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Summary

Eukaryotic ribosome biogenesis requires multiple steps of additional factors affecting small subunit export, we
nuclear transport because ribosomes are assembled in the performed a large-scale screen of temperature-sensitive
nucleus while protein synthesis occurs in the cytoplasm. mutants. We isolated new alleles of several nucleoporins
Using an in situ RNA localization assay in the yeast and Ran-GTPase regulators. Together with further
Saccharomyces cerevisipeve determined that efficient analysis of existing mutants, we show that nucleoporins
nuclear export of the small ribosomal subunit requires previously shown to be defective in ribosomal assembly are
Yrb2, a factor involved in Crml-mediated export. also defective in export of the small ribosomal subunit.
Furthermore, in cells lacking YRB2, the stability and

abundance of the small ribosomal subunit is decreased in

comparison with the large ribosomal subunit. To identify  Key words: Ribosome, Nuclear export, In situ hybridization

Introduction (Recl in mammals). Rnal is localized in the cytoplasm while

Eukaryotic ribosome biogenesis requires multiple steps dPrp20 is inside the nucleus. Consequently, the concentration of
nuclear import and export. In yeast, the small (40S) ribosom&tan-GDP is elevated in the cytoplasm while the concentration
subunit consists of 32 ribosomal proteins and an 18S rRNAf Ran-GTP is elevated in the nucleoplasm. The nucleotide-
whereas the large (60S) ribosomal subunit consists of 48ound state of Ran affects its interactions with nuclear
ribosomal proteins and the 25S, 5.8S, and 5S rRNA#ansport factors containing a Ran-binding domain. One family
(Verschoor et al., 1998). Following their synthesis in theof yeast Ran-binding proteins includes Yrbl (RanBP1 in
cytoplasm, the nascent ribosomal proteins are imported into tfigammals), a protein that resides in the cytoplasm, and Yrb2
nucleolus where they assemble with the rRNA to form théRanBP3 in mammals), a protein that resides in the nucleus
individual subunits. In the nucleolus, RNA pol Ill transcribes(Mueller et al., 1998; Schlenstedt et al., 1995; Taura et al,
the 5S rRNA, and RNA pol | transcribes the 35S pre-rRNA1997). The second family of Ran-binding proteins consists of
The 35S pre-rRNA is processed to the mature 18S, 5.8S atf@nsport receptors termed importins, exportins or karyopherins
25S rRNAs. Most of these pre-rRNA processing steps occur iieviewed by Gorlich and Kutay, 1999).
the nucleolus (reviewed by Kressler et al., 1999; Venema and Importins/karyopherins bind cargo in the cytoplasm and
Tollervey, 1995). Once fully assembled, the ribosomal subunitenter the nucleus through the NPC. Once inside the nucleus,
must be translocated through the nuclear pore complex to entée protein cargo dissociates from its importer. This
the cytoplasm. dissociation is driven by Ran-GTP. Conversely, proteins are
All macromolecular transport into or out of the nucleus isexported out of the nucleus by binding to exportins in
believed to occur through the nuclear pore complex (NPC). lassociation with Ran-GTP. Once in the cytoplasm the export
yeast, the nuclear pore is a 60 MDa complex composed ébmplex dissociates when the GTP of Ran is hydrolyzed
proteins called nucleoporins (reviewed by Davis, 1995; FabréGorlich and Kutay, 1999).
and Hurt, 1997). The dimensions of the nuclear pore channel Crm1/Xpol (or expdin) is the major karyopherin that
are such that only one ribosomal subunit could pass through eports various cargoes out of the nucleus. Crml is perhaps
any given time. Several models have been put forth for holwest known for exporting proteins that have the consensus
individual proteins pass through the NPC on their way into théeucine-rich nuclear export sequence (NES) (Fornerod et al.,
nucleus (Ben-Efraim and Gerace, 2001; Ribbeck et al., 1999997; Fukuda et al., 1997; Neville et al., 1997; Stade et al.,
Rout et al., 2000). However, the precise mechanism for nuclea®97). Crml also exports some proteins that do not bear the
exit of large ribonucleoprotein complexes such as theonsensus leucine-rich NES. A case in point is snurportin, a
ribosomal subunits remains unknown. protein involved in U snRNP import (Huber et al., 1998;
One key determinant of the directionality of nuclearParaskeva et al., 1999). Additionally, Crm1 exports some of its
transport is the nucleotide-bound state of the small GTPasargo through adapter proteins. Crm1 exports U snRNAs and
Ran (reviewed by Koepp and Silver, 1996). Directionality isthe HIV intron-containing RNA through the PHAX
determined by a GTPase-activating protein, in yeast termgghosphorylated_dapter for RNA egort) and HIV Rev
Rnal, and by a guanine exchange factor, in yeast termed Prp@flapters, respectively (Askjaer et al., 1998; Ohno et al., 2000).
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Table 1. Yeast strains used in this study

Strain Genotype Source

PSY207 rat3-1 ura3-52 trpD\63 leuAl mat Lietal., 1995

PSY209 rat2-1 ura3-52 trpN\63 leuA1l mat Heath et al., 1995

PSY225 nsp1(10A) ade2-1 canl-100 leu2-3,112 lys1-1 ura3-52 mat Nehrbass et al., 1990
PSY580 ura3-52 trp7A63 leuAl mat Winston et al., 1995
PSY581 his3A200 ura3-52 leu?1 matr Winston et al., 1995
PSY635 rat7-1 his33200 ura3-52 leu®1 matr Gorsch et al., 1995
PSY637 rat9-1 trplA63 ura3-52 leuAl matr Goldstein et al., 1996
PSY1077 gle2-1 ade2-1 ura3-1 his3-11,15 leu2-3,112 trp1-lamat Murphy et al., 1999
PSY1190 xrnl1-Bgl::URA3 ura3-52 ade2-101 lys2-801 |ARtrplA63 hisA200 mah Larimer and Stevens, 1990
PSY1734 kap104::ura::HIS xr::URA3 ura leu lys trp mat+pRS314-kap104-1§(TRP1) Aitchison et al., 1996
PSY1740 nmd&\::HIS3 xrn1A::URA3 leu2 trpl ade mat Ferrigno et al., 1998
PSY1750 xrnlA::URA3 ura3-52 trpN\63 leuA1l mat Moy and Silver, 1999
PSY1762 TRP1::nup49 xrnA::URA3 ade2 ade3 his3 leu2 ura3 mata +pUN100::LEU2- nup49-313 Doye et al., 1994
PSY1776 nupl116-5::HIS3 xrnA::URA3 his3 leu2 trpl ura3 mat Wente et al., 1992
PSY1772 nic96::HIS3 xrn\::URA3 ade2 ura3 trpl leu2 mat-pUN100-nic96-1 (LEU2) Zabel et al., 1996
PSY1948 ubi?Aub-1 ura3 his3 lys2 leu2 trpl naat Finley et al., 1989
PSY1968 crmiA::kanR leu2 his3 trpl ura3 mat-pDL-CRM1(LEU2 CEN Neville and Roshbash, 1999
PSY1969 crmlA::kanR leu2 his3 trpl ura3 matrpDL-crm1-T539C (EU2 CEN Neville and Roshbash, 1999
PSY2070 yrb2A::HIS3 ura3-52 leul trpl his1200 maa This study

PSY2090 nspXL697A) trp1A63 ura3-52 leudl maa This study

PSY2092 gle2N273K, D290N)trp1A63 ura3-52 leudl maga This study

PSY2095 mtr4/dob 1S trp1A63 ura3-52 leudl maa This study

PSY2159 prp20(S297N)ade his3 trpA63 leuAl ura3 mah This study

PSY2460 yrb1(F191S)his3A200 ura3-52 leu1 matr This study

Recently, Crm1 has been shown to be important for the nucleassay and extended its use to a number of export factor and
export of the large ribosomal subunit using the NES-bearingucleoporin mutants. In addition, we have used the assay to
adaptor Nmd3 (Gadal et al., 2001; Ho et al., 2000b). No suctcreen a large collection of temperature-sensitive mutants for
adaptor has yet been determined for the small subunit, bamall subunit export defects.
analysis of a;rml/_xpol-]mutant suggested that export of the
;rirllva:a"r Slugbgugr;l,t relies on the NES/Crml pathway (Moy an%aterials and Methods

Yrb2 is required for the efficient nuclear export of proteinsSMall ribosomal subunit export assay

containing a leucine-rich NES (Taura et al., 1998). In vitroYeast strains used in this study are listed in Table 1. Crm1 (PSY1968,
i how that Yrb2 can bin Ran-GTP not Ran- DMNY_?) and crml (T53.9C) (PSY1969, MNY8) were grown to a
studies show that Yrb2 can bind to Ran-GTP but not Ran-G density of %107 cells/ml in YPD at 30°C (Burke et al., 2000; Neville

(Noguchi et al.,, 1997). Yrb2 contains the phenylalanlne:,jmOI Rosbash, 1999) and leptomycin B was added to a final

glycine repeat motifs that are also found on many nUCIeOporin§oncentration of 200 nM (kind gift of M. Rosbash, Howard Hughes
but Yrb2 is not a stable component of the NPC (Taura et alyegical Institute, Brandeis University, Waltham, MA). Cells were

1998).YRB2is not an essential gene in yeast, but cells lackingixed with formaldehyde at time points of 5, 15 or 60 minutes as
YRB2are slower growing at 15°C and accumulate the NE®reviously described (Moy and Silver, 1999). PSY580 (wild-type,
reporter protein in the nucleus (Taura et al., 1998). Th&Y23) (Winston et al., 1995) and PSY20%0b@4) were grown a
mammalian Yrb2 homologue, RanBP3, has been shown ttensity of k107 cells/ml in met dropout media at 30°C (Burke et
promote the interaction of Crm1 with its substrates and thu&., 2000). The cultures were diluted by 1:10 with fresh media and
affect export (Englmeier et al., 2001; Lindsay et al., 2001). shifted to 15°C. Cells were fixed at time points 0, 3, 6, 12, 18 or 24

In order to study the export of the small ribosomal subunifQurs after the temperature shift. FY23 with pPS293 (vector) or
in yeast, we previously reported the implementation of a novdl” 51082 (GAboYRB2 URAZY) was grown in uradropout with

t itor the distributi f t I rib % raffinose to £107 cells/ml at 25°C. Galactose was added to 2%
assay 10 monitor the distribution or nascent small ribosomaj,§ o|is were fixed after 1, 2 or 3 hours. forstrains, cells were

subunits by in situ analysis. The small ribosomal subunit i§;own to a density of 1207 cells/ml in YPD at 25°C before the
exported as a 43S particle containing 20S pre-rRNA. In the&mperature shift to 37°C and treated as previously described (Moy
cytoplasm, the 20S pre-rRNA is cleaved to produce the matuegd Silver, 1999).’"3TS1 rRNA was localized by fluorescence in situ
18S rRNA and a 209 base fragment, thEF'51 RNA (Stevens hybridization as described (Amberg et al., 1992) with the following

et al., 1991; Trapman et al., 1975; Udem and Warner, 1973)odification. An oligonucleotide complementary to the first 50
Defects in the nuclear export of the small ribosomal subunfases of ITS1 rRNA, 'SATGCTCTTGCAAAACAAAAAAATCA-

can be detected by localizing thel5S1 RNA by fluorescent 1TTTCAAAATTATTAAATTTCTT, was synthesized with the Cy3

in situ hybridization; 5 ITS1 RNA accumulates in the fuorophore at its 'Send (IDT, Coralville, IA). Samples were
nucleoplasm in these cells. Furthermore, in cells defective iplybrldlzed with this oligonucleotide at a concentration of 50 nM.
small ribosomal subunit export, the 20S pre-rRNA does not

mature to the 18S rRNA (Moy and Silver, 1999). With thiSrRNA pulse-chase experiments

assay, we previously reported that export of the small each of the following experiments, cells were grown a density of
ribosomal subunit depended on the nucleotide-bound state ©2x107 cells/ml in met dropout media. Cultures of FY23 and
Ran and certain nucleoporins. We have now further refined tfSY2070 were grown at 30°C, diluted by 1:10 with fresh media, and
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shifted to 15°C for 24 hours.x&0° cells were concentrated to a Localization of 5' ITS1
volume of 3 ml and pulse labeled with 2%CCi of [methyl- xrnia XAN1*
3H]methionine for 5 minutes to methylate rRNA (70-85 Ci/mmol, 1 . d

mCi/ml; NEN, Boston, MA). 50Qul of culture was transferred to a No p /

new tube, 1 ml of ice-cold media was added, the tube was centrifuge Defect o @
supernatants were removed, and the cell pellets were frozen on ¢

ice. Chase was initiated by adding 130unlabeled methionine at b. e.
concentration of 20 mg/ml to the 2.75 ml of culture. At time points Export @ @
of 5, 10, 20, 40 and 60 minutes of chase, B0®f culture were Defect

removed and processed as described above. RNA was isolated by

hot acid phenol method (Ausubel et al., 1997). 10,000 cpm ¢ o f
radioactivity was loaded per lane onto a 1.2% agarose-formaldehy: Assembly @ : E}:Le;t
gel. RNA was transferred to Hybond-Nmembranes by vacuum Defect detectable

blotting (Amersham-Pharmacia), UV-crosslinked, and sprayed witl
Er*hance (NEN). The membrane was exposed to film for 4 days @tig. 1. The localization pattern of BTS1 from the small ribosomal
-80°C. subunit export assay. After the small ribosomal subunit is exported
PSY1968 and PSY1969 were grown at 30°C, arfdcéls were  from the nucleus, the 5TS1 RNA is cleaved away from the 18S
concentrated to a volume of 1 ml in metedia and treated with  rRNA in the cytoplasm and then degraded by the exonuclease Xrn1.
leptomycin B at a final concentration of 200 nM for 15 minutes.cells lackingKXRN1accumulate BTS1 in the cytoplasm as long as
PSY580, PSY2090, PSY2092, and PSY2460 were grown at 25°C anhosome assembly and export occurs (ayrilA mutant defective
shifted to 37°C for 1 hour. Cells were pulse labeled witlu60of  in small ribosomal subunit assembly accumulatd$ i to the
[methyl-*H]methionine for 1 minute and chased withid&unlabeled  npycleolus, the site of rRNA transcription and processing (¢S5
methionine at a concentration of 20 mg/ml for 2, 4 or 10 minutesg|so localizes to the nucleolus of wild-ty&NT" cells (d). A
Samples were processed as described above. mutant defective in small ribosomal subunit nuclear export
In separate experiments, PSY580 and PSY635 were grown at 25%ecumulates'3TS1 throughout the nucleoplasm in batih1A (b)

and shifted to 37°C for 1 hour. PSY580 and PSY1772 were grown ahdXRNZ1 strain backgrounds (e). Defects in ribosome assembly
25°C, shifted to 37°C for 3 hOUrS, and then shifted back to 25°C quannot be detected KRN strains because BIS1 remains

0.5 hours. 19cells were concentrated to a volume of 3 ml in‘met |ocalized to the nucleolus.

media, pulse labeled with 250Ci of [methyl3H]methionine for 3

minutes, and chased with unlabeled methionine at a final

concentration of 1 mg/ml for 0, 3 or 10 minutes. Samples werd999). Complementation group analysis was used to determine which

processed as previously described (Moy and Silver, 1999). mutants are defective in known nuclear transport factors. Mutants that

were not identified by complementation grouping were backcrossed

) to the FY23 or FY86 strains three times (Winston et al., 1995). Then,

Polysome profiles the mutations were cloned by complementation of their temperature-

Polysome profiles and ribosomal subunit profiles were performed ansitivity with a genomic library (Rose et al., 1987). The mutations

described (Kressler et al., 1997) with the following modificationswere verified by complementation group analysis. The mutated gene

PSY2070 was covered by pPS20%RB2 TRP1 CENyr pPS327 was PCR amplified, and the PCR product was subjected to DNA

(TRP CEN and grown in trpdropout media at 30°C to a density of sequencing.

2x107 cells/ml. The culture was diluted and shifted to 15°C for 24

hours. For the polysome profiles, lysate (gdfunits) was layered

onto 10 ml linear 7-49% sucrose gradients. Samples were centrifug%suns

in a Beckman SW41Ti rotor for 2 hours at 261,09(at 4°C L . .

(Beckman Instruments, Fullerton, CA). For the ribosomal subunif\SSay for localization of the small ribosomal subunit

profiles, lysate (2 Ago units) was layered onto 10 ml linear 10-35% We previously reported the first cell-based assay for the

sucrose gradients and centrifuged in a Beckman SW41Ti rotor for lhcalization of the nascent small ribosomal subunit. The assay

hours at 261,000 at 4°C. A Beckman fraction recovery system wasrelies on the localization of 5TS1 RNA using fluorescent in

used to pass the gradients through a Pharmacia UV-1 monitor &y hybridization (Moy and Silver, 1999). We originally

measure Ao performed this assay in strains lacking the Xrn1 exonuclease,

which degrades the' 5TS1 fragment. Inxrn1A cells, the 5
ts~ mutant screening ITS1 RNA is distributed throughout the cytoplasm because, in

The yeast strain FY23 was disrupteckiRN1(Moy and Silver, 1999). these cells, the small ribosomal subunit is exported, &3

The xrnlA strain was mutagenized with ethyl methanesulfonatéRNA is cleaved off, and the' $TS1 fragment accumulates in
(EMS) as described (Ausubel et al., 1997) to produce 50% cell deatthe cytoplasm (Fig. 1a). We were able to assay various
160 temperature-sensitive mutants were isolated, essentially &mperature-sensitive mutants in ttralA strain background
described (Amberg et al., 1992). Approximately 8BNI ts= and to detect both ribosomal assembly defects and nuclear
mutants, previously used in the screen forNARrrafficking mutants  export defects. In the case ofsaribosomal assembly mutant
(RAT), were kindly provided by C. N. Cole (Dartmouth Medical i thexrn1A strain background, the 5rS1 RNA accumulates
School, Hanover, NH) (Amberg et al., 1992). Yeast strains were gr‘w@ the crescent-shaped nucleolus at the restrictive temperature

on YPD plates at 25°C for 3-4 days. The strains were transferred {o-. - : :
2 ml YPD at a density of ¥&ells/ml and cultured for 1 hour at 25°C ig. 1c) after sufficient time elapses to allow for degradation

to allow cells to resume growth and stimulate ribosome biogenesiQ.f the cytoplasml_c SITS1 fragrr?ent. In the case ofxa_nlA

The cultures were shifted to 37°C for 1 hour. Half of the culture wadnutant blocked in export, the’ 3TS1 accumulates in the
fixed with 100pl 37% formaldehyde for 2 hours at 25°C. The othernucleolus and the rest of the nucleoplasm after shift to the
half of the culture was shifted back to 25°C for 1 hour before fixationnonpermissive temperature (Fig. 1b).

5 ITS RNA was localized as previously described (Moy and Silver, The assay for the localization dfl3S1 can also be carried
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Fig. 2. CRMl1andYRB2are required for

nuclear export of the small ribosomal subunit.

(A) 5' ITS1 accumulates in the nucleoplasm of 30°C
acrmlmutant. 5ITS1 was localized I€CRM1
(wild-type, b) anccrm1(T539C) (e) cells after
treatment with leptomycin B for 15 minutes.
Chromosomal DNA was labeled with DAPI to

identify the location of the nucleus (a,d), and 15°C
Nomarski optics were used to visualize cell
morphology (c,f). Arrows point to DAPI- 6 hrs
stained chromatin while arrowheads point to > >
the nucleolus. A magnified view of a cell is

shown below the lettered panels. (BJBS1

accumulates in the nucleoplasm ofrb2A c YRB2* yrb2A

mutant. 5ITS1 was localized ity RB2(wild- p5'ch5' 10" 20' 40' 60' p5' ch5' 10' 20" 40' 60'
type, b,f) and/rb24 (d,h) cells grown at 30°C

(b,d) or shifted to the restrictive temperature of

15°C (f,h). Chromosomal DNA was labeled ggg — s =

with DAPI to identify the location of the -

nucleus (a,c,e,g). Arrows point to DAPI- 578 — R ]

stained chromatin, while arrowheads point to 252 — e . -“ Py e . . 3

the nucleolus. A magnified view of a cell is

shown for e, f, g and h. (C) 20S pre-rRNA _

processing is delayed ymb2A cells.YRB2 ?gg — . R
(lanes 1-6) angirb2A (lanes 7-12) cells were

shifted to 15°C for 24 hours, pulse-labeled for

5 minutes, and chased for 5, 10, 20, 40 or 60

minutes. RNA was extracted and run on a

formaldehyde-agarose gel. Sizes of the rRNAs

are indicated. 1 2 3 4 5 6 7 8 9 10 11 12

“ﬁu“u

out in XRNTY wild-type yeast cells. Although the loss of insensitive to LMB because LMB does not interact with wild-
cytoplasmic 51TS1 fluorescent signal is an easily identifiabletype Crml protein. However, therml(T539C) mutant is
change inxrn1lA mutants, we determined that the exce'ss 5Sinhibited by LMB, resulting in the nuclear export defect of
ITS1 RNA inxrnlA strains can obscure a mild nuclear exportleucine-rich NES proteins (Neville and Rosbash, 1999). We
defect. In addition, we wished to use the assay to scregrerformed the small ribosomal subunit export assay on strains
existing mutant collections, which areXRNZXpositive. treated with LMB. LMB does not affect the localization 6f 5
Consequently, we have us¥®RN1T strains to examine small ITS1 RNA in wild-type KRN1") cells (Fig. 2Aa-c); 51TS1
ribosomal subunit nuclear export. Wild-typdRN1" strains remains localized to the nucleolus as indicated by arrowheads,
primarily localize 51TS1 RNA to the nucleolus and a very and it does not significantly accumulate in the regions of the
small amount to the cytoplasm (Fig. 1d). However, in a mutantucleus occupied by DAPI-stained chromatin as indicated by
blocked in export, accumulation of 3S1 can be observed in arrows. However, LMB treatment causé$Ts1 to accumulate
both the nucleolus and nucleoplasm (Fig. 1e). in the entire nucleoplasm erm1(T539C)ells as indicated by
arrows and arrowheads (Fig. 2Ad-f). Mislocalization 'diT’s1

. in these cells occurs 5-15 minutes after addition of LMB.
Crm1 and its co-factor, Yrb2, affect the export of the Cells deleted fol¥RB2 which is involved in Crm1-mediated
small ribosomal subunit export, also show a defect in export of the small subyni2A
Cells bearing a leptomycin-B-sensitive (LMB) alleleasinl  cells are cold-sensitive for growth, and export of NES-containing
display a block in the export of the small ribosomal subuniproteins is blocked more so at the non-permissive temperature.
dependent on drug treatment. Wild-ty[® cerevisiaesare  While 5 ITS1 RNA is confined to the nucleolus of wild-type
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cells (Fig. 2Ba,b,e,f), '51TS1 localizes throughout the
nucleoplasm iryrb2A cells (Fig. 2Bc,d,g,h). The mislocalization
of 5 ITS1 inyrb2A cells is mildly detectable at the permissive
temperature of 30°C (Fig. 2Bc,d), and the mislocalization i
more evident after the shift to the restrictive temperature of 15°
(Fig. 2Bg,h). SincerRB2is not essential for growth in yeast,
yrb2A cells cannot be completely blocked in small subuni
export, but this mutant may be less efficient in this process.

In order to estimate the rate of small subunit expoythi24
cells, we examined pre-rRNA processing. Strains were shifte
to 15°C, pulse-labeled wittPHl-methyl]-methionine for five
minutes, and then chased with excess unlabeled methionine
up to 60 minutes. In wild-type cells, 35S pre-rRNA is quickly
converted to 27S and 20S pre-rRNAs, and then these pr
rRNAs are matured into the 25S and 18S rRNAs (Fig. 2C, lan{B
1-6) (Kressler et al., 1999). At 15°C, wild-type cells convert
20S pre-rRNA to 18S rRNA after 10-20 minutes of chase (Fig
2C, lanes 1-6). However, igrb24 cells, this conversion is
delayed and occurs after 20-40 minutes of chase (Fig. 2C, lan
7-12). Furthermore, the levels of 18S rRNAyim2A cells at
the 40-60 minute timepoints are significantly lower than the
levels of 25S rRNA. In contrast, wild-type cells produce
equimolar quantities of the 18S and 25S rRNAs since bot
rRNA species are transcribed together in the 35S pre-rRN/
Therefore, in cells lackingRB2 the nascent small ribosomal
subunit appears to be less stable and its nuclear export .. o )
delayed. Fig. 3.yrb2A cells are deficient in the levels of the small ribosomal

To determine the effect of theb24 mutation on ribosome subunit. (A)YRBZ andyrb2A cells were shifted to 15°C for 24

. . . ours, and polysome profiles were resolved in 7-49% sucrose
activity, V\g.a exa:jmlned polysome prc(j)_flles. Whe!’; Ce”. Iysat?] radients. Abssanmwas monitored continuously and represents the
were su ]e_Cte to sucrose gra lent centrifugation, th&ica axis of the profiles. The top of the gradient is on the left-hand
ribosome migrates as an 80S particle and as polysome peakgie of the profile. The positions of free 40S and 60S subunits, 80S

which contain multiple 80S ribosomes. In wild-type cells,ribosomes, and polysomes are indicated YBB2 andyrb24 cells
approximately 10% of the ribosomal subunits are notvere shifted to 15°C for 24 hours, and ribosomal subunit profiles
assembled into ribosomes, and these subunits migrate as 498e resolved in 10-35% sucrose gradients.
or 60S peaks (Fig. 3A, left profile). ymb2A cells, the amount
of free 40S subunit is decreased while the amount of free 60S
ribosomal subunit is dramatically increased (Fig. 3A, rightts own promoter on a high copy plasmid is not toxic to wild-
profile). The amount of polysomes yrh24 is marginally  type cells, high copy expressionYdRB2impairs the growth of
decreased, and these results suggest that the deficiency of ta2!S7nup12Q a nucleoporin mutant defective in small
small ribosomal subunits is limiting mMRNA translation. Weribosomal subunit export (see below), at the permissive
examined the relative concentration of 60S to 40S ribosom&mperature of 25°C (Fig. 4B). Only full-leng?tikRB2had this
subunits by disassociating the ribosome and separating tleéfect as N terminal, C terminal, or FG repg&B2truncation
subunits by sucrose gradient centrifugation. Wild-type cellsnutants were not toxic t@t2-1 cells (Fig. 4B) (Taura et al.,
contain an equal molar ratio of 60S to 40S ribosomal subunits997). The percentage ait2's cells mislocalizing 5ITS1 at
and the ratio of 60S:40S subunits is 2.1:1 when measured lye permissive temperature was mildly increased in the presence
Azsabecause the 60S subunit contains twice as much RNA a$ high copy YRB2.The synergistic alteration in ribosome
the 40S subunit (Fig. 3B, left profile). ymb24, the ratio of  export in these cells may explain their impaired growth rate. In
60S:40S is increased to 2.5fttést P<0.05, Fig. 3B, right any case, these data indicate that proper levels of Yrb2 are
profile). Therefore, the concentration of 40S ribosomatequired for the efficient nuclear export of the small ribosomal
subunits is decreased by 10-20% relative to the 60S ribosonmslbunit.
subunit inyrb2A cells. The large ribosomal subunit appears to be exported out of
Overexpression 0fRB2also causes a defect in small subunitthe nucleus via a Crml-dependent mechanism (Gadal et al.,
export similar to the effect on NES-containing proteins (Taur&001; Ho et al., 2000b; Stage-Zimmermann et al., 2000).
et al., 1998)YRB2was expressed at high levels from a galatoseTherefore, we expected that the decreased efficiency of NES
inducible promoter in wild-type yeast cells. After a 1 hourexport inyrb2A would also cause defects in 60S ribosomal
induction with galactose, '5ITS1 acccumulates in the subunit export. However, we do not see mislocalization of the
nucleoplasm of cells expressinRB2 (Fig. 4Ac-d). 60S nuclear export reporter proteins Rpl11b-GFP, Rpl25-GFP,
Overexpression ofRB2also causes the accumulation of 20Sor GALpro-Rpl25-GFP inyrb2A cells (data not shown). It may
pre-rRNA (data not shown):! BI'S1 localization and pre-rRNA be that the 60S export assays are not sensitive enough to detect
processing was not affected in galactose-treated cells containiagbtle export defects yrb2A cells. Alternatively, Yrb2 is not
the empty vector (Fig. 4Aa-b). While expressiory&B2from  involved in 60S export.

YRB2* yrb2A

polysomes polysomes

—40S
— B60S
— 80S

— 605

w
[=]
©

|

YRB2* yrb2A

408
— 408
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A pGAL vector pGAL-YRB2 Fig. 4. Overexpression 0f RB2is toxic. (A) Overexpression of
DAPI 5 TS1 DAPI YRB2causes the mislocalization ofI3S1. 8 ITS1 was

localized in wild-type cells containing3AL vector (b) or
pGAL-YRB2Zd) after 1 hour induction with galactose.
Chromosomal DNA was labeled with DAPI (a,c). Arrows point
to DAPI-stained chromatin while arrowheads point to the
nucleolus. Magnified views of two cells are shown below each
panel. (B) High-copy expression ¥RB2inhibits the growth of
rat2-1/nupl2Qells.rat2-1 (PSY209) or wild-type (PSY580)
cells containing @ vector (pPS701), full-lengtfRB2
(pPS2096), N-terminal truncation (pPS2104), deletion of the
Nup FG motifs (pPS2105), or the C-terminal/Ran-binding
domain truncation (pPS2106) were grown o thppout

plates at 25°C.

indicating a defect in ribosome assembly (Fig. 5Ae-f).
Upon shift-back to permissive temperatures, the
localization of 51TS1 RNA expands to fill the entire
nucleus (Fig. 5Ag,h)in contrast, the localization of 5
ITS1 does not change iNIC96" xrn1A cells at any
temperature (Fig. 5Aa-d). Upon shifting back to
permissive temperatures, thie96-1 XRN1 strain is less

Wild type . . .
efficient than wildtype at converting 20S pre-rRNA to
o ) 18S rRNA (Fig. 5B, lanes 10-12)ic96-1cells are still
Identification of nucleoporin and Ran regulator mutants able to export the small ribosomal subunit export, at a reduced
that are defective in small ribosomal subunit nuclear rate, since 18S rRNA is produced in these cells, but these
export results demonstrate that mild nuclear export defects can be

In order to further characterize small ribosomal subunit exportletected using this shift-back protocol.

we performed the small ribosomal subunit export ass=' ~»

libraries ofts- mutants, and we examined the involven 70 37°425°

of known nuclear transport factors by analyzing DAPI 5 TS1 DAPI 5 1TS1

corresponding mutants in greater detail. In additio
examiningts- mutants at the restrictive temperature,
screens also used a shift-back protocol in which ce xrn1A
37°C were transferred back to 25°C. This shift-back

is useful when examining mutants that are defecti

ribosome assembly at restrictive temperatures. Ribo h
assembly defects prevent the detection of ribosome ¢ nic96-1 N
defects. The shift-back protocol allows cells to res

ribosome assembly, and ribosome export defects be xrn1A -

detectable if the rate of ribosome assembly exceec

rate of ribosome export (Hurt et al., 1999). k *.
The utility of the shift-back protocol is illustrated w kap104-16

the nucleoporin mutanhic96-1 that lacks the Xrn XrniA

exonuclease (Zabel et al., 1996). At permis

temperatures, '5'TS1 RNA is localized throughout t
cytoplasm in these cells similar tIC96" xrnlA cells
(data not shown). At the restrictive temperatutelTS1 B

accumulates in the nucleolus in thie96-1 xrnA strain wild type nic96-1
37° 37°—+25° 37° 37°=+25°
o' 3' 10 o' 310" 0" 3 10 o' 3' 10

355—- . — - 4
Fig. 5. A shift-back protocol facilitates the detection of :
ribosome biogenesis defects. (A)BS1 was localized in . s
xrnia4, nic96-1 xrn1, andkap104-16 xrnd after shifting to 278 - = . .; .
37°C for 3 hours (b,f,j, respectively) or shifting back from 37°C25S = . - -
to 25°C for 30 minutes (d,h,l). Chromosomal DNA was labeled
with DAPI (a,c,e,q,i,k). (B) pre-rRNA processing in wild-type 20S— s . .
(lanes 1-6) andic96-1(lanes 7-12) cells shifted to 37°C or 18S— v - - 8‘- .
shifted-back to 25°C. Cells were pulse labeled for 3 minutes and
chased for 0, 3 or 10 minutes. RNA was extracted and run on a
formaldehyde-agarose gel. Sizes of the rRNAs are indicated. 1 2 3 4 5 6 7 8 9 10 1112
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Table 2. Classification of yeast mutants affecting the assembly and nuclear export of the small ribosomal subunit

Class I. Mutations that affect the export of the small ribosomal subunit

Small ribosomal subunit nuclear export

Permissive Restrictive
Mutation temp. condition Shift back Source
yrb2A —* —* nd Taura et al., 1997
crm1(T539C) + - nd Neville and Rosbash, 1999
nic96-1 + + - Zabel et al., 1996
gle2/nup40 (N273K, D290N) + —* - This study
gle2-1(W334Stop) + —* nd Murphy et al., 1999
nup49-313 + -t - Doye et al., 1994
nupl16-5 + -t - Wente et al., 1992
nupl120/rat2-1 —* -t - Heath et al., 1995
nup133/rat3-1 —* -t - Li et al., 1995
nupl59/rat7-1 —* —* —* Gorsch et al., 1995
nsp1(10A) —* =1 - Nehrbass et al., 1990
nsp{L697P —* —* —* This study
prp20(S297N) + - nd This study
yrb1(F191S) + - nd This study
Class II. Mutations that affect small ribosomal subunit assembly
Assembly of the small ribosomal subunit
Permissive Restrictive
Mutation temp. condition Shift back Source
kap104-16 + + -t Aitchison et al., 1996
nmd3 + + -t Ferrigno et al., 1998
nup8A108 + s nd Hurwitz and Blobel, 1995
rps31aub -8 nd nd Finley et al., 1989
Class Ill. Mutations that do not show defects in small ribosomal subunit assembly or export
Mutation Source
nup85/rat9-1 Goldstein et al., 1996
xrnlA Larimer and Stevens, 1990

Class | mutants accumulated5S1 RNA to the nucleoplasm. The conditions of nucleoplasmic accumulation are indicated as occurring under permissive
conditions, restrictive conditions/temperatures, or upon shift back from 37°C to 25°C. + indicates wild-type export aatks endefect; nd, not done. Class I
mutants affect the assembly of ribosomal subunits and accumul@®&l5o the nucleolus as am1A strain or to the cytoplasm as ARN1" strain. Class IlI
mutants do not mislocalizé B'S1 and do not have detectable defects in ribosome assembly or export. This table partially updates Table 1 describatl in Moy a
Silver, 1999.

*Mislocalization of 8 ITS1 is only detectable iIKRNT" strains.

TMutants are defective in ribosome assembly; they accumulBt& 5 to the nucleolus asxan1A strain.

*Mutant is also defective in small ribosomal subunit nuclear export.

SMutant is defective in the cytoplasmic maturation of the small ribosomal subunit, and it accumuEsdsis the cytoplasm as¥RNZT strain.

The shift-back protocol is also useful in identifying mutants The RAT2, RAT3,and RAT7 (mRNA trafficking) genes
that affect ribosome assembly. We previously reported thancode nucleoporins that are required for mRNA export
kap104-16 xrnd andnmd®A xrnlA strains do not mislocalize (Gorsch et al., 1995; Heath et al., 1995; Li et al., 1995). Both
5 ITS1 RNA at 25°C or at 37°C (Moy and Silver, 1999). Usingtherat2-1and theat2-2 alleles display strong small ribosomal
the shift-back protocol, we show that a small amount Gf$1  subunit assembly and export defectsIT®s1 accumulated in
accumulates in the nucleolus of these cells (Fig. 5AKk,l)the nucleolus irrat2-1 xrnl1A cells shifted to the restrictive
Mammalian orthologues odKAP104 and NMD5 have been temperature (Moy and Silver, 1999), aridT51 accumulated
shown to be importers of ribosomal proteins (Jakel andb the entire nucleoplasm after shifting back to the permissive
Gorlich, 1998). We interpret the defect képl04-16and temperature (data not shown).rat2-1 XRN1T cells, 3 ITS1
nmd2A to be a result of decreased import of ribosomal proteinaccumulated in the nucleoplasm at both permissive

In an attempt to identify additional factors important fortemperatures (Fig. 6Ab,i) and upon shift back. These data
export of the small ribosomal subunit, we screened t860 suggest thatRAT2/NUP120is involved in both ribosome
mutants with the small ribosomal subunit export assay. Twelvassembly and nuclear export.
mutants were found to mislocalize’ 5TS1 RNA. We Therat3-1 andrat7-1 mutants have milder defects in small
determined that nine of these mutants are defective in théosomal subunit nuclear export; the conditions in which these
RAT2/NUP120, RAT3/NUP133, RAT7/NUP159, NSPlmutants mislocalize'3TS1 are more limited. Imat3-1 cells,
GLE2/NUP40, MTR4/DOB1, PRP2hd YRB1genes (Table nucleoplasmic accumulation of 5TS1 is most noticeable
2). Two independentat3's— mutants were identified by this when these cells are grown to stationary phase and then
screen. transferred to fresh media. These conditions allow cells to
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Fig. 6. Ribosome export mutants 5'|TS1 h .-‘:‘

identified by screenints- mutant
libraries. (A) 51TS1 localization

in rat2-1/nup12Qi) grown at 25°C

and in wild type (h)rat7-1/nup159

(), nspIL697P) (k)
gle2AN273K,D290N) (1) B

yrb1(F191S) (m)and .
prp20(S297N) (n) mutants shifted wT rat7-1 wT ns‘p1 _gfe2 yﬁb,

to 37°C for 1 hour. Chromosomal p3'ch3'10' p3'ch3'10' pi1'ch2'4' pi'ch2'4' p1'ch2'4' pi1'ch2'4'

DNA was labeled with DAPI (a-g). o

Arrows point to DAPI-stained 35S e — A - —358
chromatin while arrowheads point 328: ’ — ' —328
to the nucleolus. (B) Pre-rRNA i P—— -“ S -

processing in wild-type (lanes 1-3 — p— _
and 7-9)rat7-1/nup159lanes 4- ggg_ ) vy bt r;-i"“-' Voo G -g _g;g
6), nspiL697P) (lanes 10-12)
gle2(N273K,D290N) (lanes 13-15) 20S— .
andyrb1(F191S) (lanes 16-18) 185—
mutants shifted to 37°C for 1 hour.

Cells were pulse labeled for 3

minutes (lanes 1-6) or 1 minute %
(lanes 7-18). Pulse and chase times =
are indicated above each lane.

Sizes of the rRNAs are indicated. 123 45 6 7 8 9 101112 131415 16 17 18

5

.. ,-ﬂu ot 1] ot 1 ,‘g.‘_zos

—18S

resume growth which stimulates ribosome biogenesis anducleoplasm (Fig. 6Ae,l) and has a mild delay in 20S pre-
facilitates the detection of ribosome export defects (Hurt et alrRNA processing at the restrictive temperature (Fig. 6B, lanes
1999). Inrat7-1 cells, nucleoplasmic accumulation 6fi5S1  13-15). Thisgle2 mutant encodes a protein containing two
was detectable only when the mutant contained the Xrndmino acid changes in which asparagine 273 is altered to a
exonucleaserat7-1 xrnlA cells did not mislocalize’3TS1 at  lysine and aspartate 290 is altered to an asparagine. Previously,
restrictive temperatures or upon shift-back (Moy and Silvernwe reported that thgle2-1 xrnJA mutant does not mislocalize
1999).rat7-1 XRN1Z cells accumulate nucleoplasmicl®S1 5 ITS1 at permissive or restrictive temperatures (Moy and
at all temperatures (Fig. 6Ac,j; Table 2). Furthermore, theilver, 1999; Murphy et al., 1999). Then1A mutation appears
conversion of 20S pre-rRNA to 18S rRNA was defective into have obscured the ribosome export defect becauggethe
rat7-1 cells (Fig. 6B, lanes 4-6Bimilar to theyrb2A mutant, 1 XRNZX mutant accumulates’' 9TS1 at the restrictive
therat7-1 mutant appears to be less efficient in the export ofemperature (data not shown).
the small ribosomal subunit. In addition to the nucleoporin mutants identified by tar

In our screen of thes mutant libraries, we also identified a screen, we examined previously characterized nucleoporin
novel allele of the nucleoporiNlSP1 Previously, we have mutants to determine whether they affect small ribosomal
shown that thasp1(10A) xrnd strain is defective in ribosome subunit export. Similar to theic96-1 xrn]A mutant,nup49-
assembly in that it accumulatedI®S1 to the nucleolus at the 313 xrn]A andnup116-5 xrn2A mutants accumulate’ 5TS1
restrictive temperature (Moy and Silver, 1999). Here, wdo the nucleus after shifting the cells back to their permissive
identify a nsplmutant that encodes a protein with a singletemperature. Furthermore, thep49-313mutant has a delay
amino acid change in which leucine 697 is altered to a prolinén 20S pre-rRNA processing after the shift back in temperature
The nspl(L697P)mutant accumulates’ 3TS1 to the entire (data not shown; Table 2).
nucleoplasm at all temperatures (Fig. 6Ad,k; Table 2). Finally, we identified two novel alleles of genes encoding
Addition of a plasmid containing wild-typdSP1rescues the regulators of the Ran GTPase: the RanGERP2(Q and the
mislocalization defect of thespl(L697P)mutant (data not RanGAP accessory factofRB1 Theyrbl mutant encodes a
shown). At 37°C,nspXL697P) is delayed in processing the protein in which phenyalanine 191 is mutated to a serine. This
35S, 32S and 20S pre-rRNAs (Fig. 6B, lanes 10-12). Wallele is similar to the previously identifigabl1-1 allele in
conclude that Nspl affects both assembly and nuclear expditat the majority of cells, when shifted to the restrictive
of the small ribosomal subunit. temperature, accumulate nucleoplasmi¢T™1 (Fig. 6Af,m)

We identified agle2 mutant that accumulate$ HS to the and 20S pre-rRNA (Fig. 6B, lanes 16-18).



Small ribosomal subunit nuclear export 2993

The novelprp20 allele is different from the much-studied release step in Crm1-mediated export (Maurer et al., 2001). In
prp20-1 allele. Theprp20 allele that we identified encodes a contrast, the mammalian orthologue of Yrb2, RanBP3,
protein in which serine 297 is converted into an asparagine. Thisimulates formation of the export complex (Lindsay et al.,
results in a weak allele 8RP20with regard to nuclear transport 2001). These contrasting activities of Yrb2 and RanBP3 may
defects. Although thiprp20(S297N)strain does not grow at stem from different experimental conditions. When RanBP3
37°C, at this restrictive temperature only a small fraction of cellss at sub-stoichiometric concentrations, the Crm1/NES/Ran-
(10-20%) exhibit nucleoplasmic accumulation 61 B51 (Fig. GTP complex formation is increased while higher
6Ag,n; data not shown). In contrast, greater than 95p6p#0-  concentrations of RanBP3 inhibit complex formation
1 cells accumulate'3TS1 at restrictive temperatures (Moy and (Englmeier et al., 2001). Importantly, RanBP3 has variable
Silver, 1999). Furthermore, we cannot detect an mMRNA exposdffects on Crm1 export complex formation depending on the
defect inprp20(S297Nwhile theprp20-1mutant has a strong cargo substrate. When Snurportin and the leucine-rich NES
MRNA export defect (Amberg et al., 1993). Interestingly, thecargos are mixed with Crml and RanGTP, the Crml-
prp20(S297N)mutant was previously identified from the sameSnurportin-Ran-GTP complex is favored over the Crm1-NES-
ts~ mutant library in a screen for mutants that mislocalize NplRan-GTP complex because Snurportin forms a higher affinity
(Corbett and Silver, 1996). complex (Englmeier et al., 2001; Paraskeva et al., 1999).

However, when RanBP3 is added to this mixture, the

) ) Crm1/NES/RanGTP complex is efficiently formed and the
Discussion complex formation of Crm1/Snurportin/RanGTP is decreased
In this paper, we used a novel assay in combination with yea@Englmeier et al., 2001).
mutants to further define the requirements for proper export of The differential effects of RanBP3 on Crm1 function may
the small ribosomal subunit out of the nucleY®B2is  help to explain why loss of Yrb2 in yeast affects the biogenesis
required for both the stability of the nascent small ribosomabf the small ribosomal subunit more than the biogenesis of the
subunit and the efficient nuclear export of this subunit. Idarge ribosomal subunit. Both ribosomal subunits appear to use
addition, a large-scale screen of temperature-sensitive mutarmsCrm1-dependent export pathway (Gadal et al., 2001; Ho et
yielded additional evidence for the involvement of Ran and thal., 2000b). If Yrb2 functions similarly to RanBP3, Yrb2 may
nuclear pore complex in small ribosomal subunit export. Thesivor the nuclear export of the small ribosomal subunit over
findings are discussed in the context of what we know aboutlhe export of the large ribosomal subunit. The decreased
the role of these factors in nuclear export. abundance of the small subunityirp2A cells could be a result

In previous studies, we showed that small subunit export isf the degradation of unexported small subunits. Nuclear
inhibited in the temperature-sensitive mutampol-1  export of 60S subunits is required for their stability (Ho and
However, it remained a formal possibility that this was anlohnson, 1999; Ho et al., 2000a).
indirect effect since thexpol-1 mutant mislocalizes the The question remains as to how Crm1 and Yrb2 promote
RanGAP Rnal to the nucleus at the restrictive temperatuexport. One possibility is that Crm1 binds directly to the small
resulting in the disruption of the Ran gradient (Feng et alsubunit. However, despite extensive attempts we could not
1999). Consequently, whexpol-1 cells are shifted to the detect Crm1 bound to small subunits and could not reconstitute
restrictive temperature, they immediately show a defect i€rm1 binding to purified ribosomal subunits. An attractive
mMRNA export (Stade et al., 1997), which can be suppresseiternative is that there is an adaptor protein that promotes
by overexpression obBP5 an RNA helicase essential for binding of Crm1 to the small subunit. Such an adaptor would
mRNA export (Hodge et al.,, 1999). In contrast, uponbe analogous to the role of Nmd3 in promoting binding of
leptomycin B addition, therm1(T539C) mutant accumulates Crml to the large subunit. Yrb2 could be such an adaptor.
the NES reporter in the nucleus within 5 minutes, but thélowever,YRB2is not essential for normal growth while one
crm1(T539C) strain does not accumulate mRNA in themight expect such an adaptor to be essential if it is a critical
nucleus until 1 hour after treatment, suggesting that thpart of the small subunit export pathway. Further experiments
primary defect is indeed in NES-dependent export (Nevillavill be required to identify such an adaptor.
and Rosbash, 1999). We now show that LMB-treated In order to identify additionarans-acting factors involved
crm1(T539C) cells accumulate the small ribosomal subunit inn small ribosomal subunit export, we screenedt86Mutants
the nucleus with timing similar to that of NES accumulation.with the 3 ITS1 localization assay. We identified 5 nucleoporin
Therefore, the involvement of Crml in small ribosomalmutants and 2 Ran regulator mutants that are defective in small
subunit export is likely to be direct. subunit export. Interestingly, no novel factors were identified.

Yrb2 is a member of the Ran binding protein family and isThis could indicate that it may be difficult to generate
required for the efficient export of Crml-mediated cargoconditional alleles of such factors. Alternatively, there may be
(Taura et al., 1998). Here, we show that the export of the smafiherent limitations to the assay presented here as screens of
ribosomal subunit is delayed ynb2A4 cells. Initially, we could the same collection have yielded large numbers of mutants
not detect mislocalization of’ 3TS1 in yrb2A xrnlA cells  defective in assembly and export of the large ribosomal subunit
because the accumulation of cytoplasmic 51 fragment (Bassler et al., 2001; Gadal et al., 2001; Milkereit et al., 2001).
conceals the small ribosomal subunit export defect. HoweveFrom ourts™ screen, we identified three mutants in which the
in yrb2A XRNZT cells we could detect nuclear accumulation ofts- mutation was not linked to the 5TS1 mislocalization
5 ITS1 and the delay in processing 20S pre-rRNA. phenotype. After separation from ttse mutation, the 5ITS1

The exact function of Yrb2 in Crm1-mediated export is stillmislocalizing mutants grew at normal rates at all temperatures
not clear. In vitro, Yrb2 disassociates the Crm1/NES/Ranfdata not shown). Since the characteristics of these mutants do
GTP export complex so Yrb2 may function in the terminalnot match the phenotypes of known nuclear transport factors,
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these mutants may correspond to novel factors involved iboye, V., Wepf, R. and Hurt, E. C.(1994). A novel nuclear pore protein
small ribosomal subunit export. Nup133p with distinct roles in poly(A)+ RNA transport and nuclear pore

In | we examin 17 nucl rin mutan ; distribution. EMBO J.13, 6062-6075. _
|TSlt|0ta ’l. et exa ed_l_ | uc ??IE)O utta ttS Wltz tpe t.SEngImeler, L., Fornerod, M., Bischoff, F. R., Petosa, C., Mattaj, . W. and
ocalization assay. lwelve or theseé mutants are detec IVeKutay, U. (2001). RanBP3 influences interactions between CRM1 and its

in the assembly of the small ribosomal subunit (Moy and nuclear protein export substrat&BO Rep2, 926-932.
Silver, 1999). These assembly defects could be caused Bybre, E. and Hurt, E. (1997). Yeast genetics to dissect the nuclear pore
alterations in the nuclear export of mMRNAs encoding ribosomal complex and nucleocytoplasmic traffickimganu. Rev. Genesl, 277-313.

: ; : : eng, W., Benko, A. L., Lee, J. H., Stanford, D. R. and Hopper, A. K.
proteins or by defects in the nuclear import of rlbosomaF (1999). Antagonistic effects of NES and NLS motifs determine S. cerevisiae

proteins, assembly factors, or ribosome biogenesis regulatorsgpnaip subcellular distributiod. Cell Sci.112, 339-347.

Seven of these nucleoporin mutants are also defective in tlrerrigno, P., Posas, F., Koepp, D., Saito, H. and Silver, P. £1998).
nuclear export of the small ribosomal subunit (Table 2). Two Regulated nucleo/cytoplasmic exchange of HOG1 MAPK requires the
nucleoporin mutants are defective in small ribosomal subunit Porin beta homologs NMD5 and XPCEMBO J.17, 5606-5614.

- - nley, D., Bartel, B. and Varshavsky, A.(1989). The tails of ubiquitin
export, but do not have detectable defects in ribosome precursors are ribosomal proteins whose fusion to ubiquitin facilitates

assembly. Overall, these results emphasize the multipleribosome biogenesidlature338 394-401.

transport functions of nucleoporins and the importance of theomerod, M., Ohno, M., Yoshida, M. and Mattaj, I. W. (1997). CRML is

NPC in ribosome biogenesis. an export receptor for leucine-rich nuclear export sigr@ddl 90, 1051-
P ; . 1060.

It is |n'tere_st|ng to SpeCUIate on the role of Certal.nFukuda,M.,Asano, S., Nakamura, T., Adachi, M., Yoshida, M., Yanagida,
nucleopor!ns n _”bosome eXPOTt- It C_OUId b_e that certain M. and Nishida, E.(1997). CRML1 is responsible for intracellular transport
nucleoporins define docking sites on either side of the NPC mediated by the nuclear export signéature 390, 308-311.
that are critical for binding and/or release. They could als&adal, O., Strauss, D., Kessl, J., Trumpower, B., Tollervey, D. and Hurt,
define contact sites within the NPC that the ribosome makesE: (2001). Nuclear export of 60s ribosomal subunits depends on Xpolp and

. - . equires a nuclear export sequence-containing factor, Nmd3p, that associates
as It passes throth the channel. The manner in which a Iarg ith the large subunit protein Rpl10@ol. Cell. Biol.21, 3405-3415.

particle such as a ribosomal subunit passes through the NR{gidstein, A. L., Snay, C. A., Heath, C. V. and Cole, C. N(1996).
remains one of the outstanding questions in cell biology and Pleiotropic nuclear defects associated with a conditional allele of the novel
further analysis of these and other transport mutants in nucleoporin Rat9p/Nup85p/ol. Biol. Cell7, 917-934.

; ; ; ; ; ; Gorlich, D. and Kutay, U. (1999). Transport between the cell nucleus and the
combination with biochemical assays will help to further cytoplasmAnnu. Rev. Cell Dev. Biol5, 607-660.

elucidate the process. Gorsch, L. C., Dockendorff, T. C. and Cole, C. N(1995). A conditional
. . allele of the novel repeat-containing yeast nucleoporin RAT7/NUP159
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