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SUMMARY

The signal recognition particle (SRP) is a cytoplasmic by several other members of the importin 3 family.
RNA-protein complex that targets proteins to the rough Although transportin is known to import a variety of
endoplasmic reticulum. Although SRP functions in the proteins, SRP19 import is the first function assigned to
cytoplasm, RNA microinjection and cDNA transfection importin 8. Furthermore, we show that a significant pool
experiments in animal cells, as well as genetic analyses in of endogenous SRP19 is located in the nucleus, as well as
yeast, have indicated that SRP assembles in the nucleus.the nucleolus. Our results show that at least one
Nonetheless, the mechanisms responsible for nuclear- mammalian SRP protein is specifically imported into the
cytoplasmic transport of SRP RNA and SRP proteins are nucleus, by members of the importin3 family of transport
largely unknown. Here we show that the 19 kDa protein receptors, and the findings add additional evidence for
subunit of mammalian SRP, SRP19, was efficiently nuclear assembly of SRP.

imported into the nucleus in vitro by two members of the

importin (3 superfamily of transport receptors, importin 8 Key words: Importin, Nuclear transport, Nucleolus, Signal

and transportin; SRP19 was also imported less efficiently recognition particle, SRP19

INTRODUCTION the nucleolus; in situ hybridization revealed endogenous SRP
RNA in the nucleolus as well. Similarly, Ciufo and Brown
The signal recognition particle (SRP) is a ubiquitous(Ciufo and Brown, 2000) and Grosshans et al. (Grosshans et
ribonucleoprotein  (RNP) complex that targets nascendl., 2001) detected all but one of the yeast SRP proteins to some
secretory polypeptides from the ribosome into the endoplasméxtent in the nucleus and nucleolus; furthermore, analysis of
reticulum in eukaryotic cells and from the ribosome to themutants lacking individual SRP proteins showed that most are
plasma membrane in prokaryotic cells (Luirink andrequired for nuclear export of SRP RNA. Thus, it appears that
Dobberstein, 1994; Lutcke, 1995). Vertebrate SRP comprisé3RP assembles at least in part in the nucleus and/or nucleolus.
a ~300-nucleotide RNA molecule, SRP RNA and sixHowever, the mechanisms by which SRP proteins are imported
polypeptides designated SRP9, SRP14, SRP19, SRP54, SRR@® the nucleus and SRP is exported from the nucleus largely
and SRP72. All of the components of SRP, including SRPemain to be determined. Ciufo and Brown (Ciufo and Brown,
RNA, participate directly in the overall protein targeting 2000) and Grosshans et al. (Grosshans et al., 2001) found that
process (Batey et al., 2000; Peluso et al., 2000). Althoughrauclear export of yeast SRP RNA requires Xpolp (CRML1 in
considerable amount is known about the structure and functianimal cells), a transport receptor known to have numerous
of SRP, the questions of how and where SRP assembles in thébstrates (Goérlich and Kutay, 1999; Nakielny and Dreyfuss,
cell have attracted attention only recently. As the RNA1999; Yoneda et al., 1999); still, neither group has identified
molecule is synthesized in the nucleus and the particlthe yeast SRP component(s) that serves as the ligand for
functions in the cytoplasm, it is possible that SRP proteinXpolp. Lastly, the genetic analysis by Grosshans et al.
either assemble with the RNA in the cytosol or that they entgiGrosshans et al., 2001) has implicated the transport receptors
the nucleus, bind to the RNA and exit from the nucleuselp and Kapl23p/Yrb4p in nuclear import of yeast SRP
complexed with SRP RNA. An early suggestion concerning thproteins.
location of SRP assembly came from RNA nuclear injection Nuclear-cytoplasmic transport is largely mediated by the
experiments; a mutant SRP RNA deficient in binding SRP9 anidhportin 3 family of nuclear transport receptors (Gorlich and
SRP14 was also impaired in export, suggesting that at leasttay, 1999; Nakielny and Dreyfuss, 1999). These transport
these two SRP proteins enter the nucleus to assemble with SRféeptors bind cargo molecules (proteins, RNAs and RNA-
RNA as a prerequisite for SRP RNA export (He et al., 1994)protein complexes) in either the nucleus or cytoplasm,
Politz et al. (Politz et al., 2000) reported that GFP-fusions dfranslocate with their cargo through nuclear pore complexes
SRP19, SRP68 and SRP72 expressed in transiently transfec{&tPC), release their cargo in the opposite compartment and
animal cells localized to some extent within the nucleus anfinally return to the original compartment. All of the importin
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B family members possess an N-terminal domain that binduorescently labeled secondary antibodies. All incubations were at
RanGTP (Gorlich et al., 1997). It is the receptor’s interactiomoom temperature.

with Ran, a Ras-related GTPase, that controls the binding and : : ) I

release of cargo. Receptors that carry cargo into the nucle%g’corm)'né_Int protein expression and purification

are termed importins. Importins bind their cargo in the absencl!®_following proteins were expressed in coli BLR/Rep4 and

. . . - urified as described previouskienopusmportin a (Gorlich et al.,
of RanGTP in the cytoplasm and dissociate from cargo in th%994); human importiE(Gérlicrzﬂet a?., 1956); Ranf NTF2, RanBP1

presence of RanGTP in the nucleus. Exportins such ag%d Rnalp (Kutay et al., 1997); RanQ69L[GTP] (Gérlich et al., 1997)
Xpolp/CRM1 carry cargo out of the nucleus; they have weakn yransportin (izaurralde et al., 1997); importin 5 (RanBP5) (Jakel
affinity for their cargo in the absence of RanGTP butand Gorlich, 1998) and importin 7 (RanBP7) (Jakel and Gorlich,
simultaneous binding of RanGTP in the nucleus dramatically998). Importin 8 was expressed with an N-terminal 2z-tag (IgG-
increases the affinity between exportins and their respectivending domain fromStaphylococus aureagrotein A) and a C-
cargoes. The different responses to RanGTP exhibited Wgrminal his-tag (Gérlich et al., 1997) and purified on nickel-NTA
importins and exportins are controlled by a RanGTP gradierigarose (Qiagen) followed by precipitation with ammonium sulfate
established across the nuclear envelope (Gérlich and Kutdyp3% saturation) and chromatography on Superdex 200 (Pharmacia).
1999). Hum_an ribosomal protein L23a was exprﬂessed as a f_usnon with N-
In this report, we examined the question of how mammaliaHermmal z tags as previously described (Jakel and Gorlich, 1998); 2z-

! . rpL23a was used in binding assays, whereas 4z-rpL23a was used as
SRP proteins enter the nucleus, using SRP19 as an exam Substrate in import assays. Human SRP19 was expresseddli

SRP19 directly bound and was efficiently imported into nuclep 21(pg3) with an N-terminal his-tag (Henry et al., 1997) or as an
in vitro by two members of the importfhfamily of transport  N-terminal his-tagged fusion to gluathione S tranferase (GST);
receptors, importin 8 and transportin. SRP19 also bound txpression vector was obtained from Young and Gautel (Young and
several other members of the imporfirfamily of transport  Gautel, 2000). Human SRP19 was also expresseddoliBLR/Rep4
receptors. However, compared to transportin and importin 8yith N-terminal 2z tags and a C-terminal his-tag. Disruption of cells
these other receptors were less efficient in promoting in vitrénd purification of HI&SRP19, GST-SRP19, and 2z-SRP19 on
nuclear import of SRP19. Transportin is a well-characterizeflickel agarose was in the presence of 1 M lithium chloride.
importin B-like transport factor whose cargoes include hnRNPBinding assays

proteins (Pollard et al., 1996; Fridell et al., 1997; Siomi et al'HeLa cell extract: 27-r ) .

. . .. o . : 2z-rpL23a and 2z-SRP19 were immobilized on
1997.) and ribosomal proteins (Jakel _and .G.O”'Ch’ 1_998)' _P” E;G-sepharose 4B (Pharmacia) at approximately 2 mg/ml in 50 mM
to this study, no cargo had been identified for importin 8pjs c| pH 7.5, 200 mM NaCl and 5 mM MgCFor each binding

(previously known as RanBP8) (Gdr”(?h et al, 1997)-reaction, 2Qul of the affinity matrix with either pre-bound rpL23 or
Furthermore, we found that SRP19 localizes to the nucleoRP19 was rotated for 4 hours at 4°C with GD6f HeLa cell extract.

during in vitro import assays and an anti-SRP19 antibodf¥he beads were recovered by gentle centrifugation and washed
revealed a considerable amount of endogenous SRP19 in tidensively with binding buffer. Bound proteins were eluted with
nucleus and the nucleolus in vivo. These findings show that fd5 M MgCb, 50 mM Tris-HCI, pH 7.5, precipitated with 90%

at least one mammalian SRP protein, nuclear import is dgopropanol (final concentration), resuspended in SDS sample buffer
authentic process, mediated by members of the imp@rtin and analyzed by SDS PAGE.

: e Recombinant transport receptors: a GST-SRP19 fusion protein was
family of transport receptors. Our results add addltlona!:)ound to glutathione-sepharose (Pharmacia) for 1 hour at 4°C in

evidence for nuclear assembly of SRP. binding buffer (50 mM Tris-HCI, pH 7.5, 0.1 M'NaCl, 5 mM Mgl
washed twice in the same buffer containing 1.0 M NaCl, and then
equilibrated with binding buffer. Transport receptors at (M

MATERIALS AND METHODS concentration were preincubated for 30 minutes at 4°C in binding
] ] buffer containing 0.5 mM GTP, 0.5 mM ATP, 10 mM creatine
Antibodies phosphate and 5Qg/ml creatine kinase, with or without @M

The following antibodies have been described previously: antiRanQ69L. Transport receptor samples were then added b &0
importin 3 (Gorlich et al., 1995), anti-importin 5 (RanBP5) (Jakel andGST-SRP19 matrix and incubated for 4 hours at 4°C in binding buffer.
Gorlich, 1998), anti-importin 7 (RanBP7) (Gorlich et al., 1997) andThe final concentration of GST-SRP19 per binding reaction was
anti-TRARx (translocon-associated protein) (Gorlich et al., 1990).approximately 3uM. The resin was washed four times with binding
Antibodies against peptides derived from the C-terminus of humahuffer and bound material eluted with SDS sample buffer and
importin 8 (RanBP8) and human CRM1 were raised in rabbits. Thanalyzed by SDS-PAGE.

anti-SRP19 antibody was raised against the recombinant protein ) ) )

described below. All polyclonal sera were used after affinityPreparation of labeled recombinant import substrates

purification. A monoclonal antibody against fibrillarin was a gift of The preparation of fluorescent 4z-rpL23a has been described (Jakel

T. Pederson (University of Massachusetts, Worcester, MA). and Gorlich, 1998). Fluorescent labeling of KHERP19 was with
) Alexa 594 G malemide (Molecular Probes) in 50 mM potassium
Immunocytochemistry phosphate, pH 7.2, 250 mM NaCl. Protein was separated from free

Endogenous SRP19 in HelLa cells was detected by indiredabel on a Sephadex G25 column (Pharmacia) equilibrated in 50 mM
immunofluorescence followed by confocal microscopy. HelLa cellpotassium phosphate, pH 7.2, 250 mM NacCl.

grown on coverslips were washed briefly in phosphate-buffered saline )

(PBS) and fixed with 100% acetone or 4% paraformaldehyddNuclear import assays

Paraformaldehyde-fixed cells were permeabilized with 0.2% TritorPermeabilized HelLa cells, prepared essentially as described by Adam
X-100 in PBS. After a blocking step, primary antibodies were applieet al. (Adam et al., 1990), were used for in vitro nuclear import assays
and incubated with the fixed cells for 1 hour in a humid chambelaccording to Jakel and Gorlich (Jékel and Gérlich, 1998). Import
Following extensive washing, primary antibodies were detected usingiixtures contained an energy-regenerating system consisting of the
either donkey anti-rabbit (Amersham) or sheep anti-mouse (Sigméd)llowing components: 0.5 mM ATP, 0.5 mM GTP, 10 mM creatine
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Fig. 1.Endogenous SRP19 is localized to the nucleus and the nucleolus. (A,B) SRP19 in HeLa cells was detected using indirect
immunofluorescence followed by confocal microscopy (see Materials and Methods). Antibodies against fibrillarin andQdidh et al.,
1990) were used as controls for nucleolar and rough endoplasmic reticulum subcellular staining. SRP19 was found to bénpitwminent
nucleoli and in the nucleoplasm, noticeable especially in the paraformaldehyde-fixed cells. Images were collected uswigdheédre of
a Leica DM IRB/E microscope and analyzed with Leica TCS NT software. Bam1(C) A western blot showing that the anti-SRP19
antibody at 1:2000 dilution detected only SRP19 (*) in a total HeLa cell lysate.

phosphate and 5(g/ml creatine kinase. The Ran mix constituentsand staining within the nucleoplasm. In particular, the antibody
were 3uM RanGDP, 0.3IM RanBP1, 0.21M Schizosaccharomyces gave intense staining of nuclear patches, suggesting that SRP19
pombeRnalp (Ran GTPase-activating protein) and @ NTF2  accumulates in nucleoli. As a control for nucleolar staining, we
(each final concentrations). Import buffers for HERP19 and 4z- ’g:ed a monoclonal antibody against fibrillarin, an abundant

rpL23a contained 20 mM potassium phosphate, pH 7.2, 5 m . . .
magnesium acetate, 0.5 mM EGTA and 250 mM sucrose with 14 ucleolar protein associated with small nucleolar RNAs

mM potassium acetate for HHSRP19 or 200 mM potassium acetate axwel_l and Fournier, 1995). Merging of the fibrillarin and
for 4z-rpL23a. Import assays were performed without addition of ®RF19 images produced an exact overlap between the two

cytosol extract, so that import was dependent on addition of specif@ntibody stains, indicating that endogenous SRP19 is indeed

transport factors and Ran. located in the nucleoli. Thus, we conclude that SRP19 is
located within the nucleoplasm and nucleolus, consistent with
nuclear assembly of SRP.

RESULTS
Interactions between SRP19 and nuclear transport

Subcellular localization of endogenous SRP19 receptors

Signal recognition particle protein 19 is the only SRP proteifdaving established that endogenous SRP19 is present in the
that binds in vitro to SRP RNA independently of other SRMucleus, we next wanted to elucidate the mechanism of SRP19
proteins (Lingelbach et al., 1988; Litcke, 1995); thus, it iswuclear import. Initial experiments (not shown) revealed that
possible that SRP19 initiates assembly of the particle in viv/SRP19 import into nuclei of permeabilized cells occurred in
As indicated above, SRP appears to assemble in the nucletl® presence of cytosolic extracts and that this import required
making SRP19 a good candidate for examining the mechanisRanGTP (necessary for recycling of transport receptors). This
of nuclear import of SRP proteins. Indeed, an SRP19-GF®as the expected result if SRP19 import is mediated by one or
fusion localized to the nucleus in transiently transfected animahore members of the importii superfamily of transport
cells (Politz et al., 2000) and Sec65p, the yeast SRPI@ceptors. To identify candidate import receptors for SRP19,
homologue, was also found in the nucleus (Ciufo and Brownye incubated immobilized SRP19 with a HeLa cell extract in
2000; Grosshans et al., 2001). Therefore, we raised an antibothe presence and absence of RanQ69L[GTP]. (RanQ69L is a
against recombinant human SRP19 protein and examined tR&an mutant that remains GTP-bound in the presence of the Ran
steady-state distribution of endogenous SRP19 in HelLa cell&TPase-activating protein RanGAP1 (Bischoff et al., 1994)).
Immunoblotting showed that the SRP19 antibody detecteds a positive control, we immobilized human ribosomal
only a single protein in a HeLa cell extract (Fig. 1C). Fig. 1A,Bprotein L23a, whose interaction with a number of import
shows the results for immunostaining of HelLa cells. In cellseceptors has been described (Jakel and Gorlich, 1998).
fixed either with acetone or paraformaldehyde and stained witRroteins in the extract that bound SRP19 and rpL23a were then
the SRP19 antibody, we observed a diffuse cytoplasmic signatlentified by immunoblotting. As shown in Fig. 2, SRP19
which probably represents SRP19 assembled into mature SR&overed importir, transportin, importin 5, importin 7 and
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Bound to: Characterization of SRP19 in vitro nuclear import
& L23a_SRP19 Having identified importinB, transportin and importins 5, 7
& = = 4+ RanQ69L and 8 as candidate receptors, we next tested whether any of
CRM1 | s id these receptors could mediate nuclear import of SRP19. To
ImpB3 L] N characterize functionally the import receptors identified
T ’ - .| B in binding assays, we carried out in vitro nuclear import
Imp5 | == S | o assays using digitonin-permeabilized HelLa cells (Adam et al.,
Imp7 Sy —— 1990). The substrates for import were fluorescent-labeled
mpg [ 1 e recombinant human his-tagged SRP19 and, as a control, 4z-
tagged human ribosomal protein L23a (the z-tag is the IgG-
kDa binding domain of protein A). When permeabilized cells were
212 - incubated with either SRP19 or rpL23a in buffer alone, neither
protein showed any significant nuclear localization (Fig. 4A).
158 = However, in the presence of either transportin or purified
6 = ~ | importin 8 (Fig. 4D,G), considerable nuclear accumulation of
— . tmp5/7/8 SRP19 occurred. The imported SRP19 was observed in both
o — -— —impB the nucleoplasm and nucleolus; nucleolar accumulation of
SRP19 in import assays was confirmed with the anti-fibrillarin
— e — antibody referred to above (data not shown). In the presence of
68 = the other import factors that bound SRP19 in a HelLa cell
extract (importinB, transportin, importin 5 and importin 7),
7 - . some import also occurred. However, in these cases, import
e — appeared to be less efficient compared to transportin and
. — importin 8, as essentially all of the SRP19 that was imported
46 = by the other factors was confined to the nucleoli and nucleolar
staining was less intense overall. Similarly, imporfin
S - transportin, importin 5 and importin 7 efficiently imported
36 = **23a rpL23a as expected from a previous study (Jakel and Gorlich,
O < 1998), whereas importin 8 was relatively inefficient in bringing
*SRP19 about nuclear import of rpL23a.
27 - -
—y ot DISCUSSION
Coomassie In this report we have demonstrated that the 16.5 kDa protein

subunit of the mammalian signal recognition particle SRP19 is
Fig. 2. Interaction of SRP19 with nuclear transport receptors. efficiently imported into the nucleus in vitro by at least two
Recombinant SRP19 and rpL23a, fused to two tandem z-tags (I9G-members of the importir3 family of nuclear transport
binding domain of protein A), were immobilized on IgG-sepharose receptors, importin 8 and transportin. Both receptors produced
and tested for binding of transport receptors from a HelLa cell extraghqih nucleoplasmic and nucleolar accumulation of SRP19. In

Where indicated, 1M RanQ69L[GTP] was added. RanQ69L is a o . . : . .
GTPase-deficient Ran mutant that remains GTP-bound in the addition to importing SRP19 into the nucleus, importin 8 and

presence of cytoplasmic Ran GTPase-activating protein (RanGAPl)tr"’lr,]SportIn were re(;overed by SRP19 fro”.‘ a total cell lysate;
(Bischoff et al., 1994). After extensive washing, bound proteins werdYPical of all importins, recovery was abolished by RanGTP,
eluted, precipitated, and analyzed by SDS-PAGE, followed by confirming that binding was specific. Importin 8 (RanBP8) was
immunoblotting with specific antibodies (top) or by Coomassie blue identified previously as a RanGTP-binding protein that also
staining (bottom). Load in the bound fractions correspondssto 15  bound the NPC (Gdrlich et al., 1997). However, although it
the starting material. displayed properties of a nuclear transport receptor, no cargo
had been associated previously with importin 8. Our results
importin 8 present in the HelLa extract. Binding of SRP19 testablish importin 8 as a nuclear transport receptor and identify
these transport receptors appeared to be specific, as tBRP19 as one of its substrates. In addition, SRP19 expands the
interactions were abolished by the addition of RanQ69L[GTPJnventory of RNA-binding proteins imported by transportin,
Similarly, rpL23a bound importifs, transportin, importin 5 first identified as the import receptor for the hnRNP Al protein
and importin 7, as demonstrated previously (Jakel and Gorlicland since found to import other hnRNP proteins and some
1998). Additionally, rpL23a recovered importin 8 from theribosomal proteins (Pollard et al., 1996; Fridell et al., 1997;
extract. By contrast, in this assay neither SRP19 nor rpL233iomi et al., 1997; Jakel and Gorlich, 1998). Also, like
bound the exportin CRM1. Also, interactions between SRP18bosomal proteins and histones, SRP19 expands the list of
and the candidate receptors (impoflintransportin, importin ~ proteins small enough to diffuse freely through the NPC but
5, importin 7 and importin 8) could be reproduced usingvhich nevertheless engages one or more transport receptors to
recombinant transport receptors (Fig. 3), suggesting that thenter the nucleus.
binding observed in HelLa extracts was direct and not mediated Signal recognition particle protein 19 also bound, in a
by one or more additional factors present in the extracts. = RanGTP-sensitive manner, to imporfin5 and 7 present in a
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Fig. 3. Transport receptors bind directly to SRP19ina 116 we - - —
RanGTP-regulated manner. A GST-SRP19 fusion a7 i
protein was immobilized on glutathione-sepharose and = - e
incubated with purified nuclear transport receptors, with =
and without RanQ69L[GTP] as described in Materials 66 W -

and Methods. After washing, bound proteins were
eluted with SDS sample buffer and analyzed by SDS-
PAGE. (A) Proteins that bound to GST-SRP19 in the
presence (+) and abseneg ¢f RanQ69L[GTP]. Note

that binding of all receptors to SRP19 was greatly < * GPOOOODSeWw

reduced in the presence of RanQ69L[GTP]. (B) Purified
receptors, in the same order as in A, loaded as reference‘,“ﬁ o
samples. The asterisk indicates GST-SRP19.

HelLa cell lysate and as purified recombinant proteinsprotein L23a recovered importin 8 from the cell lysate, in a
however, these other receptors appeared to promote leRanGTP-sensitive manner, yet importin 8 was considerably
nuclear import of SRP19 compared with importin 8 andess efficient in importing rpL23a compared with other

transportin, as only weak nucleolar fluorescence was observe@dnsport receptors. In yeast some ribosomal proteins are
in the presence of these other receptors. Similarly, ribosomateferentially transported by one receptor but will associate

Import of
rpL23a SRP19 rpL23a SRP19

Fig. 4.SRP19 is imported into ths
nucleus by importin 8 and
transportin. Recombinant humar
rpL23a or human SRP19 were
purified, labeled with fluorophore
and used as substratequ{? final
concentration) for import into the
nuclei of permeabilized HelLa
cells. Import receptors were alsa
used at 1M, except importiro
(impa) and importin 8 (imp 8),
which were both at AM.
Reactions were stopped by fixati
after 10 minutes for SRP19 and
minutes for rpL23a and analyzec
by confocal microscopy. As
previously reported, rpL23a coul
be imported by any of four
transport receptors: importfh
(impp; C), transportin (trn; D),
importin 5 (imp5; E), and importi
7 (imp7; F) (Jakel and Gorlich,
1998). SRP19 import was most
efficient with importin 8 (imp8;
G); however, transportin also
mediated nuclear import of SRP:
(D). All images were collected ar
analyzed as described in Fig. 1.
Bar, 10pm.
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with a second receptor of lower affinity when the primaryGrosshans et al., 2001). Politz et al. (Politz et al., 2000) also
receptor is absent (Rout et al., 1997). Clearly our results do nptovided evidence for nuclear assembly of SRP, as they
establish which transport receptor or receptors represent tdserved both nucleoplasmic and nucleolar localization of
principal import pathway of SRP19 in vivo. Although importin GFP fusions of SRP19, SRP68 and SRP72 in transiently
8 and/or transportin would appear to be the most likelyransfected cells. Importantly, our immunolocalization results
candidates based on efficiency, by analogy to yeast ribosomebnfirm the observations of Politz et al. in a way that is
proteins, importin3, 5 and/or 7 may constitute backup not subject to potential mislocalization arising from
pathways for SRP19 import. Grosshans et al. (Grosshans et averexpression of proteins with high affinities for RNA. The
2001) reported that nuclear localization of Sec65p, the yeasticleolar localization of SRP proteins is especially interesting.
homolog of SRP19, was greatly reduced in a mutant defectivdsing in situ hybridization, Politz et al. have reported that SRP
in importin a, an adapter that bridges imporfinand cargo RNA is found in the nucleolus. This observation, coupled with
having so-called classical nuclear localization sequencethe nucleolar localization of SRP proteins, suggests that at least
However, inclusion of importimm with importin B in our in  one stage in SRP assembly occurs in the nucleolus, a structure
vitro import assays did not produce any increased nucleg@reviously assumed to be host to only ribosome assembly.
import of SRP19 beyond the minimal import seen withPrecursor tRNAs, the RNA and protein subunits of RNase P,
importin 3 alone. Grosshans et al. (Grosshans et al., 2001) alsmd tRNA base modification enzymes have also been recently
reported that nuclear localization of Sec65p was affected tocalized in the nucleolus (Carmo-Fonseca et al., 2000;
some degree in mutants defective in several other impoRederson and Politz, 2000). This, in combination with our
receptors, including Pselp and Kapl123p/Yrb4p, which areesults, suggests that the nucleolus is not only the assembly site
related to mammalian importin 5. for ribosomes but is involved in assembly and processing of
Signal recognition particle protein 19 is one of manyother RNAs and ribonucleoproteins.
proteins imported into the nucleus by more than one member
of the importin receptor family. Most yeast SRP proteins, as We thank Thoru Pederson for the anti-fibrillarin antibody, Petra
well as ribosomal protein L25, are imported by Pselp an@chyvar;maler for exc;ellent .technlcal hel.p, in partlcular for aﬁlnlty
Kap123p/Yrb4p (Grosshans et al., 2001: Rout et al., 199 purification of antibodies, Ulrike Kutay for insight and critical reading

f the manuscript, and the members of the Gorlich lab, Stefan Jékel,
.SChIIenzte.dt e.t al., 1t997f)'tl§ap114p’tK§ll_%:ilg a(;].d Kap12t3_p erd Lipowsky, Katharina Ribbeck and Froso Paraskeva for their
involved In- import o € yeas -0Inding  protein ., ayaple expertise and stimulating discussions. This work was

(Pemberton et al., 1999) and these same three importins, alo§ighnorted by grants from the Deutsche Forschungsgemeinschaft (SFB
with Kap95p (yeast importi8), are involved in histone H2A 352 {0 D.G.), from the Human Frontier Science Programme
and H2B nuclear import (Mosammaparast et al., 2001Qrganisation (grant RG0198/1998M) to D.G. and US National
Muhlhausser et al., 2001). Similarly, human rpL23a, theScience Foundation grant MCB-9817104 to H.M.F.
homologue of yeast L25, as well as human rpS7, can be
imported by importin3, transportin, importin 7 and importin
5; human rpL5 is also imported by several receptors (Jakel atEFERENCES
Gorlich, 1998). Having multiple receptors, it will be interesting o
to determine which portion of SRP19 interacts with importin*dam. S. A., Steme Marr, R. and Gerace, L{1990). Nuclear protein import

. - . . in permeabilized mammalian cells requires cytoplasmic facto@ell Biol.
8 and transportin. Although importin 8 and transportin do not 11 gp7.g16.
share any significant similarity other than their N-terminalgatey, R. T., Rambo, R. P., Lucast, L., Rha, B. and Doudna, J. £2000).
RanGTP-binding domains, this lack of homology does not Crystal structure of the ribonucleoprotein core of the signal recognition
necessarily mean that the two receptors bind different regionslggr:g#eﬁsge”;ggg é23§;ét253é?1-mer 3. Witinghoer. A. and Ponstingl
of SRP19._The.four receptors that bmd. rpL23a share <15 OH. (1§94). i?'anGAl'Dl 'i,nduces GTP’as'é activity of n’ucllear ras-related' Ran.
sequence identity yet all four interact with the same segmentpoc Natl, Acad Sci USA91, 2587-2591.
of rpL23a, the BIB domain (residues 32-74) (Jakel andovia, F., Fornallaz, M., Lefters, H. and Strub, K.(1995). The SRP9/14
Gorlich, 1998). Also, transportin has at least two distinct, subunit of the signal recognition particle (SRP) is present in more than
nonoverlapping cargo binding sites, one for M9-containing 2310 excess over SRE n prinate cels and exts prmarly e ut
substrates and another for those that contain the BIB domain,g, P yiop ' o
(Pollard et al., 1996; Jakel and Gorlich, 1998). Sequenc€armo-Fonseca, M., Mendes-Soares, L. and Campos, (2000). To be or
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