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ABSTRACT

scs32 was isolated as an extragenic suppressor of a
temperature-sensitive (ts) mutation ( rpo26-31) in the
gene encoding Rpo26p, a subunit common to yeast
nuclear RNA polymerases (RNAPS). rpo26-31 also
confers inositol auxotrophy, inhibits the assembly of
RNAPI and RNAPII and reduces the steady-state level of
Rpo26p and the largest subunit of RNAPI (Rpollp or
A190p) and RNAPII (Rpo21p). rpo26-31p accumulated
to wild-type levelsinthe  scs32 strain; nevertheless, the
amount of assembled RNAPII remained at a reduced
level at high temperature. Hence, scs32 only partially
suppressed the ts phenotype and was unable to
suppress the Ino — phenotype of rpo26-31. SCS32 is
identical to PUP3, which encodes a subunit of the yeast
proteasome. scs32 was able to suppress the phenotype
of other ts alleles of RPOZ26, all of which reduce the
steady-state level of this subunit. However, s¢s32 was
unable to suppress the ts phenotype of mutant alleles

of RPOZ21, or result in accumulation of the unstable
rpo21-4p. These observations suggest that the stability

of non-functional or unassembled forms of Rpo26p and
Rpo21p are regulated independently.

INTRODUCTION

among three nuclear RNAPs and the 12 kDa subunit of RNAPI
(Al12.2p), has shown that these subunits are required for assembly
or stability of their respective RNAP4,8,4). The manner in
which Rpo26p and Al12.2p contribute to the assembly of their
respective RNAPs is through stabilization of the largest subunits
of these enzymes. Deletion of the gene encoding A12.2p confers
a temperature-sensitive (ts) growth defect on yeast and leads to a
reduction in the steady-state level of the largest subunit of RNAPI
(3). A ts mutant allele o0RPO26 rpo26-3] that inhibits the
assembly of Rpo26p into RNAP complexes and results in
decreased amount of this subunit at high temperature, also leads
to reduced steady-state level of the largest subunit of RNAPI and
RNAPII (4).

The observation that the steady-state level of RNAP free
subunits is reduced might reflect a cellular regulatory response
which serves to prevent accumulation of non-functional sub-
complexes of RNAP components. Such a regulatory mechanism
has been reported for mammalian celis7j. Heterozygous
o-amanitin-resistar-amanitin-sensitive  (AMAXAMAS) cell
lines express similar proportions of AMAnd AMAS RNAPII
when grown in the absencegeimanitin; however, when grown
in the presence of this drug the inactivated AMINAPII is
preferentially degraded7).

We isolated spontaneous suppressors of i 26-31mutant
allele in order to identify components of the regulatory mechanism
that mediate removal of inactive RNAP subcomplexes in yeast.

Eukaryotic nuclear transcription is carried out by three multiThis report focuses on the characterization and cloning of one such
subunit RNA polymerases (RNAPs), RNAPI, RNAPII andsuppressor mutation which liesiUP3 the gene that encodes a
RNAPIII, whose structure and mode of function are highlysubunit of the yeast 20S proteasome. The 20S proteasome is the
conserved throughout evolutioh) (All eukaryotic RNAPs have catalytic component of the eukaryotic 26S proteasome, which is
two large subunits and a number of small polypeptides, somethie major proteolytic machinery of the cel).(

which are common among the three nuclear RNABs (

The suppressor mutatiopup3-) partially suppresses the ts

Biochemical experiments have shown that the two largeghenotype associated witho26-31and enables the unstable
subunits of eukaryotic RNAPs associate with RNA, DNA and thgpo26-31p to accumulate at the non-permissive temperature.
nucleotide substrate, suggesting that these subunits form tHewever, thgup3-1mutation does not suppress the ts phenotype
catalytic center of the enzym@)( Furthermore, analysis of of mutations in the largest subunit of RNAPII. Nor does it enable
extracts from cells containing mutant forms of smaller subunitan unstable Rpo21p mutant subunit to accumulate at the
in Saccharomyces cerevisiagych as the 45 kDa subunit of non-permissive temperature. These results suggest that the
RNAPII (Rpo23p), the 40 kDa subunit common between RNAP$tability of non-functional forms of Rpo26p and Rpo2lp are
and RNAPIII (AC40p), the 23 kDa subunit (Rpo26p) commorregulated independently.
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Table 1.List of strains used in this study

Strain Genotypé Reference or source
SHY101 MATa rpo26:pJAY9 7P This study
SNY102 MATa rpo26A:LEU2 [pSN261] 4
SNY103 MATa rpo26A::LEU2 [pSN266] 4
SHY105 MATa rpo2@\::LEU2 [pRPO26] This study
SHY108 MATa rpo2@&\::LEU2 [pSN266] This study
SHY109 MATa rpo2@\::LEU2 [pSN266] [pSN2] This study
SHY110 MATa rpo26A::LEU2 pup3-1[pSN271] This study
SHY111 MATo rpo26A::LEU2 pup3-1[pSN287] This study
SHY112 MATo rpo26A::LEU2 pup3-1[pSN273] This study
SHY113 MATo rpo26A::LEU2 pup3-1[pSN278] This study
SHY158 MATa rpo26A::LEU2 pup3-1[pSN261]

SHY201 MATa pup2::HIS3[pSHB16] This study
SHY202 MATatx rpo21A::HIS3/RPO21pJAY101] This study
SHY203 MATak rpo21A::HIS3/RPO2Ipup3-1/pup3-IpJAY101] This study
SHY204 MATa rpo21A::HIS3[pJAY101] This study
SHY205 MATa rpo21A::HIS3 pup3-pJAY101] This study
SHY206 MATa rpo21A::HIS3[pYF1637] This study
SHY207 MATa rpo21A::HIS3[pYF1641] This study
SHY208 MATa rpo21A::HIS3 pup3-1IpYF1641] This study
SHY209 MATa rpo21A::HIS3pup3-1[pYF1637] This study
SHY211 MATak rpo26A::LEU2 /rpo26D::LEU2 pup3-1PUP3[pSN266] This study
SHY212 MATo rpo26A::LEU2 pup3-1[pSN266] This study
SHY213 MATarpo26A ::LEU2 pup3-1[pSN266] This study
SHY216 MATa rpo26A::LEU2 pup3-1[PRPO26] This study
SHY158 MATo rpo26A::LEU2 pup3-1[pSN261] This study
SHY173 MATa rpo26A::LEU2 [pSN261] [pEMBLyex4] This study
SHY174 MATa rpo26A::LEU2 [pSN261] [pSHBS] This study
SHY175 MATa rpo26A::LEU2 [pSN266] [pEMBLyex4] This study
SHY176 MATa rpo26A::LEU2 [pSN266] [pSHBS] This study
SHY177 MATa rpo2&A::LEU2 pup3-1[pSN266] [pEMBLyex4] This study
SHY178 MATa rpo26A::LEU2 pup3-1[pSN266] [pSHB8] This study
SHY179 MATa rpo26A::LEU2 pup3-1[pSN261] [pEMBLyex4] This study
SHY180 MATo rpo2&A::LEU2 pup3-1[pSN261] [pSHBS] This study
SHY183 MATab pup3-1/pup3-1 This study
SHY188 MATab pup2::HIS3/PUP3 This study
SHY192 MATat pup2::HIS3/PUP3[pSHB11] This study
SHY193 MATab pup2::HIS3/PUP3[pSHB16] This study
SHY194 MATo pup2::HIS3[pSHB11] This study
SHY196 MATa pup2::HIS3[pSHB11] [pSHB7] This study
SHY198 MATa pup2::HIS3[pSHB7] This study

8All strains in this study are derived frdaccharomyces cerevisisiain W303¢an1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1
ade2-) obtained from R.Rothstein.

bIn this strain the expression@PO26is driven by the inducibl&AL1promoter. For a detailed description of RRO26locus
refer to Archambaulet al (9).

MATERIALS AND METHODS isolated as follows: first, thecs32suppressor strain was mated
with SHY108 to create the diploid strain SHY211 (Tab)e
which then was sporulated and used for tetrad dissection.
A list of strains used in this study is given in TableStrain SHY212 and SHY213 represent FeuMATa and MATa
SHY103 was used for isolation of spontaneous suppressorsrespectively, haploid progenies that showed suppression of the
rpo26-31 ts phenotype. Strains SHY101 and SHY105 arepo26-31ts phenotypepup3-1). SHY183 was constructed as
identical to JAY476 @GAL-RPO2§ (9) and JAY444 follows: strain SHY212 was mated with W303-1A, the resultant
[RPO2&\::LEU2 (pRPO260)]9), respectively, except they have diploid was sporulated and tetrads were dissected on YPD solid
the opposite mating type. Strains SHY212 and SHY213 weraedium. Since th@up3-1allele did not confer a discernible

Yeast strains and growth media
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phenotype on yeast in the presenceRB026 the ability of Plasmid pSHB15 was constructed as follows for the purpose of
rpo26-31to confer a growth defect at 35 in the absence of obtaining a chromosomal deletion of &P3 gene: a 601 bp
pup3-1was used to decipher the allele present &@tHe3locus. (fragment 1) and ahR.2 kb (fragment 2) fragment were PCR
Tetrads in which the ts phenotyperpb26-31was no longer amplified from pSHB1. Primers used to amplify fragment 1 were
suppressed were judged to have segregatiopup8-1with  K/O1l (5-AATAGAACT TGGATCGOGAC-3), which contains a
RPO26 haploids withRPO26 pup3-tombination were chosen BanHlI site (underlined) and hybridizes to the coding strand of
and the identity of theiPUP3 allele was confirmed by PCR PUP3 encompassing 21 bp downstreamPafP3 translation—
amplification of this locus from genomic DNA, followed by initiation codon and K/O2 (SCCCGAATTCQCGCTACAC-
sequence analysis. SHY183 was constructed by mating two of th€-3'), which contains aBcdRl site (underlined) and hybridizes
haploids isolated in this way. to the non-coding strand (bold) located at 580 bp upstream of
Cells were grown in rich medium or in defined mediumPUP3 ORF. Primers used to amplify fragment 2 were K/O3
supplemented with required amino acids as descriéd ( (5-CGCGGATCAOCGGTTCATGG -3), which contains a
Minimal medium lacking inositol was prepared according tdBanH| site (underlined) and hybridizes to sequences in the
Culbertson and Henryll). Cells were grown in low sulfate non-coding strand located immediately downstreanPdP3
medium (LSM) as described)(for the purpose of metabolic ORF (bold), and the reverse primer that hybridize td_th€Z
labeling with B>S]methionine. sequences in the plasmid. Fragment 1 was digested with
BanHI-EcdRl and cloned into pBluescript to obtain plasmid
pSHB12. Fragment 2 was digested viddarHI andNot (397 bp
downstream dPUP30RF), and this 397 bp fragment was cloned

; ; o nmHI-Notl sites of pSHB12 to obtain pSHB13. A 1.8 kb
Plasmids pSN261 and pSN266 have been described previo a P P
(4); they contairRPO26andrpo26-31, respectively, in pFL39 UE‘APWI fragment containingIS3from pJJ21516) was cloned
(TRP1 CEN ARS12). Plasmid pSN2 is a derivative of pUNSO into theBanHI_sne of PSHB13 to o_btaln plasmid pSHB15 with
(URA3 CEN4 ARS1(13), which lacks the sequences betweerl 11S3inserted in the same orientationFisP3

Xba—EcaRl in the polylinker. pSHB1 contains dri/.0 kb .

fragment of chromosome V (Fig), which was isolated from a !Solation of suppressors of rpo26-31

YCp50-based yeast genomic library (see below) based on thgyty independent colonies of strain SNY103®R&A:LEU2
ability to complement the suppressiomud26-31ts phenotype  (pSN266)] were grown exponentially in liquid culture for 2 days
by pup3-1 pSHB2 contains ariB.0 kb fragmentHindlll 4t 23C. An equivalent of 1®cells from each culture was spread
(position 32 in YCp50 upstream of insefpeR| (in the insert;  on 40 Glucose (~Trp and —Leu) solid medium; the Petri plates
Fig. 2), from pSHBL cloned into pRS3164). pSHB3 contains  yere incubated at 3T for 2 days. Each plate contained an
an (4.0 kb fragmentEcdRI (in the insert)Sal (position 654 ayerage of nine colonies growing at the non-permissive tempera-
downstream of insert in Ycp50; Fig). from pSHB1 cloned into  re. To avoid true revertants, 40 colonies that grew 5E 3t
pRS316. pSHB4 was derived from pSHB3 by digestion of thg; 5 considerably slower rate than wild-type (one representative

latter withBamH| and re-ligation of the plasmid (Fig). pPSHBS  from each plate) were chosen for further consideration.
was constructed by cloning a 1.2 BarrHI-EcdRIl fragment

from pSHB3 into pRS316 (Fig). pSHB7 contains a 2.7 I&sp
(28 bp upstream oPUP3 translation initiation codonpal
fragment from pSHB3 cloned into pYGAL (a gift from Frank The following experiments were performed in order to determine
Jones). The same fragment has also been clonefirmdeSal  whether the suppression phenotype was due to extragenic
sites of pPEMBELyex4dGAL1 URA2 um) to construct pPSHB8 mutations rather than second-site mutationgo?26-31 First,

(Fig. 2). The expression dPUP3 is driven by the repressible the pSN266 plasmid carrying tinpo26-31allele was purified
GAL10andGAL1promoters in pSHB7 and pSHB8, respectively.from the suppressor strains, and after passage thsatlerichia
pYGAL contains th&GK transcription—termination sequence oncoli, was introduced into strain JAY444rpH26A::LEU2

a Bglll-HindlIll fragment cloned into th&pH-Hindlll sites of (pRPO26)]. Trp transformants were relieved of pRPO26 by
pJAY99 (constructed by J.Archambault) polylinker. pJAY99plasmid shuffling, and the growth phenotype of cells was
contains thepGAL10 promoter on arEcdRI-Smad fragment  compared with the rpo26-31 strain (SNY103) &t@5Second,
cloned into th&cdR1-Smad sites of pFL39. To construct pSHB9, the plasmid carryingpo26-31 was replaced with pRPO26
the 4.0 kbEcdRI-Sal insert of pSHB3 was cloned into a (RPO26 URATEN ARS)n the suppressor strains. An independent
derivative of pRS316 in which tt&pé site in the polylinker has preparation of plasmid carryimgo26-31(pSN266) was used to
been destroyed by digestion and end-filling. pPSHB11 was derivedplace wild-typeRPO26 by plasmid shuffling 17), and the

from pSHB3 by removing the polylinker sequences betweegrowth phenotype of cells was tested &t@35

EcdRl andSsitl. Plasmid pSHB16 is identical to pSHB11, except In order to determine whether the suppressor mutations were
it contains th@up3-1mutant allele. It was constructed as follows:dominant or recessive, the suppressor strains were mated with
pup3-1was rescued from the chromosome (see below) andstrain SHY101 in which the expressionRIPO26is under the
BanHI-Xba fragment (Fig2) containing thgpup3-1mutation  control of the repressibISGALL promoter. The ability of the
was used to replace the analogous fragment in pSHB11. pJA4&aultant diploid strains to grow at 35 was tested in the presence
(constructed by J.Archambault), pJA4575)( and pYF1641 of glucose (expression of chromosoiR&BO26is repressed).
contain a 5.7 kiEcaRI-Hindlll fragment containindRPO21 Strain SHY213 was mated to the 20 recessive suppressor
rpo21-23andrpo21-4 respectively, cloned into pFL39. pDJ40 strains, as well as to SHY103 as control. The growth phenotype
(constructed by D.Jansma) contains a 7.CHkidIlI—-HindlIl of the diploid strains was tested af85n order to test if any of
fragment carryingpo21-1on pFL39. the recessive suppressors are allelgc32

Plasmids

Characterization of the suppressors
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Cloning of SCS32 (pup3-1/pup3-Land LP112 RUP3/PUPJ. His" transformants
. S - . were sporulated and were used for tetrad dissection. At least 10
Since thescs32suppressor strain did not exhibit a phenotype Metrads were dissected for each strain, all of which showed
the presence oRPO26 the SCS32gene was cloned by co-segregation of the Hisphenotype with lethality. Plasmid

complementation of the suppressiompa26-31ts phenotype by JAY101 RPO21 URA3 CEN A was introduced into the
scs32Prior to the cloning ddCS32experiments were performed ﬂis* diploi((:js described above, alzgtg)kﬁs* transformants were

to ascertain that the suppressiorsbg32was due to mutation of used for tetrad dissection

: . . . pJAY101 was able to rescue the
a single gene. Strain SHY21c633 was mated with SHY109 lethality of His™ haploid progeny and allowed growth of complete
(SCS37. the diploid was sporulated and used for tetrad dissegsy o< confirming that the lethality of Fiiransformants was
tion. Thirteen tetrads were dissected, all of which showed a 2@e to ,deletion oRPO21sequences in the chromosome.*His

segregation of the suppression phenotype, indicating that tig -+ ) 010ids isolated from the above mentioned tetrads (strains
suppressor mutation resides in a single gene. Strain SHY212 V&Sy204 and SHY205) were used to test the abilitgosB2to

transformed with a plasmid libraryl&) containing 10-15 kb ;
SuaAl partial digests of yeast genomic DNA cloned in the>-PPress ts phenotype of mutationRRO21

BanH| site of YCp50 URA3 CEN4 ARS1A total of 10 087
Ura* transformants were patched on glucose (-Trp, —Ura a
—Leu) solid medium at 35 and 3D. Through this primary
screen, 23 colonies were identified that no longer were able 8irains SNY102, SNY103, SHY158 and SHY212 (Tapieere
grow at 35C. In a secondary screen, the 23 putative positivenetabolically labeled with3pSJmethionine at 37C, and RNA-
transformants were relieved of the plasmid library using &1l complexes were immunoprecipitated from crude extracts
plasmid-shuffling assayl (), and the ability of 5-FOA resistant essentially as described)( The monoclonal antibody 8WG16
cells to grow at 35C was determined. Only three of the 23(20), which recognizes a C-terminal domain (CTD) unique to the
putative positive colonies were able to grow &@Gfsuppressthe largest subunit of RNAPII (Rpo21p), was used for these
ts phenotype afpo26-3] in the absence of the library plasmid. experiments. An independent SNY102 extract was used for
Plasmid DNA was isolated from these three, passed througihmunoprecipitation with a monoclonal antibody (Pharmingen)
E.coli, re-introduced into yeast strain SHY212 and the ability ofo human retinoblastoma protein (Rbp) as negative control.
Ura* transformants to grow at 36 was determined. Only one Immunoprecipitated complexes were separated on an SDS-
plasmid (pSHB1) was able to complement the suppressid®AGE gel (10% acrylamide) along with a purified preparation of
phenotype ocs32following a second transformation. RNAPII. The gel was stained for protein and analyzed by
autoradiography.

r} munoprecipitation of RNAPII from [ 3°S]methionine-
beled cell extracts

Rescue of thepup3-1mutation from the chromosome

Plasmid pSHB9 was digested wiBpé (581 bp upstream of RESULTS

PUP3ORF) andBglll (132 bp downstream ¢fUP3ORF), the  Suppressors of a ts mutation irRPO26
plasmid was gel-purified and it was introduced into strai
SHY212 ¢po26-31 pup30-L Plasmid DNA was prepared from
Ura* transformants that were able to grow &t@%did not show
complementation of suppressionfayp3-J. Following passage
throughE.coli, plasmids were used for sequencinB0P30RF.

répontaneous suppressors that suppress a ts all@® @26
(rpo26-3), the gene encoding a subunit common to yeast
RNAPs, were isolated. Cells containing the26-31allele are
auxotrophic for inositol, grow slowly at 3G and are unable to
grow at or above 3% (4). Suppressors were obtained by
spreading 40 independent cultures of@R26-31strain at 37C

and isolating one colony from each plate. On average, nine in
The entire insert of plasmid pSHB15 was releasedSalaSst ~ every 16 colonies were able to grow at37 for each plate. The

2.9 kb fragment and was introduced into the diploid yeast strafiippressor strains were calledsl through to scs40 (for
LP112 (W303-1A/B). His transformants were sporulated andsuppressor of mutation irommon_sibunit). Except for scs5, all

Chromosomal deletion ofPUP3

used for tetrad dissection. of the suppressors supported similar growth rates at the non-
permissive temperature; the growth rate of cells in the presence
Test of allele specificity of suppression bycs32 of scsbwas considerably lower under these conditions. All

suppressors provided better suppression of the ts phenotype at
Plasmids pSN271, 273, 278 and 287 containim®6-32 -30,  35°C than at 37C; hence, the growth rate of cells was monitored
-33and-34ts alleles, respectively, were used to replace pRPO2fnly at 35 C for the remainder of this study.
(RPO26 URABIn strains SHY216 and JAY444 (as control), by
plasmid shuffling. The ability afcs32to suppress the ts growth Characterization of suppressor strains
defect of these mutant allelesRPO26was analyzed at 3T. . Lo _ _
Two observations indicated that the suppressor strains contained
: . extragenic mutations, rather than second-site mutations in
gggks truction of anRPO21deletion inscs32and SCS32 rpo26-31 First,rpo26-31containing plasmids purified from the
ground " ) L
suppressor strains continued to confer a ts phenotype, indistin-
Plasmid pRP196 (a gift from R.Young) contains a deletion allelguishable fromrpo26-31, when they were introduced into an
of RPO21in which aBglll fragment containing a portion of isogenic strain that lacked a suppressor mutation. Second, when
RPO21open reading frame (ORF) has been replacedi®@83  the plasmid carryingpo26-31in the suppressor strains was
(19). pRP196 was digested witadRl (to release the insert) and replaced with an independent preparation of the same plasmid
was used to transform diploid yeast strains SHY183see Materials and Methods), the growth rate of these newly
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transformed strains was identical to the original suppress: ,
strains, indicating that the latter strains contained an extrager 30C 35C
suppressor mutation.

The growth phenotype of suppressor strains in the presence
wild-type RPO26was tested at various temperatures (15, 23, 3
and 37C) in order to determine whether the suppressc
mutations generated a secondary phenotype. The growth rate
RPO26cells in the presence of the suppressor mutations wi
indistinguishable from wild-type under these conditions (no
shown). Since the suppressor mutations themselves did not cor
a discernible growth-defect, suppression of the ts phenotype
rpo26-31was used for further characterization of the suppresst
strains.

Suppression of thgp026-31ts phenotype was tested in diploid
strains heterozygous for the suppressor mutations in order B

identify recessive suppressors (see Materials and Methods). RPOZ6 po26-31  po26-31 RPOZG
the 40 diploids tested, 20 failed to grow at°G5(failed to scig2 SC532 sasds scs3Z
suppress thgpo26-31ts phenotype), thus identifying recessive | || ] il |
suppressors. The remainder of the diploid strains showed . Mo a8 gs g8 g s o gé gt .
intermediate growth phenotype at°85 suggesting that the ™ i : 3scC
suppressors in this group are due to semi-dominant mutatior o e e R .
The recessive suppressors were used for further study, since tl .
provided a more easily scorable growth phenotype.

rpo26-31mutants require inositol for growtd)( a phenotype S " "
which often is associated with mutations in genes that encor 50532 Scs32 ocei?
components of RNAPIR(15,21-25) and which stems from poor I 1) 1l
induction of thdNO1 gene in the absence of inositbLR2,24). o L R AR A R R R A R <
Of the 20 recessive suppressors, aoB2andscs5wvere unable [ R - """’| e
to support growth of thgpno26-31strain in the absence of inositol 1 " 5 5 7 B

(Fig. 1A). When tested in the presence of wild-tyRPO26

neitherscs32norscs5conferred an Imophenotype (not shown).

The failure ofscs32andscs5to suppress the inositol auxotrophy, Figure 1. Suppression of the growth phenotype and reduction in the amount of
which is an RNAPII-specific defect, suggested that they mighfPo26p imposed bypo26-31 (A) scs32suppresses the ts phenotype of

: : : 026-31but not the Ino phenotype imposed by this mutant allele. Similar
contain compensatory mutations in cellular components th mbers of cells were spotted on solid growth medium in the absence (top) or

specifically rescue the assembly defect of RNAPI (and perhapsesence (bottom) of inositol, and incubated at the indicated temperatures.
RNAPIII). Under these circumstances, the functional defeciB) The steady-state amount of rpo26-31p is returned to wild-type levels in the
imposed on RNAPII bypo26-31may not be corrected and the presence ocs32 Strains SNY102RPO26 SCS32 SNY103 (po26-31
cells would remain auxotrophic for inositol. In order to explore SCS3% SHY212 (po26-31 scs3pand SHY158RPO26 scs32were grown
: L . exponentially at 23C, shifted to 35 and 3T for 6 h and cell extracts were
this possibility,scs32andscsSwere characterized further. — jenared. indicated amounts of protein from each extract were used for
In order to identify suppressor mutations that are allelic tQyrotein-blot analysis using a polyclonal antibody to Rpo26p.
scs32 the mutant strain was crossed to the panel of 20 recessive

suppressor strains, as well as to the origipa6-31strain as

control, and the growth phenotype of the diploids at@G35 ¢nqs of the insert followed by a search in the DNA database
(suppression ofpo26-31ts phenotype) was tested. TSES32  choywed that it contains a portion BAD51 and upstream

suppressor was chosen for this test because it provided bedggyences of this gene located on chromosome V. Analysis of the
suppression thastssof the ts phenotype conferredipp26-31.  gequence upstream BADS1identified two divergently tran-
None of the diploid strains (except for homozygees32 was  gcripeq overlapping open reading frames (RigORF1 and
able to grow at 3%, indicating that thecs32mutation is not - oRrE2). Further subcloning of the insert showed that at least one
allelic to any of the recessive suppressors in our collection.  4f these ORFs is required for complementation of the suppression
phenotype (Fig2). A search on the database for homologous
Cloning of SCS32 protein sequences identified the ORF transcribed divergently
from RAD51(ORF2) aPUP3 (putative proteasomal subunit 3)
The SCS32gene was cloned by complementation of thewhich has been identified previousl¥6] based on homology
suppression of thgpo26-31ts phenotype bycs3see Materials  with the rat 27) and bovineZ8) proteasomal subunits RC10-lIp
and Methods). A library of yeast genomic DNA was used t@and8, respectively. ORF1 did not show a significant homology
transform thescs32suppressor strain. Among 10 087 transform+to any protein in the database.
ants, one contained the plasmid pSHB1 with a 7.0 kb insert (Fig.Several lines of evidence indicate t§S32s PUP3 First,
2), which prevented the suppressiompai26-31ts phenotype by when expression 6fUP3was placed under the control@AL1
scs32(prevented growth at 3&). Restriction digestion and promoter (plasmid pSHB8) and introduced into $be32strain
subcloning experiments were used to locate the complementi(gHY212), the transformants were able to grow &C3bnly
region on a 4.0 kb fragment (Fig). Sequencing analysis of the when the expression BJUP3was repressed (in the presence of



Nucleic Acids Research, 1997, Vol. 25, No. 18575
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Figure 2. Molecular cloning oPUP3(SCS32and identification of thpup3-1(scs32 mutationPUP3was cloned by complementation of suppressiopa6-31

A YCp50-based genomic library, made fr@aBA-digested yeast DNA, was introduced into strain SHY2/(@26-31 scs3Rand transformants were tested for
growth at 33C. Plasmid pSHB1, which was able to inhibit cell growth &C3&omplemented the suppressiorsbg32, contained a 7.0 kb insert from chromosome
V. In order to identify the complementing region of the insert, pPSHB1 was digested with various restriction enzymes dstiregtaien fragments were subcloned
into pRS316 and tested for the complementation of the suppression phenotype. The solid line represents the yeast gamahtieingery lines indicate YCp50
sequences. Plasmid pSHB16 containgoilng3-1(scs32 suppressor allele $fUP3(SCS32 which was rescued from strain SHY212 as outlined in Materials and
Methods. In plasmid pSHB8 expressiorPbfP3is under the control of the induciliBAL1 promoter. This plasmid was used to show that the expressRisRS

(in the presence of galactose) is necessary and sufficient for the complementation of the supprpeg@3bts phenotype bgcs32

glucose). This indicated that the expressiofP0P3 but not assembled RNAPII is notably reduced at@7n therpo26-31
ORF1 was necessary and sufficient to complement the suputant strain4). Furthermore, although over-expression of this
pression ofrpo26-31 by scs32 (Fig. 2). Second, rescue of mutant allele from a high-copy plasmid partially suppresses the
chromosomaPUP3from thescs32strain followed by sequence Ino-and ts phenotypes, it cannot rescue completely the RNAPI
analysis identified a mutation (C25F) in tRBP3 ORF. When  assembly defectdf. The amount of assembled RNAPII in the
tested in the scs32 strain, the mutant forWP3 (pup3-) was  scs32strain was monitored at 3C in order to investigate

not able to complement suppression offfu26-31ts phenotype \hether partial suppression of the ts phenotype and the lack of
by scs32Third, it has been shown previously that the steady-statgippression of the inositol auxotrophy was due to the inability of
level of rpo26-31p is reduced significantly af 87(4). Analysis  this enzyme to assemble to normal levels. Yeast strains containing
of the steady—stat_e level of rpo26-31p showed that this subujii four combinations of wild-type and mutant alleleREFO26
accumulates to wild-type levels in the presencece82ooth at g s5CS32vere metabolically labeled witR3S]methionine at

35 and 37C (Fig. 1B), consistent with the observation that thegzec rnAPII complexes were immunoprecipitated from crude
scs32strain has a mutation in a putative catalytic subunit of thﬁxtracts, using a monoclonal antibody to the CT0), (and were
cellular proteasome. separated on an SDS—PAGE gel. As shown in Figuthe
amount of newly assembled RNAPII was reduced in the presence
of rpo26-31 (lane 3) compared to wild-type (lane 2, compare
As described above, rpo26-31p accumulated to wild-type levelgtensity of bands corresponding to RNAP subunits). Further-
at 37C in the presence @up3-1 yet the ts growth defect was more, this assembly defect was not rescued in the presence of
only partially suppressed and the cells remained auxotrophic fees32 (Fig. 3, lane 4), although rpo26-31p accumulated to
inositol (Fig.1). It has been shown previously that the amount odpproximately wild-type levels under these conditions (F&j-

Analysis of the assembly of RNAPII
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Rpo29/10/11p = = Figure 4. Construction of #UP3deletion strain.A) Schematic representation
b z 3 4 ? of thePUP3deletion allele indicating the region of the ORF that was replaced
by HIS3 (B) Phenotype ofPUP3 deletion. A yeast strain (SHY188)
heterozygous for thBUP3 deletion allele was sporulated (left column); this

’ . gave rise to only two viable tetrads, both of which were fdd-typePUP3).
Sirains SNYIOZ (ane 2), SNY103 (ane 3. SHY212 (ane 4) and Shiy1ss T Iethal phenotype of (reUPS deleion stiam was rescued by plasiids
(lane 5) were metabolically labeled wi?$]methionine at 37C for 2 h, and PSHB11 PUP3 middie) an_d pSHBl%P3'l right) as descrlbeq in Materials
RNAPII complexes were immunoprecipitated from crude extracts using a an%.lMeth]??ngé EX?I’?SSIOI‘: QPU'TE; IS ’Tzcessssg ar:l‘_ fé‘ffl'acl"legt for the
monoclonal antibody (8WG16) to the CTD of Rpo21p. A separate immuno- ;/r:?rolc;tgceo dinto straiﬁ gho\r;lg ;E'n;_,mass;z' SIgBll)jpaCr;l( dthe ;bili ﬁfvgzﬁs
precipitation was done with an SNY102 extract using a monoclonal antibody t0 lose bSHB11 (become resi tpnt"t 5-FCp)A tested wh nt¥h ression
to human Rb protein (lane 1), as a negative control. The immunoprecipitated Se p (beco € resistant to ) was ested when the expressio
complexes were subjected to electrophoresis in a 10% polyacrylamide—SD f PUP3was repressed in the presence of glucose or induced in the presence
gel. The position of migration of the RNAPII subunits is shown on the left. of galactose. The result o_f this experiment is §hown with four independént His

spores from the sporulation shown in (B) (middle column).

Therefore, the failure of RNAPII to assemble to normal levels ipSHB7, which containBUP3 expressed conditionally from the
the presence ofcs32 provides an explanation for partial GAL10promoter. The ability of these cells to lose pSHB3 was
suppression of the ts phenotype and lack of suppression of tlegted by plasmid shuffling (ability to grow on 5-FOA), in the

Ino~ phenotype associated wiho26-31 presence (on galactose) or absence (on glucos&UB3
expression. As shown in Figut€, cells were able to lose pSHB3
Chromosomal deletion ofPUP3 only whenPUP3was expressed (in the presence of galactose),

. ) indicating thatPUP3 and not the overlapping ORF, is essential
ChromosomalPUP3 (along with the overlapping ORF, see for viability.
above) was replaced withIS3 (Fig. 4A) in the diploid strain A plasmid carryingpup3-1was able to support growth of the
LP112 in order to determine whether the produdPl0P3is  pyp3 deletion strain (Fig4B). This indicated that theup3-1
essential for growth (see Materials and Methods): #iigloids  mytation did not completely abolish the activity of Pup3
were sporulated and used for tetrad dissection. All diploidsroteasomal subunit and is consistent with the observation that

analyzed (20 in total), showed only two viable spores #BY.  scs32roes not confer a growth defect in the presen&P@26
all of which were His. The lethality of Hi$ spores was rescued

by plasmid pSHB3 (Fig4B), which contains the 4.0 kb
EcdRl-Sal complementing fragment (Fi@), suggesting that
PUP3 the overlapping ORF, or both are required for viability.The ability of scs32to suppress the phenotype of other ts
His* haploids containing pSHB3 were transformed with plasmidnutations inRPO26 was tested in order to determine if the

Specificity of suppression byscs32
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steady-state of Rpo21p (FigC) and can be suppressed by an
increase in the gene dosagd@f026(9). rpo21-23is defective
in elongation of transcription due to reduced binding-affinity for

A BCEAR seal?

e the transcription elongation factor SA(30). scs32was unable
peaz to suppress the ts phenotype of any of these mutant alleles at all
poaa temperatures tested (23, 30, 33 and@37(Fig. 5B). Cells

mosesd harboring rpo21-4 are auxotrophic for inositol, have a slow
Fpa2E-a3

growth phenotype at 3€C and are unable to grow at or above
35°C (15), a growth characteristic similar to cells containing
rpo26-31 Protein-blot analysis showed that, similar to
rpo26-31p, the steady-state level of rpo21-4p was reduced at
B 37°C (Fig.5C, compare lanes 6 and 7 with lanes 8 and 9), but
» - unlike rpo26-31p, rpo21-4p did not accumulate to wild-type
levels in the presence sfs32(Fig. 5C, compare lanes 4 and 5
with lanes 6 and 7). Thus, suppressiorsts32does not extend
to ts mutations in another polymerase subunit

DISCUSSION

Previous studies have shown that therps26-31 mutation
) reduces the steady-state level of Rpo26p at a high tempe#ature (
% ‘%-.Ez., %:"};r LY "&-z'i;@.., This reduction is due to degradation of Rpo26p since, as reported
in this communication, an extragenic suppressos32 of
rpo26-31ts phenotype that allows accumulation of this subunit
: : to normal levels contains a mutation in a catalytic subunit (Pup3p)
S T TR of the yeast 20S proteasome. The 20S proteasome is the catalytic
core of the 26S proteasome, which is the major proteolytic
machine of eukaryotes, both in the nucleus and cytoplésm (
Figure 5. Specificity of suppression tsgs32 Growth phenotype conferred by Thls_ compl_ex enzyme 1S mVOIVed In a variety of_cellular eve_nts
various ts mutant alleles BPO26(A) orRPO21(B) in the absence or presence  (réviewed in31) and is responsible for degradation of proteins
of thepup3-1(scs33 mutation. A suspension of cells in the form of a drop was that are misfolded due to heat stress or incorporation of the
applied on solid medium and the Petri plates were incubated at the indicatearginine analog canavanind8234). The crystal structure of
temperatures. For each strain J4@f a cell suspension ab21P or 2x10' 5 ehaahacterial and yeast 20S proteasome has been determine
cells/ml was used for the drop tests) Steady-state level of rpo21-4p in the - .
presence and absencepop3-1 Strains SHY206RPO21 PUPR SHY207 (35,36). Both the archaebacterial and eukaryotic 20S complexes
(rpo21-4 PUP3, SHY208 (po21-4 pup3-1and SHY209 RPO21 pup3-L are composed of a stack of four rings each containing seven
were grown exponentially at 28 and shifted to 37C for 6 h. Cell extracts subunits 81); catalytic orf3 subunits form the two inner rings
were prepar egzi”du;?ﬁ '?hde'cagfdclig‘;‘;’:]t;b‘é;g&es'?tw;'fego?"itzoefg?h‘;gr thévhereas regulatory er subunits form the two outer rings of the
;rﬂa?xunri]t. Thepbandpbelov?/ Rpoglg represents cross-reactimitﬁmsg with an _prOteasome compleS_B@). A_IthOUQh the arCh_aebaCte”al com_plex
unknown protein which was used as an internal loading control. is formed by seven identical and subunits §6), eukaryotic
20S complexes contain 14 distinct suburiits).(
B-type subunits are synthesized as inactive precursors which
are activated during the assembly of the 20S proteasome upon
suppression was allele-specifiscs32was able to partially removal of the N-terminal pro-sequence and exposure of an
suppress the ts phenotypeab26-3Q -32, -33and-34at 37C  N-terminal catalytic Thr residue (reviewed 7). Structural
(Fig. 5A); this is consistent with the fact that these mutant allelesnalysis of the yeast 20S complex has shown that only three out
also reduce the steady-state level of Rpo2BpNext, the ability of sevenf-type subunits are processed into active catalytic
of scs32t0 suppress ts mutations in another polymerase subusitibunits (Pupl, Pre3 and Pré3). The remainder of thg-type
was tested. The gene encoding the largest subunit of RNAPII wasbunits are predicted to contribute amino acid side chains to the
replaced witiHIS3 (see Materials and Methods) in two isogeniccatalytic pocket of the active subuni&s).
strains carrying either tfeCS32or scs32allele. The growth of The following observations indicate that Pup3p interacts with
these strains was supported by the plasmid-encBifd21  and contributes to the trypsin-like activity of the Pupl subunit.
which then was replaced with plasmids carrying various ts allel¢d Determination of the crystal structure of the yeast proteasome
of RPO21(rpo21-1, -4 and-23) by plasmid shufflingX7). has revealed that Pup3p and Puplp form neighboring subunits
TheseRPO21ts alleles were chosen for two reasons; first, thegnd are involved in extensive protein—protein interactida} (
show differing degrees of growth defect at the non-permissi@) Residues K58 in Puplp and E151 in Pup3p (double-
temperatureypo21-4 has the most-severe growth defect andinderlined in Fig.6) are predicted to form a salt bridge;
rpo21-23the least (FighB). Secondrpo2l-landrpo2l-4are  destabilization of Pup3p caused by the E151K substitution causes
known to be defective in the assembly/stability of RNAPII sincéethality, which can be suppressed by a compensatory K58E
the growth defect apo21-1can be suppressed by over-expressiomutation in Puplp3g). (iii) Aspll4, Aspl20 and Cysl118 in
of the mutant subunit (Jansma and Friesen, unpublished dat@yp3p (underlined in Fig) are predicted to contribute to the
and the ts phenotype ©po21-4 is associated with reduced trypsin-like activity of Pup1p35). The homologous Cys residue

|49 20 |40 20 |40 20| 40 20 w8

Rpo21p ==
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XlBeta ... MVTGTSVLGVKFDGGVIIAADML LARFRNT , SRIMKVNENTILGASGDYADYQYLKQVIDCMVI. . . . DE. . ELVGDGHNY SPKATHSWLTRVMYNRRS . . KMNPLWNTVVIGGF . YNGE . SFLGYVDKLGVAY . EAPTTATGFGAYLAQPLLREVTE. .NEAT
SCPRE4 NTQQPTVTGT MKYDNGVI IHAPNLGSYGSLLRFNGV. ERLIPVGDNTVVGISGDISDMOHTERLLKILVTENAYDN. . PLADAEEALEPSY IFEYLATVMYQRRS . . KANPLWNAIIVAGVQSNGD . QFLRYVNLLGVTY . SSPTLATGFGAHMANPLLRKVVD . .RESD 2
ScPUPL TQ! TTIVGVKENNGVVIAADTRSTQGPIVADKNC . AKLHRISPKIWCAGAGTAADTEAVTQLIG . . ELHSLYTSREPRVVSALQMLKQHLFKY . .Q. . GHIGAYLIVAGVDPTG . SHLF STHAHGSTD. VGY YLSLGSGSLAAMAVLESHWK . .QDLT -
HSMECLL  KVPHARKTGTTTAGLVFQDGVILQADTRATNDSVVADKSC . EKIHFIAPKIYCCGAGVAAD. TRMVA. . . ELHALSTGREPRVATVTRILROTLFRY. . Q. . GHVGASLIVGGYDLTG . PQL: . RLPFTALGSGQDAALAVLEDRFQ. .PNMT 3
SpPSTL .....MNHGTTTLAFRYQHGT' LIASQTV . KKVIEINPYLLGTLAGGAADCOFWETVLG . . . RLHQLRNKELISVSAASKILSNITYSY . . KGYGLSMGTMLAG . TGKGG . TALYY IDSDGTRL . KGDLF SVGSGSTFAYGVL.DSGYR . .WDLS H
ScPRE2 DCKIKIAHGTTTLAFRFQGGIT SQTV. KKVIEINPFLLGTMAGGAADCQFWETWLG . . .RLHELREKERISVAAASKILSNLVYQY . . KGAGLSMGTMICGYTRKEG . PTTYYVDSDGTRL . KGDIFCVGSGQTFAYGVLDSNYK. .WDLS £
MmC13 .. .. .MAHGTTTLAFKFQHGVT ISSLRM. NKVIEINPYLLGTMSGCAADCQYWERLLA . . .RLYYLRNGERISVSAASKLLSNMMLQY . . RGMGLSMGSMICGW. DKKG . PGLYYVDDNGTRL . SGQMFSTGSGNTYAYGVMDSGYR . .QDLS
RnC13 ... MAHGTTTLAFKFQHGVT YIATIRV.NKVIEINPYLLGTMSGCAADCQYWERLLA. . .RLYYLRNGERISVSAASKLLSNMMLQY . . RGMGLSMGSMICGH . DKKG . PGLYYVDDNGTRL. S TYAYGVMDSGYR . .QDLS
HsC13 ... .MAHGTTTLAFKFQHGVT. TSALRY . NKVIEINPYLLGTMSGCAADCQYWERLLA . . .RLYYLRNGERISVSAASKLLSNMMCOY . . RGMGLSMGSMICGW . DKKG . PGLYYVDEHGTRL . TGSGNTYAYGYMDSG! .PNLS
GgrCl . LHGTTTLAFKFAHG! IASQTV . QKVIEINPSLLGTMAGGAADCSFWERLLA . .RVYELRNKEPTSVARASKLLANMVYQY . . KGMGLSMGTMICGH . DKRG . PGLYYVDSEGTRI. AVGSGSSYAYGVLDGG - PDMA
HsEpsilon .. + . XKXLAFKFRXGVT 2 R LR R R R R R
HsDelta  ......... XXIMAVQFDGGVVLGAPSRTTTGSY IANRVT . DKLTPIHDRIFCCRSGSAADTQAVADAVT .YOL. .GFHSIELNEPPLVHTAASLFKEMCYRY . . RE. DLMAGIITAGWDFQEG. . RQSFAIGGSGSSYIYGYVDATYR. EGMT
RnDelta  WENREVSTGTTIMAVQFDGGVVL T TANRVT. DKLTPIHDHIFCCRSGSAADTQAVADAVT .YQL. . GFHSIELNEPPLVHTAASLFKEMCYRY . . RE. DLMAGT ITAGWDPQEG . GQVY SYPMGGMMY . RQSFAIGGSGSSY IYGYVDATYR . -EGMT
MmMC7 TIMAVEF TAVVNRVF . DKLSPLHQRTFCALSGSAADAQATADMAA . . ELHGLELEEPPLVLAAANVVENISYKY . . RE. DLLAHLIVAGWDQREG . GOVYG . TMGGMLI . RQPFTIGGSGSSY IYGYVDAAYK. . PGMT
RnMC?7 TIMAVEF . DKLSPLHQRIYC: DAQATADMA. . .ELHGLELEEPPLVLAAANIVKNISYKY . . RE. DLLAHLMVAGWDQHEG . GOVYG . TMGGMLT . RQPFAIGGSGSTYIYGYVDAAYK. . PGMT
HsMC?7 MAVEFDG NRVF . DKLSPLHER 1 YCALSGSAADAQAVADM] . . ELHGIELEEPPLVLAAANVVRNISYKY . . RE. DLSAHLMVAGWDQREG . GOVYG . TLGGMLT . ROPFAIGGSGSTF IYGYVDAAYK . - PGMS
SCPRE3  ............ MAVTFKDGVILAADSRTT I2ANRVT. DKLTRVHDKIWCCRSGSAADTQATADIVQ . .ELYTSQYGTPS. TETAASVFKELCYEN. . KD. NLTAGIIVAGYDDKNK . GEVYTTPLGGSVH . KLPYATAGSGSTF TYGYCDKNFR . ... ENMS
TaBeta -MNQTLETGTTTVGITLKDAVIMATERRVTMENF IMHKNG . KKLFQIDTY TGMTIAGLVGDAQVLVRYMK . . ELYRLQRRVNMPIEAVATLLSNMLNQV . . KYMPYMVQLLVGGID. . TA. PHVFSIDAAGGSY . EDIYASTGSGSPFVYGVLESQYS. . ... ..o ..t EKMT

Figure 6. Partial sequence alignmentafandp-type proteasomal subunits. The sequence alignment was performed using the PileUp programme. The amino aci
mutated inpup3-1(scs32 and the equivalent residue in other proteasomal subunits are enclosed in a rectangle. S1-S4 showoregidifissobunits from
Thermoplasma acidophiluthat have been shown by X-ray crystallography to form four strand3-pleated sheet that is a conserved secondary structure of these
subunits. The underlined residues in the Pup3p sequence are predicted from the crystal structure of yeast 20S proteaabateeddimirypsin-like activity of

the Puplp subunit. The double-underlined residue in Pup3p forms a salt bridge with K58 in Puplp. The following are thiersbheedaScS.cerevisiagRn,

Rattus norvegicydHs,Homo sapiensDm, Drosophila melangasteit, Arabidopsis thalaniaDd, Dictyostelium discoideunXl, Xenopus laevjsBt, Bos taurus

Ta, T.acidophilum

in the bovine Pup3p (subumit cross-links tdN-ethylmaleimide, Reductions in the steady-state level of the largest subunit of
which is a specific inhibitor of the trypsin-like activity of the RNAPII (Rpo21p) (Fig3; 4) and of RNAPI (Rpollp¥j are also
bovine 20S complex2@). These observations suggest thatassociated with the tspo26-31 allele. Restoration of the
mutations which alter the function of Pup3p would reduce thsteady-state level of rpo26-31p to wild-type, either by mutating
trypsin-like activity of the yeast 20S proteasome. PUP3or by over-expression of rpo26-31p, does not rescue the
Sequences flanking the mutationpap3-1(C26F) are highly reduction in the amount of Rpo21p (F&.or Rpollp 4). This
conserved among all available proteasomal subunits §ig. observation suggests that the mechanism by which the steady-
These sequences patrticipate in the formation of one strand (stratate level of Rpo26p is maintained is probably independent from
S2, underlined in Figh) of aB-pleated sheet that is observed inthat responsible for Rpo21p and Rpollp. This conjecture is
all proteasome subunit8,36). The cysteinyl residue which is supported by the observation that, althoagb32can partially
mutated in pup3-1p is not predicted to participate in the catalytsuppress the ts phenotypeRPO26mutant alleles (perhaps by
activity of the proteasome and is not a conserved amino acallowing the accumulation of the mutant subunit), it fails to
These observations, in combination with the fact that C26 is neveuppress the ts phenotype RPO21 mutant alleles or allow
substituted with an amino acid containing a bulky side chain (Figpo21-4p to accumulate in a wild-typ&O26background. This
6), suggest that the presence of phenylalanine at the positionagfparent subunit-specificity s€s32action can be interpreted in
C26 is not favorable and might generate a minor structurak least two ways. First, it is possible that the first cleavage event
change, which as a consequence may lead to reduced amourfoothe rpo26-31 protein (but not for rpo21-4p) is mediated by the
the trypsin-like activity. Thepup3-1strain has no detectable tryptic activity, and that further cleavages cannot occur otherwise.
growth and sporulation defect, suggesting that the presence of thethe presence of pup3-1p the tryptic activity of the 20S
trypsin-like activity of the proteasome is not essential for yeagiroteasome would be reduced which can potentially block further
function. This is in agreement with the recent observation thaegradation of the rpo26-31p. Alternatively, the apparent specificity
inactivating the trypsin-like activity of the yeast proteasome bpf scs32to Rpo26p might simply be due to the ability of
mutagenizing the catalytic Thr in Pupl does not lead to anassembled or mutant Rpo21p to be recognized more efficiently
detectable growth defe@g). by the proteasome than mutant or unassembled Rpo26p. Under
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these circumstances, a marginal decrease in the activity of th& Bonneaud, N., Ozier-Kalogeropoulos, O., Li, G.Y., Labouesse, M.,
proteasome would be sufficient for Rpo26p but not for RpoZlE)

(or Rpol1p) to accumulate to wild-type levels.

One mechanism by which Rpo21p could be recognized mogg

efficiently by the proteasome is by rapid ubiquitin-modification.

Except for isolated examples where ubiquitination serves

signaling role §9-41), ubiquitin-modification of cellular pro-

teins marks them for rapid degradation by the 26S proteasome

17

(3D). Indeed, it is known that the largest subunit of RNAPIlg
(Rpo21p) is ubiquitinated in yeast by the ubiquitin ligase Rsp5p

whose interaction with Rpo21p is mediated by the CZB).(

Knowledge that CTD is a domain unique to Rpo21p suggestst

19

RspSp specifically targets Rpo21p (among the subunits gf
RNAPII) that is free of association with the other polymerase
subunits, thus mediating selective removal of the unwantex?

Rpo21p. It is also possible that there are Rpollp- or Rpo26p2
specific ubiquitin ligases whose identification awaits furthe2

mvestlgatlon.
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