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In Saccharomyces cerevisia@ large variety of pre-ribosomal  of ribosomal proteins and pre-ribosomal factors with nascent
factors have been identified recently, a number of which are still  pre-rRNAs gives birth to a 90 S pre-ribosomal complex, which
of unknown function. The essential pre-ribosomal 30-kDa pro-  undergoes various steps of maturation, first in the nucleolus,
tein, Nsa2, was characterized as one of the most conserved pro- then in the nucleoplasm, and finally in the cytoplasm after
teins from yeast to human. We show here that the expression of  export through the pores of the nuclear envelope (for a review
the human orthologue TINP1 complements the repression of ~ ofthe whole pathway, see Refs. 3...5). Along this maturation, the?
NSA2in yeast. Nsa2 was co-purified in several pre-ribosomal 90 S complex separates into a pre-60 S complex, which will gen-2
complexes and found to be essential for the large ribosomal sub-  erate the large ribosomal subunit containing mature 25 S, 5.8 S,Q
unit biogenesis. Like several other factors of the pre-60 S parti- and5 SrRNAs, and a pre-40 S complex, which will generate thed

=h
=

cles, the absence of Nsa2 correlated with a decrease in the 25 S small ribosomal subunit containing 18 SrRNA. A large number S
and 5.8 S ribosomal RNA levels, and with an accumulation of  of factors are necessary for the correct modification, cleavage,
27 SB pre-ribosomal RNA intermediates. We show that Nsa2 is  and processing of pre-rRNAs, the positioning of ribosomal pro- g
a functional partner of the putative GTPase Nogl. In the teins, and the export of the pre-60 S and pre-40 S partlcles"
absence of Nsa2, Nog1 was still able to associate with pre-ribo- toward the cytoplasm.

somal complexes blocked in maturation. In contrast, in the More than 100 factors associated with pre-60 S complexesm
absence of Nogl, Nsa2 disappeared from pre-60 S complexes. (pre-60 S factors) have been identified to date, a number of 2
Indeed, when ribosome biogenesis was blocked upstream of which remain to be characterized (4, 6 ...9). Some of them dis=
Nsa2, this short half-lived protein was largely depleted, suggest- play obvious enzymatic functions (RNases, helicases, methyé_:|
ing that its cellular levels are tightly regulated. lases, etc.). Others are annotated as putative enzymes based ap
sequence similarities, but their exact role in the biogenesis is®
still unclear. Among these factors, a set of putative GTPases is?

Ribosome biogenesis is a highly conserved process amorigquired at various steps of the maturation of the large subunit, 2
eukaryotes and results in the synthesis of functional small andnamely nuclear-nucleolar Nog1, Nog2, Nugl, and cytoplasmic
large ribosomal subunits, necessary for the translation oflsgl(10...12). As putative GTPases, these proteins are believedl
mRNAs into proteins in the cytoplasm. This essential process isto participate in the control of biogenesis; they may play a part I
tightly regulated; indeed, in exponentially growingaccharo- as proofreaders of the correct maturation of pre-ribosomal par- ©
myces cerevisiaeells, it accounts for about 60% of the meta- ticles at a precise step. In a previous work, we demonstratedm
bolic effort (1), whereas it is almost completely turned off dur- that the physical and functional partners Nog1 and Rip24 are 3
ing the stationary phase. required for adequate processing of the internal transcribed 5

The pathway begins with the transcription by RNA polymer- spacer 2 (ITSZjin 27 S pre-rRNAs, located between the 5.8 S N
ase | of a 35 S ribosomal RNA (rRNA) precursor and of the 5 Sand 25 S mature rRNAs (13).
rRNA by RNA polymerase IIl. This transcription, together with ~ Here, we have focused on a partner of Nog1, the essentlalfg
the nuclear import of ribosomal proteins, pre-ribosomal fac- pre-60 S factor, Nsa2 (for Nop seven-associated 2), which was
tors, and small nucleolar RNAs, is responsible for the self-asfound associated with pre-60 S complexes in tandem affinity
sembly of the nucleolus (reviewed in Ref. 2), a region of thepurifications (6, 7, 13, 14). It contains an S8 domain, named

nucleus specialized in the production of ribosomes. Associationafter the Rps8 archaeal and eukaryotic ribosomal proteins,
which could be involved in protein-RNA interactions. This fac-
tor appears to be one of the most conserved proteins in the
*TFTE work was Sukppoitéczi gyr %%TSOI?& the dElrJ]rOpMean ;Jnlf(:n the eukaryotic kingdom (15). Sequence conservation correlates
IOEOn';"e‘in?eer;"‘é?]'t S(queur otain Recherché ?:Cf Becml(;“(?ggezo%?)e Thvith function conservation, as we show here that the human
costs of publication of this article were defrayed in part by the payment 0rth0|09ue TINP1 is able to complement the repression of

of page charges. This article must therefore be hereby markeddVer- NSAZ2in yeast.
tisemen® in accordance with 18 U.S.C. Section 1734 solely to indicate
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this fact.
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

TABLE 1
Yeast strains used in this study
Strain Genotype Ref./source

MGD353-13D MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4 19

BY4742 MAT ,ura3 0, his3 1, leu2 0, lys2 0 17

BMAG6G4 MATa/ ,ura3-1/ura3-1,trpl 1/trpl 1, ade2-1/ade2-1, his3-11,-15/his3-11,-15, leu2-3,-112/leu2-3,-112 23

SC0935 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, NSA2-TAIRA 6

LMA158 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, NOG1-TARP1 11

LMA240 MATa, ura3-1, trpl 1, ade2-1, his3-11,-15, leu2-3,-112, Ypl093vwKanMX6 pFL36NOG1 This work
LMA241 MAT ,ura3-1, trpl 1, ade2-1, his3-11,-15, leu2-3,-112, Ypl093wKanMX6 pFL36nogl-2 This work
LMA242 MAT ,ura3-1, trpl 1, ade2-1, his3-11,-15, leu2-3,-112, Ypl093vKanMX6 pFL36-nogl-3 This work
LMA244 MATa, ura3-1, trpl 1, ade2-1, his3-11,-15, leu2-3,-112, Ypl093wKanMX6 pFL36nogl-4 This work
LMA245 MAT ,ura3-1,trpl 1, ade2-1, his3-11,-15, leu2-3,-112, Ypl093wKanMX6 pFL36nogl-5 This work
LMA271 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanM*®; ., ;-NSA2 This work
LMA272 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanM*%, ,, ;-NSA2, NOG1-TAPTRP1 This work
LMA275 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanMX%,, ,-NOG1, NSA2-TAPITRP1 This work
LMA276 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanM*%; ., ,-RLP24, NSA2-TAHRP1 This work
LMA277 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanM*®; o, -SSF1, SSF2:NAT, NSA2-TAPTRP1 This work
LMA344 MATa, trp1-289, ura3-52, ade2, leu2-3,-112, arg4, KanMX®;,, ,-NOG2, NSA2-TARPURA3 This work
LMA392 MAT ,ura3 0, his3 1, leu2 0, lys2 0, NSA2-TAPHis3MX6 This work
LMA393 MAT ,ura3 0, his3 1, leu2 0, lys2 0, NOG1-TAPHis3MX6 This work
LMA402 MAT ,ura3 0, his3 1, leu2 0, lys2 0, KanMX6:P;,, -NOG1, NSA2-TAPHIS3MX6 This work
LMA403 MAT ,ura3 0, his3 1, leu2 0, lys2 0, KanMX6:P;, ;-NOG1-TAP.His3MX6 This work
LMA404 MAT ,ura3 0, his3 1, leu2 0, lys2 0, KanMX6:Pg 5, -NSA2-TAPHis3MX6 This work
LMA405 MAT ,ura3 0, his3 1, leu2 0, lys2 0, KanMX6:P;,, -NSA2, NOG1-TAPHIS3MX6 This work

The absence of Nsa2 results in impaired 60 S levels in yeasype LMA240 strains.Their growth phenotypes were com-
cells (14). We show in this work that this protein is required for pared by spotting transformants in 10* dilution steps on min
the progression of the pre-60 S complexes through the ITS2imal medium without uracil at 25, 30, and 37 °C.
cleavage and processing steps. Additionally, the protein levels Matrix Two-hybrid Test,The strain CG1945, transformed
of Nsa2 appear to be tightly regulated and depend on properwith pAS2 -NOG1, NSA2 or RLP24baits, was mated with
60 S biogenesis upstream in the metabolic pathway. the strain Y187 transformed with the same genes cloned in
EXPERIMENTAL PROCEDURES pAC.TIIst. Diploids were spotted on minimql medium without

leucine and tryptophan ( LW) and then replicated on minimal

Yeast Strains, Plasmids, and Oligonucleotidése yeast  medium without leucine, tryptophan, and histidine ( LWH)
strains used in the present study are listed in Table 1. Chromo-fo the selection of positive clones. The strength of the interac-
somal deletions or gene fusions were generated by homologougyns was estimated by replicating on LWH medium contain-
recombination using PCR products to transform MGD353- ing 1, 5, 10, or 25 nw 3-aminotriazol (3-AT).
13D, BMAG64, or BY4742 strains (16). Details concerning these RNA Extraction, Northern Blotting, and Primer Extension

constructs may be provideq upon request. Disrupted strains inCells were broken with glass beads, and total RNAs were sub
the BY4742 background, with the KanMX4 marker, Carnefrornjected to phenol-chloroform extraction. RNAs were resolved m

the Euro;carf collection of dele_t|on strains (17). Plasmlgs fc_)rOn 6% polyacrylamide-urea gels or on 1% agarose gels and theg
two-hybrid assays were obtained by Gateway cloning in . oo

L .~ “transferred to Hybond-N membranes and probed with vari- o
PAS2 = and pACTIIst destination vectors. Thermosensitive ous *2P-labeled oligonucleotides or with random PCR probes ;
alleles of NOG1 (nogl1t$ were generated by mutagenic PCR 9 P )

. . . )
(18). They were expressed in the centromeric vector pFL36C||compIementgry3;o specific “?RNAS- Prllmer extensions were N
under control of the natural NOG1 promoter and terminator performed with **P-labeled oligonucleotides, and the products |

sequences. The plasmid pFL46s. .- TINP1 was obtained were then resolved on 5% polyacrylamide-urea gels. Quantifi-S

by cloning the completeTINP1 open reading frame (ORF) from cations were performed with ImageQuant software.

the TINP1 cDNA in the multicopy plasmid pFL46sll, under Sucrose Gradient and Protein Analysrﬁotgl protein
control of the natural NSA2 promoter and terminator extracts were prepared from exponentially growing yeast cells

sequences. The sequence of oligonucleotides used for Norther@S described previously (11) and separated on 10...50% sucrose
hybridization and primer extension analyses were as describe@radients by centrifugation fo 3 h at 190,000 gin a SW41
previously (13). rotor (Beckman). In each fraction of the gradient, the proteins
High-copy-number Suppressor Genetic Scigtie LMA241, ~ Were precipitated with 10% trichloroacetic acid, separated on
-242, -244, and-245 (nog1t§ strains were transformed with a 10% polyacrylamide-SDS gels, and transferred to nitrocellulose
yeast genomic high-copy-number vector library constructed membranes. Tandem affinity purification (TAP)-tagged pro-
in pFL44L. The transformants were grown on solid synthetic teins were detected with a 1:10,000 dilution of the peroxidase-
minimal medium lacking uracil at 37 °C. Colonies that had anti-peroxidase-soluble complex (Sigma). Native proteins were
lost their thermosensitive phenotype when compared with detected by indirect immunoblotting, using as primary anti-
the same strains transformed with an empty vector werebodies specific polyclonal rabbit antibodies at 1:2,000 to
selected. Plasmidic DNA was recovered and DNA insertsl:10,000 dilutions. Anti-Nog1, anti-RIp24, and anti-Nog?2 anti-
were sequenced. The suppressor plasmids were checked yodies were as described by Saveatal. (13).Anti-Nsa2 anti-
retransformation of thenogltsand the corresponding wild bodies were produced by immunization of rabbits with
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

recombinant GST-Nsa2 fusion protein produced ifEsche-
richia coli BL21.Anti-Arx1 and anti-Alb1 antibodies were pro-
duced by immunization of rabbits with specific immunogenic -
peptides and were affinity-purified (Covalab). Antibodies NOG1
against Nop7, Rpl1, and Tif6 were obtained from J. L. Woolford
(Dept. of Biological Sciences, Carnegie Mellon University,
Pittsburgh), F. Lacroute (Centre de Génétique Moléculaire,
CNRS, Gif-sur-Yvette, France), and F. Fasiolo (Institut de
Biologie Moléculaire et Cellulaire, CNRS, Strasbourg, France),
respectively. Rabbit anti-glucose-6-phosphate Dehydrogenase
(G6PDH) antibody was from Sigma.

Secondary antibodies (goat anti-rabbit-horseradish peroxi- o
dase conjugate from Bio-Rad) were used at a 1:10,000 dilution.
Visualization of the peroxidase activity was performed with the
ECL chemiluminescence kit (Amersham Biosciences).

Tandem Affinity Purification of Complexg®rotein com-
plexes associated with Nog1-TAP were purified according to B
the standard TAP protocol (19), starting from 4 liters of yeast
culture. The purified protein samples were separated by SDS-
PAGE and analyzed by Western blot as described above. For the
analysis of Nsa2-associated RNAs, only the first step of the TAP
protocol was performed, with a lysis buffer containing 20 i
vanadyl ribonucleoside complex (New England Biolabs) and a
TEV protease digestion buffer containing 0.1 unit/l recombi-
nant RNasin (Promega). The RNAs contained in the TEV elu-
ates were extracted twice with phenol-chloroform, precipi-

allele:

Sl NOG1

NSAZ2

NOG1 nog1-3

NSAZ2

Owverexpression of:

NOG1 nog1-5

NSAZ2

NOGT1

RLP24

Preys

NSAZ2

-Lw
tated, and then analyzed by primer extension or Northern blot FigyrE Nog1 and Nsa2 interact genetically and physically. A NSAZs a

high-copy-number suppressor ofioglts Wild type,nog1-3 ornogl-5mutant

as described above.
; i ; ; _strains were transformed with high-copy-number plasmids (pFL44sll) carry-
Glucose Repression of Specific GeBeains expressing var ing distinct DNA inserts KOG1NSA2or no insert ( )) and plated in 10 *

ious pre-60 S genes under the control of a galactose-induciblejiiution series on synthetic medium without uracil at 25, 30, or 37 {C for 2
promoter were shifted from galactose- to glucose-containing days.B Nsa2 is a two-hybrid partner of NogINOG1RLP2dand NSA2were

ich di The absorb 600 df |c@loned as complete ORFsinthe two-hybrid pAS2 and pActlistvectors. Bait
rich medium. The absorbance at Nmwas measured 10r €aCkhrrs cloned in pAS2 were transformed into the CG1945 strain; prey ORFs
mutant strain and the corresponding wild type strain over a cloned in pActlist were transformed into the Y187 strain. Both strains were

Rt ; mated, and diploids were selected on minimal medium without leucine and

24 h time course. Mefasurements were Standardlzed%oo nm  tryptophan ( LW). Then bait-prey pairs that displayed a two-hybrid interac-
at time 0. Total proteins or RNAs were extracted from these tion were selected on minimal medium without leucine, tryptophan, and
strains along the time course and consequently analyzed byistidine ( LWH.

Western blot or Northern blot as described above. . .
We performed a high-copy-number suppressor screen with

RESULTS thesenogltsstrains grown at 37 °C. In addition tatNOG litself,
the YER126C/NSAZ2ORF was selected in eight distinct DNA
Nogl and Nsa2 Are Functionally and Physically Linked inserts, seven of which also contained the adjacent OREPS
Noglis aputative GTPase involved in the biogenesis of the 60 §he smallest insert was constituted by a DNA fragment extend-
ribosomal subunit. In a previous work (13), we showed thating from 1,040 base pairs upstream of thBISA2 initiation
Nogl is required, together with RIp24, for adequate cleavage ofodon to 1,385 base pairs downstream of its stop coddSA2
ITS2in the rRNA maturation pathway, suggesting that it might and LCP5were subcloned, along with their promoter and ter-
be a regulator of the progression through this step. minator regions, in 2 plasmids.LCP5alone had no effect on
To get more insights into the function of Nog1 in this proc- the growth of the mutant strains (data not shown). Fig.A
ess, we searched for functional partners of this factor. Severashows the suppression of the phenotypes fapg1-3at 30 and
mutants of NOG1were obtained by random PCR mutagenesis37 °C andnogl-5at 25 and 30 °C when eitheNOG1 or NSA2
on the whole ORF. Conditional alleles were selected imagl  was overexpressed. In contrast tdOG1, NSA2did not com-
strain, expressing the mutant alleles on a centromeric plasmid.plement nogl strains (data not shown). Hence, the genetic
nogl-2to nogl-5alleles conferred a thermosensitive phenotypelink betweenNSA2andNOG1is not due to a functional redun-
as well as impaired 27 SB processing when strains were growdancy of the gene products.
at 37 °C (data not shown). The most severe phenotype was Apart from this genetic link between both genes, we could
obtained for nogl-5containing strains, which were also identify, through a two-hybrid matrix analysis, a physical inter-
strongly affected for growth at 25 and 30 °@og1-3€ontaining action between Nog1l as a prey and Nsa2 as a bait (FB). This
strains were less affected but displayed pre-60 S export defectsiteraction supported growth of the diploid cells on minimal
when grown fa 2 h at 37 °C(data not shown). medium without leucine, tryptophan, or histidine containing
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor
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Overexpression of:

FIGURE ZIINP1is the human orthologue of NSA2 A, Nsa2 is much conserved among eukaryotes. Sequences of Nsa2 homologues in 10 model organisms
were aligned with ClustalX. The conserved residues between all speciessr@adedn black The residues that are conserved between at least five species are
shadedn gray. Dark grayindicates residues for which the chemical properties are conservéoverexpression off INPomplements the absence of Nsa2. A
strain expressingfNSA2inder the control of the Pg 5, jpromoter and the corresponding wild type strain were transformed with pFL46slI egPressrﬁtNleder
control of the NSAZromoter and terminator sequences or with the corresponding empty vector (). Transformants were plated in 10" dilution steps on
glucose-containing minimal medium without leucine and then incubated for 2D7 days at 30 C.

up to 5 mm 3-AT (data not shown). Moreover, both Nogl and with a N-terminal fragment of Nogl reduced to its first 160
Nsa2 also interacted strongly with themselves in the two-hy-amino acids, a conserved domain located upstream of the hypo-
brid test (Fig. B); for Nog1-Nogl or Nsa2-Nsa2 interactions, thetical GTP binding site of the protein (data not shown).
diploid cells resisted 3-AT concentrations of 25 m (data not TinP1Isthe Orthologue of Nsa2 in Human Ce|Nsa2 (Nop-
shown). As a negative control, no interaction was observedseven-associated protein 2) is a 261-amino acid-long protein,
between the RlIp24 bait and the Nsa2 prey, whereas this baitvhich was previously identified in pre-60 S complexes isolated by
could interact with its partner Nog1l (Fig. B); this interaction tandem affinity purification (14). This protein is highly conserved
resisted 25 nm 3-AT (data not shown). A two-hybrid interac- among eukaryotes; its human homologue, TinP1 (TGHnduci-
tion was also observed between Nsa2 and mutants of Nogble nuclear protein 1), displays 62.1% identity and 77.4% similarity
blocked either in a GTP- or in a GDP-bound state, as well aswith Nsa2, which makes it one of the most conserved proteins in
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FIGURE 3Isa2isinvolved in the processing of ITS2. A schematic representation of the pre-rRNA processing steps involved in the formation of mature 5.8 S
and 25 SrRNAiS. cerevisiad he relative positions of the oligonucleotides used in this study are indicate®) Nsa2 is required for adequate processing of 27 SB
pre-rRNAs. Total RNAs were extracted from the wild type BY4742 straifT(grown in YPD medium, as well as of the LMA392 strain in whiblsA2vas under

control of aPg 5 jpromoter, at several time points after a shift to YPD medium. Mature rRNAs were analyzed by agarose gel electrophoresis and EtBr staining.
27 SB and 27 SAintermediates were detected by primer extension with oligonucleotide CS10. 7 Sand 5.8 S were analyzed by Northern blot, using the CS3 and
CS5 probes, respectively. Detection of sShRNA U2 was used as aloading control. The 27 SBJ2dt®An the Pg o, {NSAZtrain was normalized to the wild type

ratio, set arbitrarily as 1C, Nsa2-TAP co-purifies with the substrate and products of the ITS2 cleavage. Extracts from a non-taggBibaR2-TABtrains were
affinity-purified on IgG-Sepharose. RNAs contained in the crude extract or in the TEV-eluted fraction were extracted and analyzed by primer eotelest

pane)) and Northern blot fight pane). The 35 S pre-rRNA was detected with oligonucleotide CS19and 25 S, 18 S, and 5 S pre-rRNA with oligonucleotides CS8,
CS14, and MFR422, respectivatir., control.

the yeast proteome (15). The alignment of Nsa2 homologues ircomplement a strain in whichNSA2 was repressedife. a
model organisms (Fig. &) illustrates this strong conservation. PsaL1i-NSA2 strain grown in glucose-containing medium)
We tested whether TinP1 was the orthologue of Nsa2 bycompared with the same strain transformed with the corre-
complementation experiments. A 2 plasmid expressing sponding empty vector (Fig. B). In contrast, in a wild type
TINP1 under the control of the Pyga, Promoter was able to strain, the overexpression oTINP1 was slightly toxic. Our
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related with an increase in the
NSA2-TAP NSA2-TAF PgaL1-NOG1 27 SB/27 SA ratio. We concluded
that Nsa2 is required for appropri-
ate C/C, cleavage and processing
steps of ITS2 during the maturation
of the large ribosomal subunit (Fig.
3A).

27 SB and 7 S rRNA Intermedi-
ates Accumulate in Nsa2-TAP
Complexeslo confirmthe involve-
ment of Nsa2 in the processing of
ITS2, we isolated rRNA intermedi-
ates contained in Nsa2-TAP-associ-

Nsa2-TAP] -—-- ated complexes. After affinity puri-
g Nog1 -- fication on IgG-Sepharose of either
7 a strain expressing NSA2-TAP or
2A NOG1-TAP NOG1-TAP, PgaL1-NSA2 a wild type, non-tagged strain as a

negative control, primer extension
and Northern blot analysis were
performed on the TEV eluates
(Fig. X). 27SB, 25.5S, and 7S
rRNA intermediates were strongly
enriched in the Nsa2-TAP-associ-
ated complexes when compared
with the non-tagged strain. Hence,
both the substrate and the products
of the C, cleavage step can be found
in  Nsa2-TAP-containing com-

\%

Nsa2 PR S/t i U = . T Tl plexes (Fig. 3). We could also
Nogl-TAP] e T - BT o e 3 detect a slight enrichment of 5S
—_— > rRNA in the complexes, consistent

Sedimentation with this RNA polymerase Il tran-

FIGURE 4og1 precedes Nsa2 in the pre-60 S assembly scenario.Whole cell extracts were prepared from  SCript being already associated with
LMA392, LMA393, LMA402, and LMA405 producing Nsa2-TAP or Nog1-TAP in wildRgpesNOG1orPga 1 re-60 S particles when cleavage of
NSAZontexts and were grown for 16 h in YPD. Complexes were separated on sucrose gradients by ultracens .
trifugation. Absorbance at 254 nm was measured, and 0.5-ml fractions of the gradient were collected. PealJ 3 S2 occurs. In contrast, no major
corresponding tothe 40 S, 60 S, 80 S particles or to the polysomes are indicated. The proteins of each fractigifference between TEV eluates was
were precipitated with trichloroacetic acid and analyzed by Western blot, with peroxidase-anti-peroxidasedetected in the levels of the other

complex for the detection of the TAP fusion proteins or with antibodies directed against non-tagged Nsaz2 or
Nog1. P 9 9 pre-rRNASs (27 SA2, 35 S) or mature

RNA polymerase | transcripts (25 S,
data strongly suggest that HumamINP1 is thus the ortho- 5.8 S, or 18 S). The observed signals, as well as the observed W2
logue of NSA2 snRNA levels, thus probably correspond to background con-g

27 SB rRNA Intermediates Accumulate in the Absence dfamination. These dataindicate that Nsa2 is presentin pre-60 S3
Nsa2,The functional links between Nogl and Nsa2 suggested complexes during the ITS2 cleavage.
that both factors might be involved in the same cellular path- Nogl Is Involved in Pre-60 S Assembly before N$abetter
way. Additionally, previous work (14) had shown that Nsa2 isdefine the biological processes in which Nogl and Nsa2 are
required for maintenance of adequate cellular 60 S ribosomalinvolved, we attempted to place them in the assembly sketch of
subunit amounts. Altogether, these data suggested that Nsa2he pre-ribosome.
might be required for the completion of the large ribosomal  We first checked that both proteins were present in macro-
subunit biogenesis. To identify this step, a strain in which NSA2 molecular particles in sucrose gradient experiments followed
was under control of aPg,, ; promoter was shifted to glucose by Western blot analysis (Fig. 4). Both Nsa2-TAP and Nog1-
from 0 to 24 h. Mature rRNAs and pre-rRNA species were TAP could be detected in fractions corresponding to the 60 S
analyzed and quantified along this repression time course (Figparticles. As a control, the ribosomal protein Rpl1 was found to
3B). This experiment revealed a decrease in the levels of matursediment in the 60 S peak, the 80 S peak, and polysomes (data
5.8 S and 25 S rRNA species in the mutant compared with thenot shown).
wild type strain grown in glucose-containing medium. Within To go further with the investigation of the assembly order, we
the same period of time, 18 S rRNA levels were not affected. tried to define whether one of these factors was essential for the
As far as rRNA intermediates are concerned, we detected doading of the other one on the particle. Analysis of Nsa2-TAP-
drop in the 7 S levels (standardized to U2 snRNA), which cor-associated complexes was performed inRy,, ;-NOGL1 strain
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

rL purification of Nogl-TAP-associated complexes in absence of
(g?* Nsa2 could provide a snapshot of the large ribosomal subunit at
a precise step in the assembly.
Composition of the Pre-60 S Particles before the Action of
Q 0?'\’ Nsa2,Because Nsa2 seemed to be involved in pre-riboso-
mal complexes later than Nogl, we thought that we might
block the biogenesis downstream of Nogl by repressing

NOQ1 NSA2 and in this way enrich yeast cells in pre-ribosomal
complexes characteristic of the ITS2-processing step. Nog1-
TAP-associated particles were purified by the TAP method

Nsa2 from a strain wild type for Nsa2 or a strain in whichNSA2

B was repressed. Differences in composition between both
complexes were assessed by immunoblotting for distinct

. known pre-60 S factors or proteins of the large ribosomal

e Tif6 subunit (Fig. 5). WhenNSA2was repressed, we detected in
the Nogl-TAP-co-purified complexes a slightincrease in the
amounts of Tif6 and Nop7 and a disappearance of Arx1,

N0p7 Albl, and Nog2. RIp24 levels appeared unchanged betwee
the wild type and the mutant complexes. As loading controls,
the Nogl bait and the large ribosomal protein Rpll were

- Arxd found in similar amounts in both complexes. Together, these

data suggest that Nsa2 effects on the large ribosomal subuni
biogenesis occur after the loading of Nog1, Tif6, and Nop7to §
pre-60 S particles and before the loading of Nog2, Arx1, and §

—— - Alb1 Albl. Unchanged levels for RIp24 might indicate that this

factor, like Rpll, is present in stoichiometric amounts in all

Nogl-associated complexes from the beginning to the end.

- — - Nog2 This is consistent with previous results showing that Rlp24
precedes Nogl and dissociates from pre-60 S particles at Iateg
cytoplasmic steps of biogenesis (13).

RI p2 4 Presence of Nsa2 in Yeast Cells Is Dependent upon the Presenchf
Pre-60 S Complexgas noted previously, when NOG1 was 2
repressed, not only was Nsa2-TAP absent from the 60 S fraction ofg
sucrose gradient, butit also could not be detected anywhere else ir

AR o B Rp” the gradient (Fig. 4), whereas Rpl1 remained bound to 60 S com-l_il_l1

plexes. This disappearance of Nsa2-TAP in Nogl-depleted ceIIsO

FIGURE ®logl-associated complexes in the absence of Nsa2.Nog1-TAP- \vas also observed by immunofluorescence (data not shown). We‘n

associated complexes were purified using the TAP method, either under wild (o}

type conditions or in a Paa ;NSA2strain shifted to glucose-containing 'epeated the experiment on whole cell extracts depleted for;

mediumfor 16 h. The eluates were separated by SDS-PAGE and then analyzqore-ribosomal factors Nog1, Ssfl, RIp24, and Nog2, with G6PDHg
by Western blot with specific antibodies. used as a loading control (Fig 4. ,\,
Inthe absence of factors involved in the early steps of the 60 SB

shifted to YPD medium for 16 hin order to represBlOGL Under subunit maturation (e.g.Ssfl, Rlp24, Nogl), Nsa2-TAP van- 3

these conditions, Nsa2 was no longer observed inthe 60 S fractionshed from the yeast cell extracts. Conversely, in the absence of

and was undetectable in sucrose gradients (Fig. 4). This correlatethe later acting factor, Nog2, Nsa2 was still present and even
with acomplete disappearance of the Nsa2-TAP-purified complextended to accumulate.

(data not shown). Meanwhile, the ribosomal protein Rpll was still  This experiment was reproduced, detecting the wild type

detected in the 60 S peak, 80 S peak, and polysomes on sucrogam of Nsaz2 in strains in which various known pre-60 S factors

gradients (data not shown). Hence we conclude that Noglis essenwere repressed. Nsa2 levels decreased when upstream factors
tial for the presence of Nsa2 in pre-60 S particles. such as Ebp2, Mak11, RIp24, Pop3, or Nogl were depleted but

In contrast, Nog1-TAP still sedimented with 60 S particles not when downstream factors such as Nog2 or Lsgl were
whenNSA2was repressed for 16 h (Fig. 4). Hence, the absencdepleted (data not shown).

of Nsa2 did not impair the loading of Nogl to pre-60 S com-  To exclude possible effects of the long-term glucose shift, we

plexes. However, biogenesis of the large ribosomal subunit waalso looked for Nsa2 in thenogl-3andnogl-5strains, grown for

blocked, because rRNA maturation was impaired (FigBRand 2 h at 25 or 37 °C (Fig. B). Nsa2 levels were lower in extracts

a strong decrease in the 60 S levels was observed on sucrofem the nogl-3thermosensitive strain at restrictive tempera-

gradients. Together, these data suggest that Nog1l is involvetlre than at permissive temperature. In theogl-5slow grow-

upstream of Nsa2 in the process of ribosome biogenesising strain, Nsa2 levels were affected at both temperatures. As a

Because the 60 S biogenesis was blocked, we inferred that treontrol, no change was observed in Nsa2 levels in the wild type
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

A Psy~ SSF1 RLP24 NOG1 NOG2 First, we compared the growth in
liquid, glucose-containing medium
TimeinYPD(t). 0 16 0 16 0 16 0 16 for various strains in which a pre-
e 60 S gene was under control of the
Nsa2-TAP- —— — B — PoaLa Promoter (Fig. 7A). After a
» — T shift to glucose, thePga, -NSA2
NOG - — — strain stopped growing earlier than
strains depleted from other pre-60 S
(€L B o R —— — - factors (.e.Nogl, Nog2, or the very
¥ Nsa2-TAP- — [— -— — — stable factor, Npal). This is consist-

ent with Nsa2 being a short half-

B 25°C 37°C lived, essential factor compared
with other pre-60 S factors.

(-9'\ ,\2’ 5 6'\ ;\2’ \53 The clearance of Nsa2-TAP was
‘\0 (\OQ ) \\O (\OQ’ (\OQ followed for 16 h in aPg,, ;-NSA2-
TAP strain shifted to YPD medium
Nsa2- R S and compared with that of Nogl-
TAP in a Pga ,-NOG1-TAP strain.

We observed a rapid clearance of

NOQ - — — —— Nsa2-TAP compared with that of
Nogl-TAP (Fig. B). Thiswas notdue

GGPDH-"‘J . o —— —— to a difference in the stability at the
mMRNA level, because botiNSA2-

FIGURE &\sa2 is destabilized when ribosome biogenesis is blocked. A, Nsa2 level decreases in cells TAP and NOG1-TAPmRNAs disap-
depleted of upstream factors in the biogenesis of the large ribosomal subunit. The presence of Nsa2-TAP Wgseared within minutes when the
assessed by Western blot on total extracts from strains expressi@§F1RLP24NOG1 or NOG2under the . hi | .
control of the P, promoter grown for 16 hin YPGal (yeast extract-peptone-galactose) or YPD liquid mediumStrains were shifted to glucose (Fig.
As loading controls, Nog1 and G6PDH were detected with specific antibodies. The signal from Nsa2-TAP w&€), whereas the proteins could still
still detectable on this blot, as indicated by aasteriskB, Nsa2 is destabilized inogltsstrains. The presence of i
Nsa2 or Nogl was assessed by Western blot in wild typeg1-3 ornogl-5strains grown fa 2 hat 25 or 37 jC be detected for hours. T_he exper
in YPD liquid medium. As a loading control, GGPDH were detected with specific antibodies. ment was reproduced in Pga 4-

NOG1 or Pga ,-NSA2 strains by
strain, whatever the temperature. Hence, the above results areletecting both proteins with specific antibodies (data not shown).
independent of the nature of the mutants used. Note that Nog1 The clearance profiles looked very similar under these conditions,
was also hardly detectible with specific antibodies in thewhich suggests that the observed difference between Nogl an
mutants, indicating that the selected mutations probably desta-Nsa2 was not due to the presence of the TAP tag. We conclude:__>|
bilize the protein at elevated temperature. that Nsa2 is naturally less stable than Nog1. A rapid degradationl_In

We wondered whether the observed loss of Nsa2 was becauggocess could regulate levels of this factor in yeast, in correlation©
of effects at the protein or mRNA levels. In a Northern blot with the activity of ribosome biogenesis.
analysis of the strains tested above, we observed no change in
the levels of NSA2 mRNA when ribosome biogenesis was DISCUSSION
blocked (data not shown). This suggested that the Nsa2 protein Nsa2 Is an Unstable Pre-60S Factbr this work, we
itself, and not its MRNA, was destabilized. describe Nsa2 as a pre-ribosomal factor required for adequateg
Altogether, these results indicate that not only Nog1 is nec- processing of the ITS2, which separates 25 S and 5.8 S rRNA. /8
essary for the presence of Nsaz2 in pre-60 S patrticles, but alsmumber of pre-60 S factors, such as Nogl or RIp24, are necessary
when ribosome biogenesis is blocked upstream of Nsa2, thigor this step of maturation. The key feature concerning Nsa2 is that
factor is no longer present in yeast cells. An efficient ribosomeits presence in cells appears to depend on the efficiency of ribo-
biogenesis upstream of the ITS2 cleavage thus seems necessagme biogenesis. Indeed, in mutants where the biogenesis of the
for adequate recruitment of Nsa2 to the particle, and wheneverlarge ribosomal subunit was blocked upstream of Nsa2, this pro-
this pathway is impaired, Nsa2 is degraded. This phenomenortein was not detected in whole cell extracts (Fig. 6), whereas
specifically affects Nsa2, because when eitf®@8Flor RLP24 mRNA expression was not affected. This effect is not due to a
are repressed, Nog1 can no longer anchor to pre-60 S particleslestabilization of pre-60 S complexes, because they can still be
(Ref. 13 and data not shown), but it is still present in equivalentpurified in such mutants. Nsa2 is thus a good candidate for the
amounts in the cells (Fig. 8). coordination of regulation events affecting 60 S biogenesis at a
Nsa2 Is a Short-lived Factgihe disappearance of Nsa2 rate-limiting step of the ITS2 processing.
when ribosome biogenesis was blocked led us to study the sta- Our data suggest that Nsa2 might play a part in the quality
bility of this protein independently of ribosomal biogenesis control of pre-60 S particles. Under normal, rapid growth con-
defects. Hence, we compared the clearance of Nsa2 after a trarditions, high levels of Nsa2 would allow the progression of pre-
scriptional shut-off compared with that of other pre-60S 60 S particles through the ITS2 processing; these particles
factors. would then give birth to wild type amounts of large ribosomal
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

subunits in the cytoplasm. When pre-60 S maturation is
impaired upstream of Nsa2, a direct or indirect signal could
account for a drop of Nsa2 levels. One interesting hypothesis
would be that the absence of Nsa2 could block the ITS2 cleav-
age step, consequently preventing abnormal pre-60 S particles
from being exported toward the cytoplasm. This hypothesis
could explain why the absence of many pre-60 S factors results
in defects in the ITS2 processing; some of these phenotypes
might be an indirect consequence of the absence of upstream
pre-60 S factors on Nsa2 cellular levels. It is also possible that
Nsaz2, as its human homologue, is involved in more physiolog-
ical regulations in response to extracellular signals.

The low stability of Nsa2 in mutant conditions correlates with a
short half-life of this protein in wild type cells (Fig. 7) compared
with other pre-60 S factors. To date, we do not know whether this

>

al

[s+]

Ln[oDaoon m"‘ODGUOnm. t
[s:]

Time (h) rapid turnover is inherent to the protein or involves specific deg- g
radation mechanisms. One interesting hint for this questionisthat 2
B Time in YPD (h): 0 § % i % B & & the homologue of Nsa2 inCaenorhabditis elegan$Q9XTD3) §
Q ; interacts in two-hybrid with the Rpn10 subunit of the proteasome £
;E NS&ZTAP': _ (20). Hence, when pre-60 S biogenesis is impaired, Nsa2 might bg

B L 3 ' targeted to the proteasome degradation pathway.
_ s 2 CREDE - - | Nsa2 Is Highly Conserved in the Eukaryotic Kingdgtsa2 g
= Q is one of the most conserved proteins betweéh cerevisiaand 3
2 « & | Nog1-TAP- --- e humans (15). Additionally, homologues of this protein can be §
§ 20 found in all eukaryotic organisms sequenced thus far (FiAR &
[ S GOPDH- === s === = = ==='===  |jith a high degree of similarity. We showed that expression of z
E the human orthologue of the gendINP1 was able to restore 5:
=, C e YD 0 30° T 2 10 20 30 1 growth in a strain in which Nsa2 was depleted (FigBY. This S
% ' i indicates that not only the sequence but also the function of the 2
= a | NSA2-TAP mRNA-_!_. - protein was conserved during its evolution. 9
= S = In higher eukaryotes, Nsa2 homologues seem to be tightly @
IS O NOGT mRNA REE regulated. IndeedTINP1 stands for TGF -inducible Nuclear 2
= 2 Protein 1 as its mMRNA production was induced in response to [T
E: UZssRMAiss e eeee stimulation with transforming growth factor .* These features :__>|
E _ _ _ designate TinP1, like Nsa2 in yeast, as a good target for regula%
~ TmeinYPD: 0 30" 11 2 & 10 200 30 1h  {jon, possibly as a limiting factor for ribosome biogenesis. Q
o | NOGT-TAP mRNA- HNER Inaddition to these expression featureJNP1is locatedinthe ™
R human genome in the 5q13.3 region, which is compromised in 3
DEEG NSA2MRNA-S8 §4 §8 50 ¥ % .o ' patients with hairy cell leukemia (21). These authors suggest thaé
g TINP1, together with two other noncharacterized genes found in

U2snRNA- S 0 00 08 00 80 88 B B s cjion, constitute a candidate tumor suppressor gene 1)y
. . =]

FIGURE Nsaz2 is ashort-lived pre-ribosomal factor. A, strains in which _Moreover’ recent evidence suggests that high levels of transform-@

NSA2was repressed stop growing within a few hours. Various strains in ing growth factor- are secreted by hairy cells and favor the pro-

which a pre-60 S gene was under control of Bg ;promoter, as wellasa - gressjon of the pathology (22). An appealing hypothesis would
wild type strain, were grown in glucose-containing medium for 24 h. The . . .
absorbance (optical density) at 600 nmQDyy, ) Was measured, normal  therefore be that deregulation oTINP1 expression could partici-

ized to the value at time 0, and drawn as the logarithmic coordinates pate in the progression of the disease either because of chromo-

relative to time. Strainsf , wild type; , Pga tNPAL1E, P5a 1NOG1F, " ; : ;
P tNOG2 . Pon, fNSA2B, the clearance of Nsa2-TAP i shorter than somal abnormalities or because of stimulation by transforming

that of Nog1-TAP. The presence of Nsa2-TAP or Nog1-TAP in total extrac@fowth factor- . The data provided here indicate that expression
from Pga (NSA2-TARI Psa (NOG1-TARtrains was assessed over a of NSA2 and possiblyTINP1, is required for production of ribo-

16D24-h repression time course by Western blot. As a loading control, . . .
G6PDH was detected with specific antibodies. Nsa2-TAP corresponds tgOMmes and, consequently, for cell proliferation. A pathological

the detection of protein A from the TAP tag upon hybridization with overexpression of this normally tightly regulated gene might favor

G6PDH. The apparent increase of the signal in later fractions is an artifact;mor progression

of the successive hybridization with peroxidase-anti-peroxidase complex . ) .

and G6PDH, which we consistently found to increase weaker signals rela- Location of Nsa2 on Pre-60 S Particlgisthe present work,

g\-/f? to Stronbger 0n§3§ ?nd thltjl‘sl tOI equalize ﬂ;i’ﬂ\l ObzseTrXePd lealﬁllﬁ 1thTeAP we have shown that Nog1 binds to pre-60 S particles prior to Nsa2.
ifference observed between the clearances of Nsa2- and Nog1- i i :

not due to the stability of the MRNAs. The presence diSA2-TARNd ﬁ\lthough we could not detect anyn vitro interaction between the

NOG1-TAmMRNAS in total extracts fronPg, tNSA2-TABNd Pga {NOG1-

TAPstrains was assessed over a 1-h repression time course by Northern

blot. As loading controlsNOGland NSA2nRNAs were detected.
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Nsa2 Is an Unstable, Conserved Pre-60 S Factor

two recombinant proteins expressed ift. colj two-hybrid data 4. Fromont-Racine, M., Senger, B., Saveanu, C., and Fasiolo, F. (3608)
suggest that Nog1 and Nsa2 interact. Even if this interaction was ~ 313,17...42 ,

indirect, it would still indicate that the two proteins are positioned ~ > Tschochner, H., and Hurt, E. (2003yends Cell Biol13,255...263
relatively close to each other on complexes (FidB)1 The first 160 8. Gavin, A. C., Boschie, M., Krause, R., Grandi, P., Marzioch, M., Bauer, A,

. . L K . Schultz, J., Rick, J. M., Michon, A. M., Cruciat, C. M., Remor, M., Hofert,
amino acids of NOgl’ which interact Strongly with Nsa2 in two- C., Schelder, M., Brajenovic, M., Ruffner, H., Merino, A., Klein, K., Hudak,
hybrid assays, are more conserved between yeast and higher . Dpickson, D., Rudi, T., Gnau, V., Bauch, A., Bastuck, S., Huhse, B.,
eukaryotes than the C-terminal part of the protein. It suggeststhat  Leutwein, C., Heurtier, M. A., Copley, R. R., Edelmann, A., Querfurth, E.,
the N-terminal domain has undergone a higher selective pressure, Rybin, V., Drewes, G., Raida, M., Bouwmeester, T., Bork, P., Seraphin, B.,
possibly for the conservation of the interaction with Nsa2. Thus ~ Kuster, B., Neubauer, G., and Superti-Furga, G. (2082ure 415,
far, we could not determine whether the observed physical inter- 141...147 i

. . . 7. Nissan, T. A., Bassler, J., Petfalski, E., Tollervey, D., and Hurt, E. (2002)
action was direct or needed the whole structure of pre-60 S parti- EMBO 321 5530 5547
cles to occur. If it occurred physiologically, a direct interaction g 1o v. Grunler, A., Heilbut, A., Bader, G. D., Moore, L., Adams, S. L.,
between Nogl and Nsa2 might require a specific conformation,  wiliar, A., Taylor, P., Bennett, K., Boutilier, K., Yang, L., Wolting, C.,
which could be achieved within pre-60 S complexes but notwhen  Donaldson, I., Schandorff, S., Shewnarane, J., Vo, M., Taggart, J., Goud-
the proteins are free in solution. reault, M., Muskat, B., Alfarano, C., Dewar, D., Lin, Z., Michalickova, K.,

An additional hint for the possible position of Nsa2 on pre- Willems, A. R., Sassi, H., Nielsen, P. A., Rasmussen, K J., Ander;en, Jg?.,
60 S complexes was provided by two-hybrid experiments. In a Johansen, L. E., Hansen, L. H., Jespersen, H., Podtelejnikov, A., Nlelsen,i,

enomic two-hvbrid screen performed with Nsa2 as bait. we Crawford, J., Poulsen, V., Sorensen, B. D., Matthiesen, J., Hendricksoﬁ,
9 y P ’ R. C., Gleeson, F., Pawson, T., Moran, M. F., Durocher, D., Mann, M.E

found three distinct ribosomal proteins as preys: Rpl4, Rpl15,  j5que c. w., Figeys, D., and Tyers, M. (200@)ture 415,180 ...183 o
and Rpl18? Interestingly, when looking at the position of the o Krogan, N. J., Peng, W. T., Cagney, G., Robinson, M. D., Haw, R., Zhon
prokaryotic homologues in the structure of the mature large G., Guo, X., Zhang, X., Canadien, V., Richards, D. P., Beattie, B. K., Lal
ribosomal subunit, all three proteins are grouped on the right A., Zhang, W., Davierwala, A. P., Mnaimneh, S., Starostine, A., Tikuisis
shoulder, onthe external side of the subunit. These datasuggest A- P Grigull, J., Datta, N., Bray, J. E., Hughes, T. R., Emili, A., and Gree

that Nsa2 might anchor to the precursors of the large subunitin __ /att J. F. (2004ylol. Cell 13,225...239 _
10. Bassler, J., Grandi, P., Gadal, O., Lessmann, T., Petfalski, E., Tollervey,

the vicinity of this site. _ Lechner, J., and Hurt, E. (2008ol. Cell8, 517...529
ConclusionWe have characterized Nsa2 as a pre-60 S factor 11. Saveanu, C., Bienvenu, D., Namane, A., Gleizes, P. E., Gas, N., Jacquie
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