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The exosome subunit Rrp43p is required for the
efficient maturation of 5.8S, 18S and 25S rRNA
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ABSTRACT

The Saccharomyces cerevisiae protein Rrp43p co-
purifies with four other 3 '- 5" exoribonucleases in a
complex that has been termed the exosome. Rrp43p

factors include nucleolar proteins, snoRNAs, putative RNA
helicases and a number of nucleaded,6-8). Rntlp, which is
similar to prokaryotic RNase lll, and the RNase MRP show
specific endonucleolytic activitiés vitro (9,10). Rnt1p has been

itself is similar to prokaryotic RNase PH. Individual
exosome subunits have been implicated in the 3 '
maturation of the 5.8S rRNA found in 60S ribosomes
and the 3 ' degradation of MRNAs. However, instead of
being deficient in 60S ribosomes, Rrp43p-depleted
cells were deficient in 40S ribosomes. Pulse—chase
and steady-state northern analyses of pre-RNA and
rRNA levels revealed a significant delay in the synthesis

of both 25S and 18S rRNAs, accompanied by the stable
accumulation of 35S and 27S pre-rRNAs and the
under-accumulation of 20S pre-rRNA. In addition,
Rrp43p-depleted cells accumulated a 23S aberrant
pre-rRNA and a fragment excised from the 5 ' ETS.
Therefore, in addition to the maturation of 5.8S rRNA,
Rrp43p is required for the maturation 18S and 25S
rRNA.

INTRODUCTION

implicated in cleavages in theBTS (site A&) and in the 3ETS

(9). RNase MRP is responsible for cleavage of 27S pre-rRNA at
A3 (10). Processing of the resulting 2758xe-rRNA to form the
mature 5-end of the 5.8§requires the's. 3' exonucleases Rat1p
and Xrnl1p 6,8). These nucleases are also required for degradation
of excised spacer fragments, including the sections betwgen A
and A, Ay and Ag, and D and A (1,6,8).

Although factors involved in the initial cleavage of 27S
pre-rRNA in ITS2 have not been identified, a number of genes
have been implicated in the-35' exoribonucleolytic processing
of 5.8S rRNA, which occurs after cleavage at(Eig. 1). Five
proteins, Rrp4p, Rrp4lp/Ski6p, Rrp42p, Rrp43p and Rrp44p/
Dis3p, comprise a complex called the exosome that has been
implicated in 5.8S processing,{1). Rrp4p, Rrp41p/Ski6ép and
Rrp44p/Dis3p exhibin vitro 3 - 5’ exoribonuclease activity).
Rrp42p and Rrp43p are similar to the RNase PH/PNPase family
of ribonucleases and, for this reason, are also presumed to be
3 -5 exoribonucleases/(12). Depletion of any of the five

osome subunits delays 5.8S maturation and results in the

article containing "struncated 25S rRNA but no 5.8S rRNA

. Deficiencies in an additional geri®RP6 which is similar
0 RNase D, cause the accumulation of 5.8S rRNAs with short
'-end extensions 1¢). The exosome subunits Rrpdp and
rp41p/Ski6p have also been implicated in theée§radation of

spacer sequences and modifications that include ribose and b
methylation and conversion of uridine to pseudouridine (fo
reviews seé—4). Whereas the mechanism of pre-rRNA processin
still remains largely unknown, the major steps of the processi
pathway irSaccharomyceserevisiachave been establishedZ;
see also Figl). Briefly, processing of the 35S pre-rRNA starts MTRNAS (19). . o
with removal of the SETS followed by the first cleavage in ITS1 e previously described the characterizationNdP7, a
(site Ag). These processing steps, which separate 20S pre-rRNRNServeds.cerevisiaegene that is required for pre-rRNA
from 27S pre-RNA, require the same set of nucleolar proteins aR§Pc€ssing and 60S subunit biogeneksiy. (Rrp43p and a novel
small nucleolar RNAs (snoRNAs)L) The 20S pre-rRNA is Protein, Nop8p, were subsequent!y identified as Nip7p-interacting
incorporated into 40S subunits and converted to 18S rRNA in tif§oteins (Zanchin and Goldfarb, in press). In order to determine
cytoplasm ). The B-end of 27S pre-rRNA is processed bywhether there is a functional interaction between Nip7p and
divergent pathwaysi(6). Approximately 90% of 27S pre-rRNA Rrp43p, we performed a pre-rRNA processing analysis in
is cleaved at Ain ITS1 and processed to 25S and §.88NA  Rrp43p-depleted cells. While these results confirm the proposed
and the remainder is processed to 25S ang BF8$A. The form  role of Rrp43p in the '3maturation of 5.8S rRNA7], they
5.85 contains 8—10 extra residues at therid as compared with provide strong evidence for additional roles in the maturation of
the 5.8% form. 18S and 25S rRNAs. We conclude that Rrp43p, and by inference
In S.cerevisiaga relatively large number of non-ribosomal the exosome, is required for the maturation of 5.8S, 18S and 25S
factors have been implicated in ribosome biogenesis. Thed@NAs.
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5' primer and 5TCCGAGTCTTTTATATGTTAAATCTTGTTG-
ACAAATCGTCCGCTCGCATAGGCGACTAGTGGATCTG-3
for the 3 primer. The parental strain W303-1a (M@ade2-1
leu2-3,112his3-11,15trp1-1 ura3-1 canl-100 was used as a
control.

Polysome profile analysis

328 Polysome profiles were analyzed as described previol§)y (
Briefly, cell extracts were isolated from 300 ml YPgal cultures

27SA, grown to mid-exponential phase or from cells grown to mid-
exponential phase (Qfgy between 0.4 and 0.6) in YPgal and
shifted to YPD for 12 h. Cycloheximide was added to the cultures

(100ug/ml), cells were harvested by centrifugation and resuspended

208

Cleavage A3

188 Processing B;

Processing By +B1s +éon_B in 0.5 ml of breaking buffer [20 mM HEPES-KOH, pH 7.4,
27SB ‘ A 2 mM Mg(OAckh, 100 mM KCI, 1 mM DTT, 1 mM PMSF,
L LE : 2 : 7 .. . .
_ P . 100ug/ml cycloheximide]. Cells were disrupted by vortexing
+ Processing + rocessing ith | of al |
C1+Cy Ci+C; with 1 vol of glass beads and extracts were cleared by
7S, EA—TSs centrifugation (800@) for 5 min at 4C. Aliquots of 20 OBsy4
+ Exo C,E + Exo C,E of extract were loaded on 15-50% gradients and polysomes

separated by centrifugation at 40 000 r.p.m. for 4 K @tuking

a Beckman SW41 rotor. Gradients were fractionated using a
Buchler Auto-densiflow 1IC fractionator and monitored at
Figure 1. Structure of the 35S pre-rRNA and major intermediates of the rRNA 254 nm using a UA-5 absorbance/fluorescence monitor (ISCO).
processing pathway B.cerevisiaeThe 35S pre-rRNA contains the sequences

of the mature 18S, 5.8S and 25S rRNAs separated by two internal transcribgdRNA analyses

spacers (ITS1 and ITS2) and flanked byiad 3 external transcribed spacers ) ) )
(ETS). Letters below the 35S pre-rRNA diagram (probes A-F) indicate theMetabolic labeling of rRNA was performed as described

position of the oligonucleotide probes used in northern analysis. previously (L6,22). Exponentially growing cultures of W303-1a
(RRP43 and DG458GAL::RRP43 were shifted from SCgal to
SCglu lacking methionine and incubated at@Ofor 8 h.
Subsequently, cells were pulse—chase-labeled withu@oenl

5.85, 25SE

MATERIALS AND METHODS [methyl-3H]methionine (DuPont-NEN) for 2 min and chased
. . . with 100pg/ml unlabeled methionine. At various times, samples
DNA analysis methods and plasmid construction were taken and quickly frozen in a dry ice/ethanol bath. Total

DNA cloning and electrophoresis analyses were performed VA was isolated from yeast cells using the hot phenol method
described by Sambrookt al (17). DNA sequencing was (23) and separated by electrophoresis on 1.2% agarose—6%
performed using the Big Dye method (Perkin Elmer). PlasmiiPrmaldehyde gelsl(’). Subsequently, gels were incubated in
YCpGAL-RRP43 contains two IgG-binding domains of theEnHance (Amersham) and submitted to autoradiography.

Staphyllococcus aureysrotein A fused to the N-terminus of = For analysis of pre-rRNA steady-state levels, RNA was
Rrp43p under the control of th&AL1 promoter. Vector isolated from strains W303-1a and DG458 incubated in YPgal or

YCpGAL-RRP43 was constructed by inserting tmaL1  Shifted to YPD. Samples were collected for RNA extraction at
promoter digested withcoRI andSal, the protein A epitope tag times 0 and 12 h after the shift to YPD for W303-1a and at times

digested withNde—Xba and the RRP43 ORF digested with O: 4, 8 and 12 h after the shift to YPD for DG458. Following

Xba-Sal into the vector YCplac33.) cleaved wittEcoRl and  electrophoresis on 1.2% agarose—6% formaldehyde gels, RNA
sal. was transferred by northern blot to Hybond nylon membranes

(Amersham) as described 7). Membranes were probed with
32p_jabeled oligonucleotides complementary to specific regions
of the 35S pre-rRNA, using the hybridization conditions described
Growth and genetic analysis of yeast strains was performed RigVviously (€) and submitted to autoradiography. The oligo-
described by Shermanal (19,20). Various carbon sources were nucleotide probes used (see also Ejgvere: -GGTCTCTCT-
added to YP (yeast extract and peptone) and SC (synthefcTGCCGGAAATG-3 (probe A); 5>GCTCTCATGCTCTT-
complete) media. YPD/SCglu and YPgal/SCgal media containédCCAAAAC-3 (probe B); 5TGTTACCTCTGGGCCCCG-3
either 2% glucose or 1% galactose plus 1% raffinose, respectivegy,f obe C); 5SCGTATCGCATTTCGCTGCGTTC-3(probe D);

as carbon source. Yeast strain DG458 (slA@le2-1leu2-3,112 5-GGCCAGCAATTTCAAGTTAAC-3 (probe E); and'SGT-
his3-11,15 trp1-1 ura3-1 canl-100 rrp43:KAN p[URA3 TCGCCTAGACGCTCTCTTC-3(probe F).

GAL::PrtA::RRP43]) was constructed by transforming haploid

W303-1a cells carrying vector YCpGAL-RRP43 with a PCR-RESULTS

amplified KAN gene as described by Gildeeérl (21). The
sequences of the primers used for amplification oKikid gene
are: 3ACAGTAGTTTCACAGGCATCTAATATTGGAAAT- A complete gene replacement BRP43was produced by
GGCTGAAAGTACCAGCTGAAGCTTCGTACGC-3for the  transforming haploid W303-1a carrying vector YCpGAL-RRP43

Yeast strains, media and genetic techniques

Construction of an RRP43conditional strain
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Figure 2. Characterization of the conditional strain for RRPA3.Growth curves of W303-1&RP43 and DG458 GAL::RRP43 cultured at 30C in YPGal and
shifted to YPD at time 0. Ofggvalues are plotted as log Olgtivhere § is the initial OQgpand tis time in hours after transfer to YPB). Growth at 30C of W303-1a
and DG456 on YPGal and YPD plateS) (mmunoblot analysis showing levels of PrtA-Rrp43p and endogenous il EXG458 at various times after a shift from
YPGal to YPD. The same amount of total protein was loaded in each lane. See Materials and Methods for details.

with a PCR-amplifiedKAN gene targeted for insertion into glucose for 12 h. As shown in Figud& and B, the polysome
RRP43y using the method described by Guldestel (21; see  profiles from galactose-grown DG458 and W303-1a cells were
Materials and Methods). Insertion of tK&N gene into the similar, although DG458 cells contained somewhat lower levels
RRP43gene was confirmed by PCR analysis (not shown)f polysomes. In contrast, the polysome profile of glucose-grown
Growth of kan' transformants was dependent on galactosBG458 cells was strikingly different from that of W303-1a cells
(Fig. 2A and B), indicating that growth was dependent on th¢Fig. 3C and D). Specifically, the polysome profile of extracts
GALI-RRP43yene carried by the vector YCpGAL-RRP43. Thisfrom Rrp43p-depleted cells displayed a significant reduction in
result is consistent with a previous report tR&RP43is an the level of free 40S subunits, an increase in free 60S subunits and
essential gener). One of thekan' transformants (DG458) was a decrease in the total amount of polysomes @EXy. Rrp43p
further characterized. DG458GAL:RRP43 and control was previously implicated in 5.8S rRNA processiiig {hich
W303-1a RRP43 cells grew similarly on galactose (FBfAand  would be expected to result in a deficit of 60S rather than 40S
B), however, DG458 did not grow on glucose plates ). subunits. These results suggest that Rrp43p has a primary
The growth of DG458 cells after a shift from galactose to glucodenction in 40S ribosome biogenesis.
liquid medium slowed beginning a6 h and was severely
impeded by 10-12 h (FigA). The reduction in the growth rate
of DG458 cells on glucose correlated with the decrease in cellullglre "RNA processing s defective in Rrpa3p-depleted cells
levels of PrtA-Rrp43p as determined by immunoblot analysialthough Rrp43p was previously implicated in the processing of
(Fig. 2C). In contrast to the effect of glucose on PrtA-Rrp43(5.8S rRNA, the polysome analysis shown above indicates that the
levels, the levels of an internal control protein, etfiBcreased primary defect caused by Rrp43p depletion is in 40S ribosome
during the same time course (FigC). Because increased metabolism. For this reason we performed pulse—chase labeling
expression of elF& after shift from YPGal to YPD has been and northern blot analysis of rRNA synthesis in normal and
observed in other genetic backgrounds, this effect is most likeRrp43p-depleted cells. The kinetics of rRNA processing were
due to the carbon source and not to Rrp43p depletion. analyzed by pulse—chase labeling with [mefiyjmethionine
using cells shifted from galactose to glucose medium for 8 h
(Fig.4). In control cells, [methyfH]-labeled 27S and 20S
pre-rRNAs were quickly chased to 25S and 18S rRNA,
Polysome analysis can provide a diagnostic overview of thtespecnvely In these cells, 35S pre-rRNA is detected only at time
composition and activity of the cellular translational apparatu€ of the chase. In contrast, Rrp43p-depleted cells accumulated
Extracts were prepared from DG4%8AL::RRP43 and control 35S pre-rRNA, which is indicative of an impairment in initial
W303-1a RRP43 cells maintained in galactose or shifted toprocessing steps. In addition, Rrp43p-depleted cells accumulated

Depletion of Rrp43p reduces cellular 40S/60S subunit ratio
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Figure 4. Pulse—chase labeling of rRNA synthesis in Rrp43p-depleted cells.
Pulse—chase labeling with [mett##]methionine was performed in W303-1a
Figure 3. Rrp43p-depleted cells show defective polysome profiles. Polysome (RRP43 and DG458GAL:RRP43J cells shifted from SCgal to SCglu lacking

profiles were analyzed from strains W303-1RRP43 and DG458 methionine for 8 h. RNA samples were collected every 2 min. An aliquot of
(GAL::RRP43 by sedimentation through 15-50% sucrose gradients. Cultures 1 ODyg00f total RNA was loaded in each lane. See Materials and Methods for
were either grown in YPGaA(andB) or shifted to YPD for 12 hQ andD). details.

a 23S aberrant pre-rRNA. The status of 27S and 20S pre-rRNA@Mplementary to a sequence of the mature 5.8S rRNA.
in Rrp43p-depleted cells, which are the precursors of 25S and 18scording to a previous repoit)( the longer 5.8S forms contain
rRNASs, respectively, was also indicative of processing defectéxtended 3ends. Another unusual fragment was detected by
Specifically, 27S pre-rRNA accumulated to abnormal levels ifrobe E (Fig5E), which hybridizes within ITS2 between sites C
Rrp43p-depleted cells and 20S pre-rRNA levels were remarkabid E (Fig1). Probe E is complementary to a sequence adjacent
in being undetectable. Maturation of 25S and 18S rRNAs wde the 3-end of mature 5.8S rRNA and, thus, can specifically
significantly slowed, although 18S rRNA synthesis was moréetect 5.8S rRNA species with unprocesseeh8s. Since both
severely affected. An unusual feature of the rRNA processirgfobes D and E detect 5.8S rRNAs with extendeghds, the
defect in Rrp43p-depleted cells was the persistence of the 2383S* and G/? bands (FigsD and E) probably contain the same
35S and 27S pre-rRNAs during the duration of the 8 min chas@pe of unprocessed intermediates. However, since probe E
These results strongly suggest that in addition to the maturatibiybridizes between sitespGand E, it will detect any low
of 5.8S rRNA (), Rrp43p is also required for processing stepgnolecular weight band containing this region of ITS2. In addition
leading to the synthesis of 25S and 18S rRNAs. to the accumulation of normal and aberrant pre-rRNAs, Rrp43p-
Steady-state pre-rRNA levels were analyzed from control ardepleted cells also accumulated a fragment excised froni the 5
Rrp43p-depleted cells after shift to glucose medium for up to 12 ETS (Fig.5A, 5/A¢), which most probably extends from the
Total RNA was isolated and submitted to northern hybridizatiof'-end to site 4.
with oligonucleotide probes specific for theEsr'S, ITS1, 5.8S
rRNA and ITS2 (Fig.1). The series of pre-rRNA processing piScUSSION
defects detected by pulse—chase labeling was confirmed by the
results obtained with northern blot analysis. Rrp43p-depletadip7p was found both in the nucleolus and associated with free
cells accumulated 35S, 27S and 23S pre-rRNAs and weB8S ribosomal subunits 8icerevisia€l6). Nip7p-depleted cells
impaired in the synthesis of 20S pre-rRNA (Bg.The decrease are deficient in 60S subunits and display pre-rRNA processing
in the level of 20S pre-rRNA correlates with the appearance of tliefects that include accumulation of 27S pre-rRN&).(Rrp43p
23S pre-rRNA (FighB). The 23S aberrant pre-rRNA, which may was isolated in a two-hybrid screen using Nip7p as bait.
be an intermediate along an alternative pathway to 18S rRNBiochemical analysis, showing that Nip7p co-purifies with a
(1,25), originates from direct cleavage of 35S pre-rRNA at site Aprotein  A—Rrp43p fusion, further supports dn vivo
and contains the &ETS, 18S rRNA and the ITS1 region upstreamNip7p—Rrp43p interaction (Zanchin and Goldfarb, in press).
of site As. However, in Rrp43p-depleted cells, probes A and BRrp43p shares sequence homology with the RNase PH/PNPase
detected more 23S than probe C (Blgindicating that most of family of ribonucleases7(12) and has been identified as a
this 23S pre-rRNA lacks the sequence between siiemdé A;.  component of the exosome complex whose subunits are required
These results, then, suggest that cleavage & Aot severely for processing of 5.8S rRNA). The two-hybrid and biochemical
impaired by Rrp43p depletion. No accumulation of the 27SAresults indicate that Nip7p and Rrp43p interact either directly or
pre-rRNA was observed (FihC). Accumulation of a 7S indirectly via a common binding partner. The fact that both Nip7p
pre-rRNA and the appearance of longer forms of 5.8S rRNAnd Rrp43p have been implicated in 60S biogenesis also
(5.85* in Fig. 5D) were detected with probe D, which is suggested a possible functional interaction. Here, we present data



Nucleic Acids Research, 1999, Vol. 27, No. 51287

Regarding processing of the 60S subunit rRNAs, Rrp43p

A 3 B b C ¥ depletion resulted in accumulation of 7S pre-rRNA and 5.8S
. £ & . E rRNAs with extended'3nds, which are the same type of defects

g 3 g &4 g Ei' as previously reported for Rrp43p-deficient cell, (and
& o x 4 & g stabilization of 27S pre-rRNAs. Accumulation of 27S pre-rRNA,

ws 01204 812 hrs D120 4812 hrs 01204 812 which is also observed in Nip7p-depleted cell§)( provides

evidence that may explain the Nip7p—Rrp43p interaction detected
355 - ’ in the two-hybrid system. This result suggests that Rrp43p may
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interact transiently with or form stable complexes with Nip7p that

are independent with its association with other exosome subunits.

Alternatively, Nip7p may associate transiently with the exosome

in the nucleus or cytoplasm. In any case, the processing defects
Y associated with Rrp43p and Nip7p deficiencies are consistent
with an Rrp43p—Nip7p complex functioning in 27S pre-rRNA
processing. It is unclear, however, whether these factors are
directly involved in the endonucleolytic cleavage of ITS2
because Rrp43p is a putative-%' exoribonuclease and the
biochemical function of Nip7p is not known,{6).

The initial processing of 35S pre-rRNA involves excision of
the B ETS followed by cleavage of ITS1 ap AL). Inhibition of
these early processing steps is typical of factors that are required
for 18S rRNA synthesis and 40S subunit biogené}isfp43p
depletion also results in the persistence of 35S pre-rRNA and the
stable accumulation of an aberrant 23S pre-rRNA, which
implicates Rrp43p in the processing of th&bS, although there
- is no evidence of a direct catalytic role for Rrp43p in the cleavages
i at sites Aand A.. The 23S aberrant pre-rRNA is formed by direct
cleavage of 35S pre-rRNA atzA1,25). However, most of the
23S pre-rRNA detected in Rrp43p-depleted cells does not seem
to contain the region between sitesald A; (Fig. 5), indicating
2B S 275— N _ae® that processing atoccurs relatively efficiently without Rrp43p.

- L] Rrp43p has not been shown to have catalytic RNase activity, but
the accumulation of aberrant precursors, such as the 23S pre-rRNA
species, is consistent with a role for Rrp43p in the degradation of
off-pathway pre-rRNAs. In addition, the accumulation of a fragment
excised from the'ETS (8/Ag) in Rrp43p-depleted cells supports
the hypothesis that Rrp43p is required for the degradation of excised
spacer sequences. Interestingly, accumulation of the fragttest 5
has been described in cells that are deficient for the exosomal
subunit Rrp4pX1) and the putative RNA helicase Dob1p, which

585" :‘ ‘ interacts genetically with Rrp_4[265). These res'ults suggest t_hat
5.85 Cyf?7- all of these proteins are required for the efficient degradation of
the excised BETS.
The exosome was initially described as a complex of five
Figure 5. Analysis of pre-rRNA steady-state levels in Rrp43p-depleted cells. -5 _exor'bor‘UCIeases that are necessary for 5.8S rRIRAB .
RNA was analyzed from strain W303-1RRP43 at times 0 and 12 h after ~ formation 7). However, subsequent work has shown that certain
transfer to YPD and from strain DG43BAL:RRP43 attimes 0,4,8and 12h  exosomal subunits are not restricted to 5.8S rRNA processing.
gfrt]‘zr tg”;‘;ﬁi)gogigfﬁe“rg’:r':gt at’(‘)“)slé”tjecr’]fctef’sta& F;’t\::a"r‘]’qegi '?tict‘gg ;5” eachRrp4p and Rrp41p/Ski6p also participate in mMRNA degradation
ETS; @) probe B: comglementarr))i toa r(jagion dowelstream ofﬁhe 18S rRNA(]'S)' In add.|t|on,_the;k|6-2allele; OfRRP4ISKI§accumU|ateS a
3-end/upstream of siteAn ITS1; ) probe C, complementary to sequences 60S subunit-derived 38S particle that contains a truncated 25S
between sites Aand Agin ITS1; D) probe D, complementary to sequences in  FTRNA molecule and lacks 5.8S rRNAJ). Here, we show that
the 5.8S rRNA;E) probe E, complementary to sequences between sie®iC  in gaddition to the processing of 5.8S rRNA, Rrp43p is required for
S (F) probe F, complementary o sequences between gi@sdizin ITS2. - he efficient maturation of 18S and 25S rRNAs, for degradation
ee Materials and Methods and Figure 1 for details. . . .
of an excised spacer sequence and, possibly, also for degradation
of aberrant pre-rRNAs. These results indicate that Rrp43p plays
multiple roles in the metabolism of 35S pre-RNA.
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that confirm the role of Rrp43p in 5.8S maturati@)) but also
provide new information implicating Rrp43p in other 35S
pre-rRNA processing steps. One of the most interesting resultsAEKNOWLEDGEMENTS
the strong inhibition of 18S rRNA synthesis observed in

Rrp43p-depleted cells. This defect leads to a severe deficiencyMye thank Nataliya Shulga for help with the figures. American
the 40S subunit. Cancer Society grant B-104C (D.S.G.) supported this project.
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