity of

cytosolic factors. Nevertheless, both U-snRNPs and proteifige nucleotide bound to the recombinant protein was confirmed
enter the nucleus through the same or structurally similar nuclagf HPLC ¢2).

pores, since antibodies directed against NPC proteins inhibit the

transport of both karyophile classes. However, the two karyophiggg|| culture

classes appear to interact differently with the NPC during

translocation from the cytoplasm to the nucleus, since wheat getteLa and tsBN2 cellst@) were grown in Dulbecco’s modified

agglutinin (WGA) has only a limited inhibitory effect on Eagle medium (Gibco, Eggenstein, Germany) supplemented with

U-snRNP nuclear accumulation under conditions which complete@ntibiotics and 10% fetal calf serum (FCS) (BioChrom, Berlin,

abolish protein import2(3,25). Germany) in a humidified incubator at 335(tsBN2, permissive
The recent observation that protein nuclear import requiréemperature) or 3T (HelLa) under 10% atmospheric £0

Ran-mediated GTP-hydrolysis has lead to the suggestion that

such small ras-related GTP-binding proteins are general componevtisroinjection

of the nucleocytoplasmic transport machinéd-{3,15). GTP-

binding proteins are a super family of proteins known to functio

as molecular switches in diverse cellular events including vesi

targeting £6), protein synthesis and targeting to the ER by th

signal recognition particl@{), as well as mRNA expor2 §-30).

Ran (M [R5 kDa) is a predominately nuclear protein representin$

[0.36% of total HeLa cell proteig ). At (1.0’ copies/cell Ran

is [20-fold more abundant than its cognate guanosine nucleoti 15 ”.“” at 14 QO@' pr.ior to microinjeption. For co-injections,
exchange factor, RCC1, and its GTPase activating protefie/yoPhile was mixed 1:1 with recombinant Ran (4 mg/mi). The

e : Ak m).
RanGAP1 82). The phenotypes associated with mutations in RaypUme injected was estimated to be 5x100° litres. Micro

or Ran-interacting proteins are pleiotropic and relate to diverddection needles were pulled from glass capillaries on an automatic

cellular functions which include cell cycle progression, nucled?Pette puller (David Kopf Instruments, Tujunga, USA).

structure, RNA processing and export as well as protein import o
(reviewed in33,34-36). Whereas in most cases it remains to bémmunofluorescent staining

established whether these (_affects.are the .direct or i_”d"elﬁ_?ﬁcroinjected cells were washed three times with PBS (pH 7.4),
consequence of Ran or Ran-interacting protein dysfunctions, fed in 4% ice cold paraformaldehyde in PBS for 15 min,
protein nuclear import, the direct participation of Ran'med'ateﬂermeabilized for 20 min in 0.2% Triton X-100 in PBS, and
GTP-hydrolysis has been demonstrate|13,15,:35). Recently, piocked for at least for 1 h in 10% FCS in PBS to reduce
Ran-mediated GTP-hydrolysis has been mapped to an early stegd_specific staining. T-antigen was visualised by staining for 1 h
protein nuclear import observed exclusively on the cytoplasmic faggin an antibody mix containing mouse monoclonal antibodies
of the NPC §6). , , _ . Pab 101, Pab 221, Pab 416 and Pab 419gt@l each) 88)

One mutation affecting a Ran-interacting protein involves thgyiowed by FITC-conjugated second antibody (Jackson Immuno-
evolutionarily conserved®RCC1 (regulator of chromosome Research” Laboratories, West Grove, USA) (1:50) for 1 h.
condensation 1) gene which was initially reported as the mutahihodies were diluted with 10% FCS in PBS, the incubations
gene responsible for the pleiotropic temperature sensitive pheRsre carried out at room temperature. After each antibody
types of the tsBN2 cell line (reviewedi). RecenthRCCIwas  jncypation, cells were washed three times quickly and then another
implicated in RNA export28-30) and protein import/,38).  three times for 10 min each. After the last wash step, the coverslips
Incubation of tsBN2 cells at the restrictive temperature leads {re air-dried, mounted in 90% glycerol containing 0.1 mg/ml
the rapid degradation of tRe€C1gene product (RCC1). Atthis , phenylenediamine, and viewed on an Axiovert 135 microscope

time RCC1 is no longer detectable using immunological assaysay| Zeiss, Oberkochen, Germany) using & @ective.
(31,37,39). Loss of RCC1 function can be relieved by the

re-introduction of wild type RCC13{) or either GDP- or
GTP-bound Ran3@).

In this report we presemm vitro andin vivo evidence that Fluorescently labelled BSA-NLS conjugates were prepared as
protein and U-snRNP nuclear import in somatic cells differ imlescribed Z3). As judged by SDS—PAGE, fluorescein-labelled
their requirement for GTP-hydrolysis, RCC1 and Ran. Thesmnjugates do not contain free label and have 10—-20 NLS peptides
results suggest that the early steps of the protein and U-snR[leptide sequence, PKKKRKSPEDPYC) per BSA molecule.
nuclear import pathways differ, but do not exclude the possibilifyluorescently labelled dextran, MO kDa, was obtained from
that the two pathways converge at a later step prior to or at the Sigma (Deisenhofen, Germany). Isolated HeLa U1l snRNPs
of the actual NPC translocation. were purified and labelled as describ28) except the NHS

For microinjection experiments, cells were plated at least 36 h before
icroinjection on glass coverslips (Eppendorf, Hamburg,
ermany). An Eppendorf microinjector (model 5242/5170)

mounted on an IM35 inverted microscope (Carl Zeiss, Oberkochen,

ermany) was used to deliver samples. The karyophiles, SV40
antigen (0.5 mg/ml), and U1 snRNP (1 mg/ml), were centrifuged

Preparation of fluorescently labelled karyophiles
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Figure 2.In vitro nuclear import of U1 snRNP requires AlfPvitro import of

fluorescently labelled U1 snRNPs into the nuclei of permeabilized HeLa cell
BSA-NLS nuclei was assayed with the standard import mix withbubK with )

exogenously added GTP (1 mM3) (inder hexokinase/glucose mediated ATP

depletion conditions at°€, and &) with fluorescently labelled dextran,

M; 70 kDa, instead of U1 snRNP.
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Figure 1. Fluorescently labelled HeLa U1 snRNPs sediment as 10-12S particlesQ57ho Softw;ilre (Le|ca, Ber;ﬁggn, Glel’_many) as desc%akdz?lr t
and are labelled on all constituent proteins. Fluorescently labelled Ul snRNFACN mean fiuorescence v nucler were measured In at leas

(A) and BSA-NLS peptide conjugat@®) (50pg samples were sedimented on  tWO independent experiments.
5-20% glycerol gradients and fractions analysed using SDS-PAGE and

visualised using UV light induced fluorescence (lanes A and 1-6) and

Coomassie blue stain (lanes C). Analysis of glycerol gradient fractions (top tcRESULTS

bottom, lanes 1-6), af@5% of the material loaded onto the gradients (lanes A). In vitro nuclear import of UL ShRNP requires ATP and

is independent of exogenously added GTP

(N-hydroxy-succinimidyl)-Cy3 dye was used for labelling (Biologi-We have recently establishediarvitro system which accurately

cal Detection Systems Inc., Pittsburgh, USA). Labelled Uteproduces U-snRNP nuclear impaont vivo (23). The recent
snRNPs were purified using Centricon C-100 units (Amicon) andemonstration that GTP is required for protein nuclear import
dialysed for 6 h against T-buffer (molecular weight cut off, 8 kDayuggested that GTP may also be needed for U-snRNP nuclear
The purity and integrity of labelled particles was confirmed bymport. Since our previous studies were routinely performed in the
SDS-PAGE and sedimentation analysis on 5-20% glycerabsence of exogenously added GTP we have tested whether the
gradients in T-buffer at 260 0@Qat 4°C for 6 h, in a Beckmann inclusion of GTP has a stimulatory effect on U-snRNP nuclear
TLS-55 rotor as described3). import.

For these studies we have used fluorescently labelled HeLa U1
snRNPs as model karyophile. Isolated 10-12S Ul snRNP
preparations contained the common Sm proteins (E, F, G, D1, D2,
Unless indicated otherwise, nuclear import assays were perfornigd, B and B), the specific A, C and 70k proteins and al&é6
essentially as describe®3. Untreated reticulocyte lysate contaminating U5 snRNP proteins. These Ul snRNPs were
(Serva, Heidelberg, Germany), pre-dialysed in T-buffer, waftuorescently labelled via primary amine groups of proteins
typically 50% of the transport mix volume. Karyophiles wereexposed on the intact particles and purified from excess dye and
added to give a working concentration of 0.1 mM. ATP depleteahy proteins which dissociate during labelling by microfiltration
conditions were obtained by pre-incubation of the transport mign Centricon C-100 units and dialysis. After this procedure, all of
without ATP, phosphocreatine and creatinephosphokinase, ftite U1 snRNP proteins (E, F, G, D1, D2, D3, C, A, 'Barigl 70k)

30 min at 37C in the presence of either 10 U/ml apyrase or 10 ldre labelled although the labelling of the 70k and'ByrBteins
hexokinase/10 mM glucose and then incubation of subsequénteproducibly weaker (Fi@A, lane A). To confirm that labelled
transport assays dt@. Standard transport assays were incubated1 snRNPs are intact 10-12S RNPs, we sedimented such particles
for 60 min at 37C, before termination by washing the coverslipson 5-20% glycerol gradients and analysed gradient fractions using
3 x 5 min in ice-cold PBS (pH 7.4) followed by 15 min fixation SDS—PAGE. Consistent with previous studigd),(labelled Ul

in 4% paraformaldehyde/PBS on ice. Coverslips were theanRNP were found in fractions 5 and 6 as 10-12S particles
washed for 5 min each in PBS and PBS containing 50 ng/rfitig. 1A). A very small (<1%) amount of free unlabelled protein,
bisbenzimide DNA dye (Hoechst 33258), and finally three timeis fractions 1 and 2, migrating at 70 kDa, was also detectable with
in PBS, before air drying and mounting. Nuclear fluorescendg@oomassie blue staining but not with UV induced fluorescence.
was quantified using a Kappa video camera (Kappa Messtechrilar comparison Figur#B shows that free fluorescently labelled
Germany) linked to a Quantimet 570 running with customised Leigaoteins (BSA-NLS conjugates) sedimented in fractions 1 and 2 on

In vitro nuclear import assay
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. o . . Figure 4. RCC1 depletion inhibits protein, but not U-snRNP, nuclear
_Flgure 3, GITP'.hyquIyS'S |fsﬂessent|a| f?rlprbotﬁlrzj, Blit noéﬁé snRé\ISIDAn'LJIICJgar accumulationin vivo. Nuclear import of microinjected SV40 T-antigen
import. ®) n vitro import of fluorescently labelle SNRAFS or " ... (T-antigen; 0.5 mg/ml final concentration) or fluorescently labelled U1 snRNP
conjugates into the nl_JcIc-_zl of permeabilized HeLa cell nuclei supplemented with (UL snRNP; 1 mg/ml final concentration) was assayed in cells expressing a
(14m§|,\)/l (glli/lcllpegg%e_ gic;n(%lci(t;?/;/i%:gy?egzefr%c‘iT%ggyt-ig(gzﬂiwg-spi\l—% therm_olabileRCCl gene produ_ct: Cells were pre-incubated at ei_ther the
Ui—snRNP'trans’port Pahels 6-10, BSA-NLS transport. Import was for 66 min PEMIssive (33«3;) or the restr_|ct|ve (39?5:) .temperatur(_a fqr 6h prior o
at 37C. ) Quantitaition of the nu’clear fluorescence iﬁ (A). Typicallgo cytoplasmic injection and continued incubation for the indicated times. The
’ h . : e cells were then processed and evaluated using fluorescence microscopy.
randomly selected cells, located at various locations on the coverslip, Were(A) Representative nuclear accumulation of T-antigen (panels 1 and 2) and U1
?Anr%sfgf\,[i;oggggﬁiﬁfgggi?ﬁfiﬂﬁﬂghen fluorescently labelled deXtranSnRNP_ (panels 3 and 4) after‘a 60 min ‘incubation_at the permissive and
’ restrictive temperatures respectiveB) Kinetics of T-antigen (graph 1) and
U1 snRNP (graph 2) nuclear import under the conditions used in (A). Nuclear
import was evaluated by counting the number of cells stained predominantly
in either the nucleus (N>C) or in the cytoplasm (N<C), at each time point and
expressing the values as the percent of total stained cells counted.

equivalent gradients. Therefore our labelled U1 snRNP prepara-

tions contain intact ribonucleoprotein particles and only very few

free labelled proteins. Cytoplasmically injected labelled U1 shnRNPs

accumulate in the nuclei of microinjected cultured cells incubated

at 37C but not at 4C, indicating that this import is an active As shown in Figure, fluorescently labelled U1 snRNPs are
process (data not shown). In contrast, free dye does not accumuéaggally well imported in permeabilized HelLa cell nuclei supple-
in nuclei either in thim vitro system or when microinjected into the mented with somatic cell cytosol, in the standard assay with (panel
cytoplasm of cultured cell28). Several experiments performed 2) or without (panel 1) the inclusion of 1 mM GTP. Consistent with
in vitro and in vivo, demonstrate that labelled U-snRNPs areur previous report2@) this transport requires ATP since ATP
transported as such and do not undergo disassembly/reassendbjpletion using hexokinase and glucose inhibits nuclear transloca-
events 22,23). Whereas the Ul snRNP specific proteins ardéion (panel 3). This nuclear fluorescence is not the result of simple
known to enter the nucleus by the conventional protein impodiffusion since other large molecules such as fluorescein-labelled
pathway (8), the free Sm core proteins are known to enter thdextrans (FD-70, M70 kDa) (panel 4) do not accumulate in these
nucleus only in the form of RNP$g). nuclei. We conclude that fluorescently labelled U1 snRNPs are



Nucleic Acids Research, 1996, Vol. 24, No. 10833

Tganbigien. mock T-antigen. RanQ6iL. GTP

T-b'lll]llu. ieE T-antigen, RanHEL. GTF
A B [
—
1
L1 anRRP®, Mock LH anRHF. RandiGiL GTP

L pnRNF, Mol U1 snRKP, RanCSeL OTP
- _

(1.) T-antigen, 33.5°C (3.) U1 snRNP, 33.5°C

- MOCk

% colts with N> sigrl

Ity i (rmbrashes Irscustuptionn tirrsg {Frurabig)

(2.) T-antigen, 39.5°C (4.) U1 snRNP, 39.5°C

.

o == |3
! -w— RanQSiL|
4 11
£ §
i i
# R e —— - — Ld
o 1" » “
Incastmtion tieme [minutee) Irvoutsirtion Hars (M rasbig)

Figure 5. Ran mediated GTP-hydrolysis is essential for protein but not for U1 snRNP nuclear transtoeatioNuclear import of microinjected SV40 T-antigen
(T-antigen; 0.25 mg/ml final concentration) or fluorescently labelled U1 snRNP (U1 snRNP; 0.5 mg/ml final concentration), co-injected with recombina
RanQ69L.GTP (2 mg/ml final concentration) in tsSBN2 cells. Microinjection and quantification were performed as described in Rightekaf import of
T-antigen and U1 snRNP (panels 3 and 4, respectively) after 60 min incubation at the permissive tempefa&yireh@3 ¢o-injected with RanQ69L.GTP and GTP

alone in buffer (mock) (panels 1 and 2, respectivé)A§ in (A) but with incubation at the restrictive temperature (9.5C) Nuclear import kinetics of T-antigen
(graphs 1 and 2), and U1 snRNP (graphs 3 and 4) at the permissiVE€(38dphs 1 and 3) and restrictive (3T5graphs 2 and 4) temperatures, respectively,
when co-injected with RanQ69L.GTP.

imported into the nuclei of permeabilized cultured cells in an ATBignificantly altered (panels 2, 3 and 4, respectively). In contrast
dependent manner with or without exogenously added GTP. the nuclear accumulation of BSA-NLS was markedly inhibited
by the inclusion of the same non-hydrolyzable GTP-analogs
(panels 7, 8 and 9, respectively). Consistent with FRjued as
seen in panels 5 and 10, both U1 snRNP and protein nuclear
accumulation are inhibited when NTP is depleted by apyrase
Although the inclusion of exogenously added GTP had nweatment, confirming that the observed nuclear import is the
stimulatory effect on U1 snRNP nuclear import, endogenous GTEsult of active transport. Similar results were obtained when using
derived from the permeabilized cells or pre-bound to cytosolideLa cell S-100 extracts (data not shown) instead of rabbit
GTP-binding proteins could suffice to mediate U1 snRNP nucleageticulocyte lysate, indicating that the source of somatic cell cytosol
import. To address this possibility we have examined the effectsisfnot critical.

non-hydrolyzable GTP-analogs on U1 snRNP nuclear accumulatiorConsistent with the visual evaluations (R4), quantitative

in vitro. As seen in Figur8A, U1 snRNP and protein karyophile, analysis using video-linked-fluorescence-microscopy revealed a
a fluorescently labelled BSA-NLS peptide conjugate, are activehgduction of 80% or more in the protein nuclear accumulation in
imported in the presence of 1 mM GTP (panels 1 and 6). Whéime presence of three different non-hydrolyzable GTP-analogs
GTP is substituted with the non-hydrolyzable analogs &EP- when compared with transport in the presence of GTP3BJjg.
GMP.PNP or GMP.PCP, the nuclear import of U1 snRNP is ndi contrast, inclusion of GTP or non-hydrolyzable GTP-analogs

GTP-hydrolysis is essential for protein but not U1 snRNP
nuclear import in vitro
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Cytoplaam no RCC1 is detectable immunologicalBi(37-39). As seen in
Proteins __ - UanRNP (2 Figure4A, the observed nuclear accumulation of U1 snRNP was
) { equally efficient at both the permissive and restrictive temperatures
(compare panels 3 and 4). In contrast, the nuclear import of the

R N e
GMP-PCP - Cytopinsmic Fiia SV40 T-antigen was drastically inhibited at the restrictive, but not

// \._ the permissive, temperature (compare panels 1 and 2).
el !

N
(enRNP T\Q Huclear plug (p€2, pS8, p54)
o = To quantitatively evaluate the ability of tsSBN2 cells to import
karyophile, a kinetic analysis of karyophile nuclear accumulation
Nuciear embrane was performed and the microinjected cells displaying predominantly
nuclear or cytoplasmic signals were counted and expressed as &
percent of the total number of stained cells. As shown in Hgure
this quantitational analysis confirmed our interpretation of
FiguredA. Consistent with oun vitro data, these results suggest
JER that RCC1, and therefore indirectly also Ran, is not essential for
= U1 snRNP nuclear import.

Ran-mediated GTP-hydrolysis is essential for protein
but not for U1 snRNP nuclear translocationn vivo

To directly test the possible involvement of Ran-mediated

GTP-hydrolysis in U1 snRNP nuclear import, we have studied the
Figure 6. Early steps of protein and U-snRNP nuclear import: a working model €ffects of co-injecting a dominant negative Ran mutant, designated
for protein and U-snRNP nuclear impoit),((2) and @) indicate possible  RanQ69L, into cultured cells. As a consequence of changing
gl;zgfv’\‘ez egittfey poii”tsrgt)éi':]e ?(:?'eoaf}igrepoéygféﬁilg‘arghGi'\rfPthPeCP:gggr?éis thﬁlutamate residue 69 into a leucine, RanQ69L is GTPase deficient
non-hydrolyzable GF11'P analogs?l n?utant RanQ69L, or in the ab[;ence of ATF';Ind therefore accumulates in the GT_P'bound f(8[11,82,44)_
(1,36,46). (MAb) and (Nuclear plug) indicate the vicinity of antigens 1hUS, RanQ69L would be expected to induce the same phenotype
recognised by anti-pore protein p62 antibodies (reviewed in 1). as the addition of non-hydrolyzable GTP-analogs. Indeed, RanQ69L

dramatically inhibits protein nuclear import bathvitro (36)

andin vivo(38), presumably by acting as a competitive inhibitor that
did not significantly impair the observed U1 snRNP nucleanon-productively binds to Ran interacting proteins, such as nuclear
accumulation in this system (FgB). pore components and RanGAPL1.

Although we cannot exclude the possibility that GTP persisting Recombinant GTP-bound human Ran (Ran.GTP) and
in the permeabilized cells or GTP contamination of the ATP in tHdanQ69L (RanQ69L.GTP), was prepared and charged with GTP
energy regenerating system, could suffice for the Ul snRN#s described previousl§4,38; data not shown). Based on HPLC
nuclear import observed in our assays, these results do suggestlysis, >95% of nucleotide bound to these recombinant
that GTP-hydrolysis is essential for the nuclear accumulation pfoteins was GTP, the rest being GDP (data not shown). Both
protein, but not U1 snRNP. They are therefore consistent with thecombinant proteins display the expected functional phenotypes:
established role of GTP-binding proteins, such as Ran, in protdéire GTPase activity of the human Ran, but not the mutant
nuclear import11,13,15) and suggest that such proteins are noRanQ69L, was stimulated several orders of magnitude by
essential for UL snRNP transport. RanGAPin vitro (32; data not shown).

As seen in FigurBA, co-injection of RanQ69L.GTP together
with karyophile into tsBN2 cells incubated at the permissive
temperature resulted in a drastic inhibition of protein transport
(compare panels 1 and 3), but induced only a minimal effect on
Independent evidence supporting our earlier conclusion that GTiRe observed U1 snRNP nuclear import after a 60 min incubation
binding proteins, in particular Ran, are not essential for U-snRNBompare panels 2 and 4). Control co-injections of recombinant
nuclear import, was obtained using the mutant baby hamsteild-type Ran.GTP (data not shown) or GTP alone in buffer
kidney cell line tsBN2 which expresses a temperature sensitigganels 1 and 2) had no significant effect on either protein or Ul
RCC1 gene product 43). Incubation of these cells at the snRNP transport. We estimate that the amount of injected
restrictive temperature leads to the rapid degradation of thecombinant Ran is equivalenti®% of total cellular Ran and
RCC1, thereby disrupting Ran GTP/GDP cycling and leading ie equimolar with cytoplasmic Raf3).

a defect in protein nuclear import (see Introducti@m)3@). If Conceivably only weak effects of the mutant Ran, or even the
Ran GTP/GDP cycling is essential for U1 snRNP nuclear impoRCC1 depletion, on U1 snRNP transport could be missed by our
then RCC1 depletion might be predicted to lead to a U1 snRNBsay. In contrast the combined effects of RanQ69L.GTP
transport defect. co-injection and RCC1 depletion could be expected to have a

We therefore pre-incubated tsBN2 cells for 6 h at either thmore obvious effect on U1 snRNP transport. We therefore also
permissive (33.2C) or restrictive (39.5C) temperatures prior to tested the effects of RanQ69L.GTP co-injection into tsBN2 cells
cytoplasmic microinjection of karyophile. After injection theincubated at the restrictive temperature. As shown in Fifire
incubation was continued at the same temperature for 60 nitme inhibitory effect on protein import, after 60 min incubation,
prior to fixation and preparation for fluorescence-microscopywas even more drastic (compare panels 1 and 3) than with either
After 6 h incubation at the non-permissive temperature, little dreatment alone (FigA and5A), whereas U1 snRNP transport

RCC1 depletion inhibits the nuclear accumulation of
microinjected protein, but not U1 snRNP
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remained largely unperturbed (compare panels 2 and 4). A kinesites of protein karyophile accumulation induced by non-hydrolyz-
analysis of the co-injection experiments (B@) confirmed our able GTP analogs or by the GTPase deficient Ran mutant,
interpretation that RanQ69L.GTP inhibits protein (graphs 1 aridanQ69L, suggesting that at least one site of GTP-hydrolysis is at
2), but not U1 snRNP, nuclear import (graphs 3 and 4). Togethar very close to the initial docking siteg(46, reviewed inl; Fig.
with our earlier results (Fid), these results indicate that neither6). Conceivably additional sites of GTP-hydrolysis events, not
RCC1 nor Ran-GDP/GTP cycling are essential for U1 snRN@etected in this studyd§), could exist along the protein import
transport. pathway to, and through, the central channel of the NPC.

The data presented in this study suggest that GTP-hydrolysis or
Ran-GDP/GTP cycling is not essential for U1 snRNP nuclear
import in somatic cells. Therefore, if the protein and U-snRNP

Small GTP-binding proteins are essential components of maggport pathways utiise common components at some point, these

DISCUSSION

; P t lie beyond the sites of transport arrest induced by Ran
fundamental transport pathways. The identification of the sm just lie . ) ;
GTP-binding protein Ran, as an essential component of t é(sfunctlon, as depicted in route 1 (fBig Alternatively U-snRNPs

: : ter the import machinery via a completely different route,
protein nuclear import1(,13,15) and RNA export 48-30) ~ Ma&y enter the | nachil >
machinery, provided further evidence that this class of proteiff&volving an initial docking with U-snRNP specific NPC structures
play crucial roles in cellular targeting events. The recent rep §19.6, route 2), or alternat_lvely have an abbrewateqi import pathway
that tRNA and U1 snRNA nuclear export is not dependent d access the common import machinery at a point downstream of

RCC1 function40) indirectly chall dth d uni f eRan—mediated_checkpoint (Fgroute 3). In this context, based
role of sgﬁ |i?1nr;4uglgoé;?gp?/ac;rﬁceg)?cehangeep.)ropose umversaon our observation that fluorescently labelled U-snRNP can

Using three independent approaches, we prdmigdzoand accumulate at the NE under ATP-depletion conditions in a modified
in vitro evidence that Ran-GDP/GTP cycling is not essential for Ul Vitl0 import assay (unpublished data), much as described for
ryophilic proteins36,46, reviewed inL), it will be interesting to

snRNP nuclear import in somatic cells: (i) using a homologo the sites of k hil et der th it
in vitro transport system supplemented with non-hydrolyzabIEOmloare € SHes ot karyophiié accumuiation under these conaitions
the ultrastructure level. Likewise, using available NPC protein

GTP-analogs we show that GTP-hydrolysis is not essential for Cad )
SNRNP nuclear import; (i) using the dominant negative Raf§Utants and a yeast based U-snRNRtro nuclear import system,

mutant, RanQ69L, which displays a defective GTP-hydronsiét should soon be possible to directly address the role of specific NPC

we providein vivo evidence that Ran mediated GTP-hydrolysis i®OtiNS in protein and U-snRNP nuclear import.
not essential for U1 snRNP nuclear import; and finally, (iii) using the
temperature sensitive cell line tsBN2 which expresses a thermolallle KNOWLEDGEMENTS
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