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ABSTRACT
The ubiquitin/proteasome pathway plays a key role in regulating cell cycle progression. Previously, we

reported that a conditional mutation in the Saccharomyces cerevisiae gene RPT4/PCS1, which encodes one
of six ATPases in the proteasome 19S cap complex/regulatory particle (RP), causes failure of spindle pole
body (SPB) duplication. To improve our understanding of Rpt4p, we created 58 new mutations, 53 of which
convert clustered, charged residues to alanine. Virtually all mutations that affect the N-terminal region,
which contains a putative nuclear localization signal and coiled-coil motif, result in a wild-type phenotype.
Nine mutations that affect the central ATPase domain and the C-terminal region confer recessive lethality.
The two conditional mutations identified, rpt4-145 and rpt4-150, affect the C terminus. After shift to high
temperature, these mutations generally cause cells to progress slowly through the first cell cycle and to
arrest in the second cycle with large buds, a G2 content of DNA, and monopolar spindles, although this
phenotype can vary depending on the medium. Additionally, we describe a genetic interaction between
RPT4 and the naturally polymorphic gene SSD1, which in wild-type form modifies the rpt4-145 phenotype
such that cells arrest in G2 of the first cycle with complete bipolar spindles.

SELECTIVE proteolysis via the ubiquitin/proteasome tive ATPases as Rpt1-6 (for regulatory particle triple-A)
pathway is fundamental to eukaryotic cell cycle pro- and the remaining subunits as Rpn1-12 (for regulatory

gression (King et al. 1996; Koepp et al. 1999; Tyers and particle non-ATPase; Finley et al. 1998). The RP consists
Jorgensen 2000). Protein degradation provides a rapid, of two subcomplexes, the base and the lid (Glickman
irreversible method of inactivating regulatory mole- et al. 1998a). Each RP base from Saccharomyces cerevisiae
cules, including cyclins, cyclin-dependent kinase inhibi- contains all 6 Rpt subunits assembled into a heteromeric
tors, and anaphase inhibitors, at the appropriate time complex (Glickman et al. 1998a,b), as well as Rpn1p,
in the cycle. Ubiquitination (Ciechanover 1998; Her- Rpn2p, and Rpn10p, and appears to bind directly to
shko and Ciechanover 1998) targets proteins for deg- the CP. The lid, which is built of the remaining subunits,
radation by 26S proteasomes, which are large, self-com- is located distal to the base. A chaperone-like ability to
partmentalizing proteases found in the cytoplasm and refold a denatured protein is exhibited by the base in
nucleus (Voges et al. 1999; Zwickl et al. 2000). Each vitro, suggesting that it could function in vivo to unfold
proteasome is assembled from a barrel-shaped 20S core substrates and promote their translocation into the CP
particle (CP) and one or two 19S regulatory particles (Braun et al. 1999). The base is also believed to play a
(RPs) linked to the ends of the CP. Proteolytic activity role in opening the CP channel, which is blocked in
is sequestered inside the CP, and ubiquitinated sub- yeast by portions of CP subunits (Groll et al. 1997,
strates are believed to be recognized, unfolded, and 2000).
translocated into the CP by the RP in an ATP-requiring The six ATPases appear to have distinct functions,
process. since null mutations in each of the corresponding genes

The RP contains �18 different subunits, 6 of which are lethal and the lethality is not suppressed by overpro-
are ATPases (Ferrell et al. 2000). The subunits have been duction of other Rpt subunits (Ferrell et al. 2000).
given a unified nomenclature that designates the 6 puta- Experiments involving selective chemical inactivation of

Rpt4/Sug2p and Rpt6/Sug1p support the idea that
these subunits are nonredundant (Russell et al. 2001),
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channel (Köhler et al. 2001). Additionally, whereas of early cell cycle progression, in addition to SPB dupli-
cation.rpt6/cim3 and rpt1/cim5 temperature-sensitive (ts) muta-

tions cause cells to arrest at G2/M with a short bipolar
spindle (Ghislain et al. 1993), a ts rpt4/pcs1td mutation

MATERIALS AND METHODScauses cells to arrest with a monopolar spindle (McDon-
ald and Byers 1997). Thus, we previously hypothesized Strains and culture techniques: All strains were of the S288C

genetic background. Allele replacement was done in the hap-that Rpt4p plays a specific role in the duplication of
loid yeast strain Wx257-5c (MATa ura3-52 leu2-3, 112 trp1�the spindle pole body (SPB), which functions as the
his3� ssd1-d, originally constructed by Mark Winey). Strainscentrosome equivalent and serves to organize microtu- containing the rpt4-145 and rpt4-150 alleles were crossed to

bule arrays in yeast (Byers 1981a). Wx257-7b (MAT� ura3-52 leu2-3, 112 trp1� ssd1-d) to obtain
MAT� rpt4-145 and MAT� rpt4-150 strains, which were in turnSPB duplication is a key event in the cell cycle, essential
crossed to BY4741 (MATa his3�1 leu2�0 met15�0 ura3�0 SSD1;for the formation of a bipolar spindle. Electron micros-
Brachmann et al. 1998) to move the rpt4 alleles to an SSD1copy (EM) reveals that the SPB is a trilaminar disk em-
background. Standard yeast genetic methods were used (Mor-

bedded in the nuclear envelope throughout the cell timer and Hawthorne 1969) and yeast media were made as
cycle; microtubules emanate from its outer and inner described (Hartwell 1967; Ausubel et al. 1994). 5-Fluoro-

orotic acid (5-FOA) was purchased from Toronto Researchsurfaces into the cytoplasm and nucleus, respectively
Chemicals (North York, Ontario) and cycloheximide was pur-(Byers 1981a). The single SPB that is present at the begin-
chased from Sigma (St. Louis). For cell synchronization, cellsning of the cell cycle must duplicate to generate the two were arrested with 10 �m �-factor (Sigma) and released as

poles of the bipolar spindle. The first visible sign of described (Winey et al. 1991). Bacterial strains DH5�, XL10-
duplication is the appearance of the satellite early in G1. Gold (Stratagene, La Jolla, CA), and TOP10 (Invitrogen, Carls-

bad, CA) were used for plasmid construction; bacterial mediaThis structure appears as an aggregate of material on the
were made as described (Sambrook et al. 1989).cytoplasmic surface of the half-bridge, a darkly staining

Plasmid construction: Plasmid pHM59 was constructed for
region of the nuclear envelope adjacent to the extant use as a template for RPT4 mutagenesis. It bears a 1.9-kb
SPB. The satellite apparently matures into a larger struc- fragment of genomic DNA that contains the RPT4 coding

sequence, with a selectable marker (TRP1) inserted into theture, the duplication plaque (Adams and Kilmartin
RPT4 downstream flanking sequence. As a first step toward1999), which becomes embedded in the nuclear enve-
pHM59 construction, TRP1 was inserted into the Wx257-5clope as a second, mature SPB later in G1. rpt4/pcs1td
genome 93 bp downstream of the RPT4 stop codon using

cells fail to form a satellite at restrictive temperature, a hybrid-oligonucleotide polymerase chain reaction (PCR)-
perhaps because they contain an abnormal half-bridge based method (Baudin et al. 1993). TRP1 was amplified from

pRS314 (Sikorski and Hieter 1989) using forward primerstructure (McDonald and Byers 1997). Thus, these
HM-100 5� TGCGAGAAAGCTTGCCTTATTTAAGCTCGAAAcells exhibit a failure of SPB duplication at the earliest
TGGCTATGGAAGCATTTAATAGAACAG 3�, reverse primer

known stage of the process. Since other early landmarks HM-99 5� AAATTTAGCTTATTGAAAAAGCATTTAGAACTA
of the cell cycle (bud formation and DNA synthesis) GAGTTCACAGGCAAGTGCACAAACA 3�, and the eLON-

Gase enzyme mix (Invitrogen Life Technologies). Underlinedare not prevented, we hypothesized that the Rpt4/Pcs1
sequences anneal to TRP1; the nonunderlined portions repre-subunit is specifically required for the proteolysis of
sent sequences that flank the site 93 bp downstream of thesubstrate(s) that must be degraded for SPB duplication RPT4 stop codon. The resulting product, a 975-bp TRP1-con-

to occur (McDonald and Byers 1997). taining fragment flanked by RPT4 downstream sequences, was
To investigate the structure and function of Rpt4p used to transform strain Wx275-5c to Trp� by the Li-acetate

method (Gietz et al. 1992). Amplification of genomic DNAfurther, and to determine whether additional rpt4 muta-
derived from Trp� transformants using primers HM-50 (5�tions also affect SPB duplication, we systematically muta-
CACTCGAGGAGCTATCAACGGTGGGAACT 3�, which an-

genized RPT4 and analyzed the resulting phenotypes. neals 255 bp upstream of the RPT4 start codon) and HM-51
Primarily, we converted clustered, charged amino acids (5� CACTCGAGGTTGGGATACACAGCGTGCC 3�, which an-

neals 373 bp downstream of the RPT4 stop codon), indicatedto alanine. Since such residues are likely to be found
that the fragment had integrated at the RPT4 locus in oneat the surface of a protein, and since the alanine side
case. [Insertion of TRP1 at this position relative to RPT4 inchain is small and uncharged, this method can be an the Wx257-5c genome, to create strain YHM101, does not

effective way of subtly perturbing surface domains and detectably affect yeast viability or growth characteristics (Fig-
protein interactions without grossly distorting protein ure 1, section 2).] The 2.9-kb PCR product was inserted into

pCR4-TOPO (Invitrogen) to create pHM59. The TRP1-markedfolding (e.g., Cunningham and Wells 1989; Bass et al.
RPT4 gene can be excised as a single fragment from the vector1991; Bennett et al. 1991; Wertman et al. 1992; Reijo
using XhoI (site underlined in primers HM-50 and HM-51

et al. 1994). We generated 53 charged-to-alanine muta- above). Restriction enzymes were purchased from New En-
tions, as well as several others suggested by analysis of gland Biolabs (Beverly, MA).

Site-directed mutagenesis and construction of deletion mu-the Rpt4p sequence. Our results reveal an important
tants: The desired mutations in RPT4, together with silentrole for the C terminus in Rpt4p function and indicate
mutation(s) that either create or destroy a restriction site atthat much of the N terminus is dispensable. Phenotypic or very near the codon-altering mutation(s), were generated

analysis of the two conditional rpt4 mutants recovered in pHM59 using the Stratagene QuickChange method. Site-
directed mutagenesis was performed according to the manu-from this screen reveals roles for RPT4 in other aspects
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facturer’s instructions, except that oligonucleotide primers 150 mutation affects the level of Rpt4p at restrictive tempera-
ture, a LEU2-marked CEN plasmid (pHM54) that encodes awere designed to have a melting temperature of �70�. Oligo-

nucleotides were synthesized by MWG Biotech (High Point, green fluorescent protein (GFP)-Rpt4p fusion was used (McDon-
ald and Byers 1997). The expression of this fusion is drivenNC), Sigma-Genosys (The Woodlands, TX), and Integrated

DNA Technologies (Coralville, IA); sequences are available by the RPT4 promoter. pHM54 was transformed into haploid
yeast strain YHM10.1.49 (McDonald and Byers 1997), whichupon request. Eight of the alleles were made by remutageniz-

ing a previously constructed allele such that two nearby sets contains a disrupted chromosomal copy of RPT4 and is made
viable by the presence of pHM49. Leu�, 5-FOA-resistant trans-of mutations were combined.

Two deletions were constructed in RPT4. To facilitate their formants (which have lost pHM49) were found to be capable
of growth at both 30� and 36.5�, indicating that the GFP-Rpt4pconstruction, a BamHI site was engineered at position 15 (rela-

tive to the first nucleotide in the start codon) in RPT4. To fusion supplies Rpt4p function at both temperatures.
The rpt4-150 mutations were reconstructed in the pHM54create the first deletion (rpt4-1�), a naturally occurring BamHI

site at position 138 was utilized. Following digestion with RPT4 sequence to create pAH66. To test the functionality of
this GFP-Rpt4-150 protein fusion, pAH66 was transformedBamHI to release the appropriate fragment, the plasmid was

reclosed such that an in-frame deletion in RPT4 was created. into strain YHM10.1.49. In this case, Leu� transformants were
found to be capable of growth at 30� but not at 36.5� onTo create the second, larger deletion (rpt4-2�), a BglII site in

RPT4 at position 246 was utilized, together with the engi- medium containing 5-FOA, indicating that the GFP-Rpt4-150
fusion provides Rpt4p function at low but not high tempera-neered BamHI site, in the same manner.

Sequence analysis: DNA sequence reactions were per- ture. Therefore, the plasmid-borne construct encoding the
GFP-Rpt4-150 fusion behaves similarly to the chromosomalformed using the Taq DyeDeoxy Terminator cycle sequencing

kit or the BigDye Terminator cycle sequencing kit (both from rpt4-150 allele, leading to a restrictive temperature 1� lower
than that of the non-GFP-fused, chromosomal allele.Applied Biosystems, Foster City, CA) and were analyzed on

an ABI 310 automated sequencer (Colgate University) or on Cytological techniques and Western analysis: Cells were pre-
pared for immunofluorescence microscopy as describedan ABI 377XL automated sequencer (University of Washing-

ton Molecular Pharmacology Facility). (Kilmartin and Adams 1984; Jacobs et al. 1988). Microtu-
bules were visualized using the DM1A mouse monoclonal anti-Allele replacement: Following site-directed mutagenesis,

plasmids were digested with XhoI to excise the TRP1-marked �-tubulin antibody (Sigma) and fluorescein-conjugated goat
anti-mouse IgG (Molecular Probes, Eugene, OR), both at 1:100RPT4 fragment. The digested DNA was transformed into strain
dilution. DNA was visualized with 4�,6-diamidino-2-phenylindoleWx257-5c containing pHM49, a URA3-marked CEN plasmid
(DAPI) at 1 �g/ml (Sigma).that bears the RPT4 coding region and sufficient flanking se-

Cells were prepared for thin-section EM (Byers and Goetschquence (93 bp upstream and 102 bp downstream) to supply
1991) and flow cytometry (Hutter and Eipel 1979) as de-RPT4 function in haploid strains containing a disrupted geno-
scribed.mic copy of the gene (McDonald and Byers 1997). Genomic

Yeast cell extracts for Western analysis were prepared asDNA was isolated from Trp� transformants and the RPT4
follows. Cells derived from 10-ml cultures at a density of 4 �locus was amplified using primers HM-279 (5� CAGCTGTA
107 cells/ml were harvested, rinsed, and resuspended in 400 �lCTGTCTTTGTTC 3�) and HM-280 (5� GATTGACCACATCT
loading buffer (125 mm Tris-Cl, pH 6.8, 20% glycerol, 4%TTAGGC 3�), which lie 103 bp upstream and 104 bp down-
SDS, 2% �-mercaptoethanol, 0.1% bromophenol blue) con-stream of the transformed fragment’s endpoints, respectively.
taining 2 mm Pefabloc SC (Boehringer Mannheim, Indianapo-A 3.2-kb product is obtained if the TRP1-marked fragment
lis). A total of 400 �l of glass beads (Biospec Products, Bartles-inserts into the RPT4 locus, whereas a 2.2-kb product is ob-
ville, OK) were added to each sample, which were thentained if the RPT4 locus is unmodified. Between 20 and 90%
alternately boiled and vortexed three times for 2 min andof Trp� transformants were generally found to incorporate
30 sec, respectively. After centrifugation for 30 sec to pelletthe fragment at the RPT4 locus. Restriction analysis of PCR-
insoluble material, volumes of supernatant containing equiva-amplified fragments and, in some cases, sequence analysis
lent amounts of total protein (5–10 �l) were subjected towere then performed to test for the presence of the desired
SDS-PAGE (Laemmli 1970) using a 6% polyacrylamide gel.mutation(s) in the genome.
Following transfer to nitrocellulose, GFP fusion proteins werePhenotypic analysis of rpt4 mutants: To determine the ef-
visualized using anti-GFP antiserum (Invitrogen) followed byfects of the inserted mutant rpt4 alleles in the absence of wild-
horseradish peroxidase-conjugated goat anti-rabbit IgG (Zymed,type RPT4, strains were plated on media containing 5-FOA to
South San Francisco, CA), both at 1:2500 dilution. The signalselect for loss of the URA3-marked pHM49 plasmid at 25�
was visualized using the enhanced chemiluminescence system(Boeke et al. 1984). An inability to obtain 5-FOA-resistant
(Amersham, Piscataway, NJ).colonies indicated that the respective mutations cause a reces-

sive lethal (RL) phenotype. If 5-FOA-resistant colonies were
obtained, they were tested on YEPD media for cold or heat
sensitivity at 10� or 37.5�, respectively. At least two independent RESULTS
transformants were tested in this manner for each mutant
allele, and following these analyses, the presence of the desired Overview: To improve our understanding of Rpt4p,
mutation in the genome was reconfirmed in each case. In two we generated 58 novel rpt4 alleles and analyzed the re-
cases (rpt4-132 and rpt4-149), however, Trp� transformants

sulting phenotypes. Fifty-three of these alleles were con-containing the constructed mutations were never recovered,
structed such that clustered, charged amino acids (Arg,although in each case 24 candidates with TRP1 inserted down-

stream from RPT4 were analyzed for the presence of the de- Asp, Glu, His, and Lys) were converted to alanine; be-
sired mutations. These mutations therefore may cause domi- tween one and four charged residues were mutated per
nant lethality. To determine whether alleles causing reduced variant. Several additional point mutations and dele-
growth or temperature sensitivity were dominant or recessive,

tions were made in regions of the protein with predictedrelevant strains were retransformed with pHM49 and tested
structural features or functional roles (see below). Thefor growth at 30� and 37.5�.

GFP-Rpt4-150 expression: To investigate whether the ts rpt4- mutations are summarized in Table 1.
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TABLE 1

Summary of mutations

Allele Amino acid replacement Detectiona Phenotypeb

RPT4 None NA WT
rpt4-1� Amino acids 6–46 deleted PCR WT
rpt4-2� Amino acids 6–82 deleted PCR WT
rpt4-101 E3A, E4A �BamHI WT
rpt4-102 H25A, E26A �PvuII WT
rpt4-103 E36A, E37A, H38A �PstI WT
rpt4-104 H39A, E40A �PstI WT
rpt4-105 E41A, E42A, R45A �PstI WT
rpt4-106 E49A, E51A �Bgl I WT
rpt4-107 E49A, E51A, D71A, D72A �Bgl I, �PvuII RGd

rpt4-108 K63A �SacI WT
rpt4-109 K63A, K75A �SacI, �PvuII WT
rpt4-110 E66A, H67A �NheI WT
rpt4-111 R68A, R69A �XhoI WT
rpt4-112 R68A, R69A, R82A, D83A �XhoI, 	XbaI WT
rpt4-113 D71A, D72A �PvuII WT
rpt4-114 K75A �PvuII WT
rpt4-115 I81D �PvuI WT
rpt4-116 R82A, D83A 	XbaI WT
rpt4-117 L84E 	XbaI WT
rpt4-118 E85A, K86A �EaeI WT
rpt4-119 D89A, K90A �EaeI WT
rpt4-120 D94A, K96A �Bgl I WT
rpt4-121 L98E �EcoRV WT
rpt4-122 K141A, K142A �PstI WT
rpt4-123 K141A, K142A, D149A �PstI, �EaeI RGd

rpt4-124 D149A �EaeI WT
rpt4-125 R161A, E162A �PstI RL
rpt4-126 R194A, E195A �PstI WT
rpt4-127 K213A, K216A �PstI RL
crl13 c G13R, L231R Sequence ts
rpt4-128 D253A, K254A �EaeI WT
rpt4-129 D253A, K254A, K271A, E272A �EaeI, �PstI WT
rpt4-130 R264A, E265A �EaeI WT
rpt4-131 K271A, E272A �PstI WT
rpt4-132 H273A, E274A �Bgl I DL (?)
rpt4-133 D281A, E282A �PvuII RL
rpt4-134 D284A �EaeI RL
rpt4-135 R289A, R290A �KpnI RL
rpt4-136 E293A �PstI WT
rpt4-137 R299A, E300A �PstI RG
rpt4-138 R299A, E300A, R342A �PstI, �SacI RGd

rpt4-139 R329A, D331A �XbaI RL
rpt4-140 R342A �SacI RG
rpt4-141 D344A, K346A �NheI WT
rpt4-142 R357A, E359A �NheI RL
rpt4-143 K367A, K369A �PstI RL
rpt4-144 D375A, E377A �PvuII RGd

rpt4-145 D375A, E377A, D390A, R392A �PvuII, �PvuI tsd

rpt4-146 K381A �PstI WT

(continued)

Each mutant allele, marked with TRP1, was used to plasmid on medium containing 5-FOA and determined
the resulting phenotype (see materials and meth-replace the wild-type RPT4 gene in haploid strain Wx257-5c,

which also contained a wild-type copy of RPT4 on a ods). We recovered 51/53 of the charged-to-alanine
mutant alleles in vivo (the remaining two may causeURA3-marked plasmid. After gene replacement at the

RPT4 locus had been verified, we selected for loss of this dominant lethality; see materials and methods). Nine
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TABLE 1

(Continued)

Allele Amino acid replacement Detectiona Phenotypeb

rpt4-147 D390A, R392A �PvuI WT
rpt4-148 E397A �PstI WT
rpt4-149 R404A, D405A �PvuII DL (?)
rpt4-150 D406A, R407A �PstI ts
rpt4-151 D408A �SacI WT
rpt4-152 D413A, D414A �PstI RL
rpt4-153 R420A, K421A �PstI WT
rpt4-154 E424A �PstI WT
rpt4-155 E424A, E433A �PstI, �PvuI WT
rpt4-156 E433A �PvuI WT

a Restriction sites that were either created (�) or destroyed (	) in the mutant allele are indicated.
b WT, wild type; RG, reduced growth, particularly at high temperature; ts, temperature sensitive; RL, recessive

lethal; DL, dominant lethal.
c James Haber (Brandeis University).
d The RG and ts alleles indicated display mild semidominance. All other RG and ts alleles are recessive.

of the alleles cause RL phenotypes, whereas most (34) dues 13–96 are 49% charged, 77% charged and polar),
a putative bipartite nuclear localization signal (NLS;of the remaining alleles appear to result in wild-type

(WT) phenotypes. Figure 1, section 3, shows rpt4-129, residues 62–78), and a region (residues �69–101) that
is predicted to participate in the formation of a shorta representative WT strain, compared to the parent,

Wx257-5c (Figure 1, section 1), or to its WT derivative, �-helical coiled-coil (Figure 2). We hoped to gain insight
into the functional significance of these features withYHM101, which has incorporated the RPT4::TRP1 frag-

ment at the RPT4 locus (Figure 1, section 2). Six alleles our mutational analysis.
We constructed a total of 21 point mutations or clus-cause reduced growth (RG), especially at elevated tem-

perature (37.5�); representative strains rpt4-123 and rpt4- ters of mutations in the N-terminal region (Table 1) and
determined that 20 of them resulted in no detectable137 are shown in sections 4 and 5. Two strains, rpt4-145

(Figure 1, section 6) and rpt4-150 (Figure 1, section 7), mutant phenotype. (The rpt4-107 allele confers a mild
RG phenotype.) The ability of Rpt4p to function despiteare ts, but none were found to be cold sensitive. Finally,

because RPT4 was originally identified as the cyclohexi- these mutations suggests that the N-terminal region,
which represents the most divergent region of Rpt4pmide-resistant, ts lethal allele crl13 (McCusker and

Haber 1988; section 8 in our Figure 1), we tested each relative to other Rpt subunits (Figure 3), might be dis-
pensable for function. To test this idea, we created twoof the strains for resistance to 1 �g/ml cycloheximide;

none were found to be resistant (data not shown). alleles, rpt4-1� and rpt4-2�, which are deleted for resi-
dues 6–46 and residues 6–82, respectively. Strains con-Mutational analysis of the N terminus: The N-terminal

region of Rpt4p contains a very hydrophilic region (resi- taining these alleles again display a WT phenotype, indi-

Figure 1.—Growth characteristics of strains carrying selected rpt4 alleles. Duplicate plates were grown at 30� (A) or at 37.5�
(B). Sections: 1, parental haploid strain Wx257-5c; 2, TRP1-marked strain YHM101; 3, representative WT strain rpt4-129 ; 4 and
5, representative RG strains rpt4-123 and rpt4-137; 6, ts strain rpt4-145; 7, ts strain rpt4-150 ; 8, crl13 (McCusker and Haber 1988).



710 H. B. McDonald et al.

Figure 2.—Rpt4p structural features and mutations. (A) Schematic representation of Rpt4p. The highly charged N-terminal
region is represented by a striped bar, the predicted bipartite NLS by a double-headed arrow, the predicted coiled-coil domain
(which partially overlaps the NLS) by a white wave pattern, the Walker motifs (which form the predicted ATP binding domain)
by a star pattern, and the C-terminal region by a hatched bar. The location of each (set of) mutation(s) is indicated at the
appropriate position on the Rpt4p sequence. Associated phenotypes are symbolized by open circles (WT), open triangles (RG),
hatched triangles (ts), solid squares (RL), or solid stars (presumptive DL). The extent of the two deletions is indicated above
the Rpt4p diagram. (B) Predicted bipartite NLS. These signals have a consensus pattern of 2 basic residues, a 10-residue spacer
and a second region containing at least 3 basic residues out of 5 (Robbins et al. 1991). Residues in the two basic regions are
underlined. Residues that were mutated are circled; all residues in the NLS were deleted in rpt4-2� (symbolized by the shaded
bar). (C) Heptad repeat (diagrammed a b c d e f g) that is predicted to participate in coiled-coil formation by the program
COILS, version 2.1 (Lupas et al. 1991; MTIDK matrix used and positions a and d weighted 2.5-fold). The N-terminal endpoint
of the coil region is predicted to be position 66 if a 28-residue window is used and position 69 if a 21-residue window is used.
Residues that were mutated are circled, and the portion of this region that is deleted in rpt4-2� is indicated by a shaded bar.
(D) Walker motifs A and B. Residues that were mutated in the second motif are indicated by solid squares.

cating that these residues play no essential role in Rpt4p A and B (Figure 2). rpt4-132, which also affects residues
located very near Walker motif B, represents one of thefunction. As well as deleting a significant portion of the

hydrophilic region, rpt4-2� also removes the potential two alleles we were not able to recover in vivo, suggesting
that it may exert a dominant lethal (DL) effect. NoneNLS and half of the putative coil region.

Mutational analysis of the ATPase domain: The six of the mutations we constructed in this region resulted
in a ts phenotype, but we sequenced the previously identi-putative ATPases of the proteasome RP are members

of the AAA protein family, a group of ATPases that fied crl13 allele (McCusker and Haber 1988) and deter-
mined that it contains two changes (G13R and L231R)contain Walker A and B motifs characteristic of ATP-bind-

ing domains (Walker et al. 1982) within an extended, compared to wild type. Given that residues 6–82 can be
deleted from Rpt4p without discernible effect, the tsconserved region of �230–250 residues known as the

AAA cassette (Kunau et al. 1993; Beyer 1997). The effect of the crl13 allele most likely derives from the
L231R mutation. This conserved leucine residue is sepa-region of highest sequence identity [�60% in pairwise

comparisons using the BLAST alignment program rated from Walker motif A by one residue. The re-
maining 9 mutations in the central region caused either(Altschul et al. 1990)] in the Rpt subunits corresponds

to regions D–H of the AAA cassette (Beyer 1997) and RG or WT phenotypes (Table 1). Many of these muta-
tions affect conserved residues (Figure 3).is defined by residues 213–352 in Rpt4p (Figure 3).

Mutations in this region are much more likely to be Mutational analysis of the C terminus: We define the
C terminal region of Rpt4p as residues 353–437 becausedeleterious than mutations in the N-terminal region.

Of the 14 recovered charged-to-alanine mutations in this portion shows reduced conservation compared to
the central ATPase region [�31% identity in pairwisethe central region, 5 were determined to be RL. (An

additional RL allele, rpt4-125, affects residues that lie in BLAST comparisons (Altschul et al. 1990)] among Rpt
subunits (Figure 3). Although it contains no previouslyregion A of the AAA cassette.) Four of the RL alleles

affect residues either within or very near Walker motifs characterized motifs or predicted structural features,
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Figure 3.—Multiple se-
quence alignment of the S.
cerevisiae Rpt proteins. Solid
boxes represent amino acid
identity and shaded boxes
represent similarity. The
shaded line above the align-
ment indicates the region of
Rpt4p that was deleted in
the rpt4-2� allele, whereas
the solid line above the
alignment indicates regions
D–H of the AAA cassette,
the region of highest simi-
larity between the six pro-
teins. This region contains
Walker motifs A and B, indi-
cated by shaded boxes. Posi-
tions and phenotypes of rpt4
mutations are symbolized
by open circles (WT), open
triangles (RG), shaded tri-
angles (ts), and solid squares
(RL). Lines connecting two
symbols indicate that both
positions are mutant in one
allele. The locations of two
mutations that could not be
recovered in vivo are indi-
cated by solid stars. Symbols
depicting mutations that
fall in the deleted region of
rpt4-2� have been omitted
for simplicity. An arrow in-
dicates the location of the
RPT1 mutation that is syn-
thetic lethal with a mutation
in RPN12 (Takeuchi and
Toh-e 1999). The program
BOXSHADE (http://www.ch.
embnet.org/software/BOX_
form.html) was used to cre-
ate this display.

mutations we generated reveal that the C-terminal re- We wished to determine whether the ts mutants rpt4-
145 and rpt4-150 exhibit defects similar to our previouslygion of Rpt4p is quite important for its function. One

of the two potential DL alleles (rpt4-149) that we were characterized rpt4 mutant (rpt4/pcs1td), which displays a
specific failure in SPB duplication. Primarily in the sec-unable to recover in vivo affects residues in this region.

Of the 14 recovered mutations, 3 were RL (rpt4-142, ond cycle after a shift to high temperature, the rpt4/
pcs1td strain arrests as large-budded cells with monopolarrpt4-143, and rpt4-152); all of these affect at least one

conserved residue (Table 1, Figure 3). One allele (rpt4- spindles and duplicated, unsegregated DNA (McDon-
ald and Byers 1997). To ascertain whether the rpt4 ts144) causes a RG phenotype. Additionally, the only ts

lethal mutations generated by this mutagenesis are alleles cause arrest at a specific stage of the cell cycle,
asynchronous liquid cultures of rpt4-145 and rpt4-150found in this region: rpt4-145 (D375A, E377A, D390A,

R392A) and rpt4-150 (D406A, R407A). The rpt4-145 were shifted to 36� or 37.5�, respectively. After �7 hr at
restrictive temperature, �80% of cells from both strainsstrain has a restrictive temperature (36�) slightly lower

than that of rpt4-150 (37�–37.5�). The remainder of our were found to be large budded, compared to 25–30%
for the cultures grown at 30� (data not shown). Experi-analyses focused on these two alleles.
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ments using synchronous, �-factor-arrested cultures re- to the growth medium resulted in DNA synthesis with
essentially wild-type kinetics for both rpt4-145 ssd1-d (col-leased into fresh YM-1 media (a buffered version of

YEPD) at 37� revealed that the majority of cells arrest umn e in Figure 4A) and rpt4-150 ssd1-d (not shown),
suggesting that osmotic constraints indeed caused thein the second cycle after the temperature shift.

Potential genetic interaction with SSD1: Further char- lag phases. Similarly, the rpt4 ssd1-d strains display a
delay in budding and bud growth after release fromacterization of the rpt4 cell cycle arrest revealed different

cell cycle behaviors (see below), depending on the strain �-factor compared to ssd1-d, SSD1, or rpt4 SSD1 strains
(but similar budding behavior compared to an rpt4-145background. One possible explanation for this observa-

tion is that the rpt4 phenotypes might vary depending ssd1::LEU2 strain; not shown), which can be rescued by
the addition of 0.5 m KCl to the growth medium (Figureon the state of the naturally polymorphic gene SSD1

(Sutton et al. 1991), which has been shown, in wild- 4B and not shown). Finally, we note that the presence
of the ssd1-d allele in the rpt4 strains is also associatedtype form, to suppress numerous different mutations (dis-

cussed in Doseff and Arndt 1995; Uesono et al. 1997; with decreased viability after shift to high temperature
(Figure 4C and not shown).Kaeberlein and Guarente 2002), indicating involve-

ment in a variety of processes. For example, SSD1 sup- Cytological analysis: To examine the appearance of
the microtubule cytoskeleton and DNA in the ts strainspresses the lethality of a cln1 cln2 double mutation in

a W303 strain background, which carries an ssd1-d allele held at restrictive temperature, we visualized these struc-
tures using fluorescence microscopy. After �7 hr at(Cvrcková and Nasmyth 1993). To determine which

SSD1 allele is present in the rpt4 strains, we amplified restrictive temperature, the DNA was unsegregated and
localized adjacent to the bud neck in �80% of the large-and sequenced the gene and found a C2094G mutation

in SSD1, which converts Tyr698 to a stop codon. The budded cells for both rpt4-145 ssd1-d and rpt4-150 ssd1-d
(Figure 5, B and C). Large-budded wild-type cells (pa-premature truncation occurs in approximately the mid-

dle of the 1250-residue wild-type Ssd1 protein and is in rental strain Wx257-5c) with DNA localized adjacent to
the bud neck contain short intranuclear spindles (Fig-accordance with the finding that an 83-kD protein is

detected with anti-Ssd1p antibodies in W303 (ssd1-d2), ure 5A), visualized as a bright band of tubulin staining
running across the nucleus. Short intranuclear spindleswhereas an essentially full-length protein is �160 kD

(Uesono et al. 1997). We therefore conclude that the are characteristic of cells in G2 phase or mitotic meta-
phase. In contrast, the large-budded rpt4-145 or rpt4-150rpt4 strains carry an ssd1-d allele. For comparative pur-

poses, we created rpt4-145 SSD1 and rpt4-150 SSD1 strains cells rarely appeared to contain such spindle structures;
few, if any, intranuclear microtubules were visible. In-and performed analyses on both sets of strains in paral-

lel, as described below. stead, a bundle of cytoplasmic microtubules was gener-
ally seen to extend away from the nucleus (Figure 5, BFlow cytometry analysis: To determine whether DNA

synthesis is complete at the time of rpt4-145 and rpt4- and C). Such a staining pattern is reminiscent of the
monopolar spindles formed in the rpt4/pcs1td mutant150 arrest, we performed flow cytometry experiments.

Cells were initially grown at 30�, arrested in G1 with (McDonald and Byers 1997).
To determine whether the rpt4-145 and rpt4-150 muta-�-factor, and then released into fresh media (YEPD)

without �-factor at 37�. Cytometry profiles taken at time tions indeed result in a monopolar arrest, we used serial
section EM to examine the effects of these mutationspoints after the temperature shift are shown in Figure

4A and indicate that both rpt4-145 and rpt4-150 arrest in both ssd1-d and SSD1 backgrounds. In all cases, cells
were initially synchronized by arrest with �-factor, afterwith a 2N (G2) content of DNA, regardless of the SSD1

allele present in the strain (6 hr at restrictive tempera- which they were released into fresh media at the restric-
tive temperature. We initially examined these strainsture, columns b, c, and d in Figure 4A, and data not

shown). The kinetics of DNA synthesis and budding after growth in YM-1 media, which generally results in
better EM fixation; later experiments were done usingdiffered for the rpt4 strains, however, depending on the

SSD1 allele present. Both rpt4-145 ssd1-d (column d in YEPD after we observed differences in the arrest de-
pending on the medium used.Figure 4A) and rpt4-150 ssd1-d (not shown) display a

significant lag phase prior to beginning DNA synthesis; Both rpt4-150 ssd1-d and rpt4-150 SSD1 cells arrest with
monopolar spindles: When grown in either YEPD orthis lag phase is completely (rpt4-145, column c in Figure

4A) or nearly (rpt4-150, column b in Figure 4A) abol- YM-1, rpt4-150 ssd1-d cells primarily arrest as large-bud-
ded cells during the second cell cycle (as determinedished in the presence of SSD1.

Because SSD1 interacts genetically with genes involved by monitoring budding) after shift to high temperature.
The cells do not reach G2 of the second cell cycle untilin the protein kinase C pathway (see Kaeberlein and

Guarente 2002 and references therein), which func- 6–8 hr after the temperature shift, whereas wild-type
cells reach that point by 2.5–3 hr after the shift. Aftertions in maintaining cellular integrity in response to

low osmolarity (Heinisch et al. 1999), we tested whether 7 hr at 37.5� in YM-1, we found that the majority (33/
42 or 79%) of the rpt4-150 ssd1-d cells had monopolarosmotic stabilization would affect the behavior of rpt4

ssd1-d strains. Interestingly, the addition of 0.5 m KCl spindles (Figure 6A), indicating that the process of SPB
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Figure 4.—Characterization of rpt4-145 and
rpt4-150 strains. (A) Flow cytometric analysis.
Time (in hours) after release from �-factor and
shift to restrictive temperature (37�) is shown in
the left column. In each histogram, the y-axis indi-
cates the relative number of cells and the x-axis
indicates the relative DNA content, determined
by propidium iodide fluorescence. The left peak
represents cells with a G1 content of DNA and
the right peak represents cells with a G2 content
of DNA. (B) The kinetics of budding for the indi-
cated rpt4-145 strains after release from �-factor
and shift to restrictive temperature. (C) The via-
bility of rpt4-145 cells after release from �-factor
and shift to restrictive temperature.

duplication had failed. For comparison, a normal, bipo- half the size of the other SPB and appeared to nucleate
fewer microtubules (Figure 6C), suggesting a defect inlar spindle (with SPBs found in adjacent sections) is

shown in Figure 6, B and B�. Normal half-bridge struc- SPB assembly or maintenance. We refer to spindles orga-
nized in such a manner as imbalanced. Similarly, wetures were generally observed adjacent to the undupli-

cated SPBs (arrow, Figure 6A), but in no cases were satel- found that in YEPD, �60% of the cells slowly traverse
the first cycle after the temperature shift and arrest atlites observed on the half-bridges. In addition to the

cells displaying monopolar arrest, 7/42 (17%) had du- G2 of the second cycle. After 6.5 hr at 37.5�, 29/37
(78%) large-budded cells examined contained mono-plicated their SPBs and contained bipolar spindles. In

three of these cases, imbalance in the size of the SPBs polar spindles.
The rpt4-150 SSD1 strain behaved similarly to rpt4-150was observed, in that one SPB appeared to be about
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second cell cycle after shift to restrictive temperature,
displays a relatively uniform arrest. After incubation at
37� for 8 hr, 32/34 (94%) of the cells examined con-
tained monopolar spindles. The unduplicated SPBs
were generally associated with the elongated half-bridge
described above (not shown, but similar to that shown
in Figure 6, D and D�). rpt4-145 ssd1-d cells grown in
YEPD medium, which is unbuffered, appear to be more
compromised, in that they arrest primarily in G2 in the
first cell cycle following the shift to high temperature
and display a less uniform phenotype. Such differences
have been observed in other cases; for example, apc1-1
cells also arrest in G2 during the first cell cycle after
shift to high temperature if grown in YEPD and during
the second cell cycle if grown in YM-1 (L. Goetsch,
unpublished observations). After 3 hr at 37� (a time
point at which these cells are still in the first cell cycle;
see Figure 4A), we observed a mixture of phenotypes,
including monopolar spindles and imbalanced spindles
(the most common phenotype). Figure 6, F and F�, show
two adjacent sections of a cell that appears to contain
a broken spindle, with SPBs that are dramatically differ-
ent in size and appear to nucleate different numbers of

Figure 5.—Cytological analysis of ts rpt4 strains using immu- microtubules. A minority of cells contained duplicated,
nofluorescence microscopy. The left column shows DNA stain- unseparated SPBs of unequal size (Figure 6E; arrow
ing (DAPI) and the right column shows tubulin staining indicates smaller SPB).(FITC). (A) Parental strain Wx257-5c (RPT4). (B) rpt4-145

rpt4-145 SSD1 cells rapidly arrest with complete bipo-ssd1-d. (C) rpt4-150 ssd1-d. After transfer to restrictive tempera-
lar spindles: During growth in YEPD medium, almostture (37.5�), rpt4-145 ssd1-d and rpt4-150 ssd1-d cells appear to

lack the intranuclear spindles that are seen in large-budded all (90%) of the rpt4-145 SSD1 cells arrest as large-bud-
WT cells. ded cells during the first cell cycle after the shift to

restrictive temperature. In striking contrast to rpt4-145
ssd1-d, virtually all cells arrest with complete bipolar

ssd1-d in that �60% of the cells traverse the first cell spindles (N 
 19 and 10, after 2.5 or 5.5 hr at 37�, respec-
cycle and arrest in the second cycle in YEPD. After 6 hr at tively). Very few abnormalities were observed in these
37�, 3/33 (9%) large-budded cells examined contained spindles and the SPBs were essentially always of equal
complete spindles, one imbalanced, whereas the major- size (not shown, but similar to the spindle shown in
ity (30/33 or 91%) contained monopolar spindles. Thus, Figure 6, B and B�). These results indicate that SSD1
the SSD1 allele does not prevent the SPB duplication prevents the defects in SPB duplication that occur in
defect observed in rpt4-150 ssd1-d cells, although it does rpt4-145 ssd1-d cells, in addition to essentially eliminat-
suppress the delay in DNA synthesis and budding that ing the delays in budding and initiation of S phase that
occurs in these cells. The unduplicated SPBs were gener- occurs in these cells.
ally associated with what appears to be an unusually Rpt4-150 protein expression: The EM analysis de-
curved, elongated half-bridge. This aberrant structure scribed above reveals that the rpt4-145 and rpt4-150 phe-
(indicated by the arrow, Figure 6D�) is always observed notypes display some similarity to that conferred by the
in an adjacent section in the series relative to the undu- rpt4/pcs1td allele (McDonald and Byers 1997). This allele
plicated SPB itself (Figure 6D). Satellites were not ob- was constructed as a degron-RPT4/PCS1 fusion; the de-
served associated with these half-bridge structures, which gron unit functions as a heat-inducible degradation sig-
appear similar to those seen in rpt4/pcs1td cells (McDon- nal that is degraded at high temperature, together with
ald and Byers 1997). Although unduplicated SPBs as- sequences fused downstream of it (Dohmen et al. 1994).
sociated with elongated half-bridges were also observed Presumably, therefore, the rpt4/pcs1td phenotype results
in rpt4-150 ssd1-d cells after growth in YEPD medium, from a lack of Rpt4p at the restrictive temperature (al-
they were not generally observed in that strain after though this was never proven directly). To investigate
growth in YM-1. whether the rpt4-150 mutation affects the level of Rpt4p

rpt4-145 ssd1-d cells arrest with monopolar spindles or at restrictive temperature, we utilized two plasmids:
imbalanced spindles depending on the growth medium: pHM54, which encodes a GFP-Rpt4p fusion that is func-
EM analysis of the rpt4-145 ssd1-d strain grown in YM-1 tional at both 30� and 36.5�, and pAH66, which encodes

a GFP-Rpt4-150p fusion (engineered to contain the rpt4-revealed that this mutant, which arrests primarily in the
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Figure 6.—Electron micro-
graphs of ts rpt4 strains after
growth at restrictive temperature.
(A) A monopolar spindle from an
rpt4-150 ssd1-d cell; the arrow in-
dicates the half-bridge structure
found next to the SPB. (B and B�)
Adjacent sections through an rpt4-
150 ssd1-d cell containing a nor-
mal bipolar spindle. The two SPBs
are of equivalent size; one is visible
in each section. (C) A complete
imbalanced spindle from an rpt4-
150 ssd1-d cell. (D and D�) Adja-
cent sections from an rpt4-150
SSD1 cell containing a monopolar
spindle. A curved, half-bridge-like
structure, associated with the un-
duplicated SPB in D, is indicated
by the arrow in D�. (E) Side-
by-side SPBs, which are highly im-
balanced in size, from an rpt4-145
ssd1-d cell. The small SPB, from
which microtubules appear to em-
anate, is indicated by the arrow.
(F and F�) Adjacent sections from
an rpt4-145 ssd1-d cell. Again, the
two SPBs are imbalanced in size
and the spindle appears to be bro-
ken. Bars, 0.1 �m.

150 mutation) that is functional at 30� but not at 36.5� from cells grown at 30� and those run in lanes 4–6 from
cells grown at 36.5�. Approximately equivalent levels of(see materials and methods).
GFP-Rpt4 and GFP-Rpt4-150 protein fusions were ob-We determined the relative amounts of Rpt4p pro-
served at both 30� and 36.5�. Although we were unableduced by strains containing pHM54 (YHM10.1.54) and
to obtain a functional GFP fusion with rpt4-145 to repeatpAH66 (YHM10.1.66) after growth at 30� and 36.5� for
this analysis for that allele, the results with rpt4-150 in-6 hr. Equivalent amounts of whole-cell lysates from these
dicate that the arrest caused by at least one of thestrains were subjected to SDS-PAGE and blotted to nitro-
C-terminal mutations does not derive from an absencecellulose. The blot was probed with anti-GFP antibodies,
of Rpt4p at restrictive temperature.which recognize a primary band of the expected size

for the GFP-Rpt4p fusion (�76 kD) in the lysates derived
from strains YHM10.1.54 (Figure 7, lanes 2 and 5) and

DISCUSSION
YHM10.1.66 (lanes 3 and 6). No band is detected in
lysates derived from the control strain (Wx257-5c), We undertook a systematic mutagenesis of RPT4 that

focused on converting clustered, charged residues towhich does not contain a GFP-Rpt4p encoding plasmid
(lanes 1 and 4). Lysates run in lanes 1–3 were obtained alanine. One result to emerge from this study is that
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ent study, however, both a CP subunit and an RP subunit
were detected primarily in the nuclear envelope-rough
endoplasmic reticulum membrane network in S. cerevis-
iae (Enenkel et al. 1998). In Schizosaccharomyces pombe,
Wilkinson et al. (1998) have localized 26S proteasome
subunits specifically to the inner face of the nuclear
envelope. These authors suggest that our observation
of whole nuclear localization of a GFP-Rpt4p fusion
may have been a result of its plasmid-based expression,
although a more recent study, in which tagged subunits

Figure 7.—Expression levels of GFP-Rpt4p fusions. Cell (including Rpt4/Sug2p) were encoded by chromo-
lysates derived from strains Wx257-5c (Rpt4p, lanes 1 and 4), somal alleles, also found general nuclear localization
YHM10.1.54 (GFP-Rpt4p, lanes 2 and 5), and YHM10.1.66 (Russell et al. 1999b). In any case, the potential NLS of
(GFP-Rpt4-150p, lanes 3 and 6) were probed using an anti-

Rpt4p is not required for its function, nor presumablyGFP antibody. Lysates shown in lanes 1–3 were derived from
for its localization, although the latter point remains tocells grown at 30�; those shown in lanes 4–6 were from cells

grown at 36.5�. Products of the size (�76 kD) expected for a be determined. In the absence of such a signal, Rpt4p
GFP-Rpt4p fusion are indicated by the arrow; size markers are may be recruited to the nucleus via interactions with
in kilodaltons. other subunits.

We previously hypothesized that Rpt4p might mediate
the degradation of distinct substrates, such as inhibitors

the N-terminal region of Rpt4p is quite resistant to the of SPB duplication. Our hypothesis was based on the
effects of such mutations. Like Rpt4p, the other Rpt observation that strains containing the rpt4/pcs1td allele
subunits contain stretches of sequence near their N ter- arrest as large-budded cells with monopolar spindles at
mini that are predicted to participate in �-helical coiled- restrictive temperature (McDonald and Byers 1997).
coil formation (e.g., see Richmond et al. 1997). Intersub- This phenotype differs markedly from that seen in
unit coiled-coil formation has been proposed to mediate strains containing conditional rpt6/cim3 or rpt1/cim5
the specific pairwise interactions between Rpt subunits mutations, which cause cells to arrest with short, bipolar
(which might function in the assembly of the RP) that spindles (Ghislain et al. 1993). Phenotypic analysis of
have been observed using in vitro assays (Richmond et strains containing the C-terminal rpt4-145 and rpt4-150
al. 1997). In support of this hypothesis, deletion experi- mutations supports a role for the Rpt4p C terminus in
ments show that the N-terminal region of Rpt2/S4 is SPB duplication and in other aspects of G1/S progres-
necessary and sufficient for its interaction with Rpt1/ sion. Although the nature of that role is unknown, one
S7 in vitro (Richmond et al. 1997). However, our muta- possibility is that this region interacts with specific sub-
tional analysis suggests that the Rpt4p coil region may strate(s), which potentially include inhibitors of SPB
not play a critical role in its function. Half of the five duplication, as they are translocated into the proteaso-
heptad repeats in the coiled-coil motif can be deleted mal core. This idea contradicts the “helix shuffle” model
(rpt4-2�) without discernible effect. Furthermore, strains (Rechsteiner et al. 1993), in which the coiled-coil re-
containing the rpt4-115 (I81D), rpt4-117 (L84E), and gions of different Rpt subunits are postulated to interact
rpt4-121 (L98E) alleles, which convert hydrophobic resi- with similar regions of distinct substrates targeted for
dues at position a or d to charged residues and may degradation. In agreement with this model, it has been
thereby disrupt coiled-coil formation (Flemington and shown that murine Rpt6/Sug1p and c-Fos interact
Speck 1990; Hu et al. 1990; Pellegrino et al. 1997), through their respective leucine zipper/coiled-coil re-
also result in WT phenotypes. Whereas, by the COILS gions and that c-Fos is present in 26S proteasomes, sug-
program (Lupas et al. 1991), the wild-type region is given gesting that Rpt6/Sug1p might function in the degrada-
a probability near 1.0 of participating in coiled-coil for- tion of c-Fos (Wang et al. 1996). The N-terminal mutations
mation, the I81D change in particular dramatically re- in Rpt4p described in the present study argue against
duces the probability (to �0.3). such a role for the Rpt4p coil region.

The sequence encoding the putative bipartite NLS is A mutation that affects the C-terminal region of Rpt1p
also deleted in the functional rpt4-2� allele. In higher has been shown to be synthetic lethal in combination
eukaryotic cells, GFP-tagged proteasomes have been de- with a mutation in RPN12 (Takeuchi and Toh-e 1999).
tected in the cytoplasm and nucleus and enter the nu- The mutation results in an A446V change, affecting a
cleus either during reassembly of the nuclear envelope conserved residue (Figure 3, arrow) near the position
following mitosis or via unidirectional transport across that is mutated in the rpt4-150 allele. It is possible that
the nuclear membrane (Reits et al. 1997). In yeast, the A446V mutation identifies a region of Rpt1p that
there is some ambiguity about proteasome localization. interacts with Rpn12p (Takeuchi and Toh-e 1999). By
We previously detected nuclear localization of a GFP- analogy, a comparable region in the C terminus of

Rpt4p might interact with a different lid component,Rpt4p fusion (McDonald and Byers 1997). In a differ-
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and disruption of this interaction might result in the in DNA synthesis and budding seen in both rpt4 ssd1-d
mutants and dramatically modifies the rpt4-145 ssd1-ddefects observed in the rpt4-145 and/or rpt4-150 strains.

Further insight into the structure/function relation- phenotype (monopolar or imbalanced spindle arrest)
such that rpt4-145 SSD1 cells arrest at G2/M with shortship of Rpt4p should come from the analysis of addi-

tional conditional alleles. For example, it will be interest- bipolar spindles during the first cycle at restrictive tem-
perature. This finding reveals a role for Rpt4p at a sec-ing to determine whether mutations in the ATPase

domain ever lead to defects in SPB duplication and ond point in the cell cycle, perhaps similar to that seen
for Rpt1/Cim5p and Rpt6/Cim3p. The ability of SSD1other aspects of G1/S progression. The crl13 allele

(McCusker and Haber 1988) contains such a mutation. to modify the rpt4 phenotypes appears to derive at least
partially from its role in the maintenance of cellularOur preliminary analysis indicates that at the restrictive

temperature, the crl13 strain arrests as large-budded integrity, which it promotes in parallel with the protein
kinase C pathway (see Kaeberlein and Guarente 2002).cells with short, bipolar spindles. The SSD1 allele present

in the crl13 strain is not known, and we do not yet The observation that osmotic stabilization can rescue
the delays in DNA synthesis and budding in rpt4 ssd1-dknow whether this phenotype will vary depending on

the status of SSD1. If crl13 causes a bipolar spindle arrest strains, as does SSD1, supports this idea. Defective cellu-
lar integrity does not appear to explain the origin of theunder all conditions, this finding would support the

idea that the structural features of Rpt4p required for SPB duplication defects in rpt4 ssd1-d strains, however, as
they are not prevented by osmotic stabilization (dataSPB duplication map to the C-terminal region.

Although we have hypothesized that the SPB duplica- not shown). Although the rpt4-145 SSD1 strain displays
no defects in SPB duplication, the rpt4-150 SSD1 straintion and other defects in rpt4 mutants ultimately derive

from deficient proteolysis, recent evidence suggests that exhibits a monopolar arrest at restrictive temperature.
The as-yet-undefined role of Rpt4p in SPB duplicationRP subunits function in additional, nonproteolytic roles.

For example, a direct role in transcription is indicated by appears to be required early in this process. Analysis of
other conditional mutations that specifically affect SPBthe finding that the RP base is recruited to an activated

promoter (Gonzalez et al. 2002). The 19S RP (but not duplication have previously revealed several distinct pat-
terns of failure. For example, mps2 (Winey et al. 1991),the 20S CP) has also been implicated in transcription

elongation (Ferdous et al. 2001) and in the regulation ndc1 (Winey et al. 1993), and bbp1 (Schramm et al.
2000) mutants display failure relatively late, such that aof nucleotide excision repair (NER), a role that appears

to be modulated by the NER protein Rad23 (Russell duplication plaque is assembled on the half-bridge, but
is not inserted into the nuclear envelope. In contrast,et al. 1999a; Gillette et al. 2001). Although the exact

function of the RP in these processes is unknown, one cdc31 (Byers 1981b), kar1 (Rose and Fink 1987), mps1-1
(Winey et al. 1991), dsk2� rad23� (Biggins et al. 1996),possibility is that the chaperone-like activity of the RP

base (Braun et al. 1999) acts in the assembly or disassem- and rpt4 mutants fail earlier, such that the satellite, the
earliest visible precursor to the nascent SPB, does notbly of NER machinery (Russell et al. 1999a; Gillette

et al. 2001). The SPB duplication defect in rpt4 mutants form or is not maintained. Interestingly, multiple ge-
netic interactions have been observed between severalmight reflect loss of this chaperone-like activity, for ex-

ample, rather than defective proteolysis. members of this latter group of SPB duplication genes
(DSK2, RAD23, KAR1, CDC31) and the protein kinaseRAD23 has a redundant function in SPB duplication,

in addition to its role in NER. Specifically, dsk2� rad23� C pathway, suggesting that this pathway is involved in
SPB duplication (Khalfan et al. 2000). This findingdouble mutants display a ts failure in SPB duplication

(Biggins et al. 1996). We have also observed genetic inter- might ultimately provide insight into the rpt4 SPB dupli-
cation defects, given that SSD1 interacts genetically withactions among dsk2�, rad23�, and rpt4-145. While nei-

ther rad23� nor dsk2� single mutations are ts, rad23� RPT4 and the protein kinase C pathway.
An additional later role for Rpt4p in SPB assembly orrpt4-145 and dsk2� rpt4-145 strains arrest as large-bud-

ded cells with a G2 content of DNA �2.5 hr after shift to maintenance is suggested by the presence of imbalanced
spindles in rpt4-145 ssd1-d and rpt4-150 ssd1-d strains. These37� (YEPD medium). These cells arrest with monopolar

spindles (100% for dsk2� rpt4-145 and 62% for rad23� spindles are organized by SPBs that can vary quite dra-
matically in size and appear to organize different num-rpt4-145) in an ssd1-d background and with complete

bipolar spindles (100% for each strain) in an SSD1 back- bers of microtubules (Figure 6), suggesting that the
smaller SPB was not fully formed or maintained at re-ground (L. Goetsch, unpublished observations). Fur-

ther work is needed to define the functional relationship strictive temperature. Mutations in SPC29, which en-
codes a component of the SPB and the satellite (Wiggeof these proteins in cell cycle progression.

Additional work is also required to determine the et al. 1998; Adams and Kilmartin 1999), can also result
in SPB duplication defects (Elliott et al. 1999) or com-nature of the relationship between SSD1 and RPT4. The

function of Ssd1p is unknown, although it has been plete/broken spindles containing SPBs of unequal size
(Adams and Kilmartin 1999).shown to bind RNA and is localized primarily in the

cytoplasm (Uesono et al. 1997). SSD1 prevents the delays SPB duplication in yeast serves as a model for under-
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Boeke, J. D., F. LaCroute and G. R. Fink, 1984 A positive selectionstanding centrosome duplication in higher eukaryotic
for mutants lacking orotidine-5�-phosphate decarboxylase activity

cells (Adams and Kilmartin 2000). Although morpho- in yeast: 5-fluoro-orotic acid resistance. Mol. Gen. Genet. 197:
345–346.logically dissimilar, the SPB and centrosome share some

Brachmann, C. B., A. Davies, G. J. Cost, E. Caputo, J. Li et al., 1998common components, and the regulatory mechanisms
Designer deletion strains derived from Saccharomyces cerevisiae

governing centrosome and SPB duplication show simi- S288C: a useful set of strains and plasmids for PCR-mediated
gene disruption and other applications. Yeast 14: 115–132.larity as well. For example, a mouse ortholog of Mps1p

Braun, B. C., M. Glickman, R. Kraft, B. Dahlmann, P.-M. Kloetzelhas been shown to regulate centrosome duplication in
et al., 1999 The base of the proteasome regulatory particle exhib-

cultured mouse cells (Fisk and Winey 2001). Links be- its chaperone-like activity. Nat. Cell Biol. 1: 221–226.
Byers, B., 1981a Cytology of the yeast life cycle, pp. 59–96 in Molecu-tween the proteasome degradation system and centro-

lar Biology of the Yeast Saccharomyces, edited by J. N. Strathern,some duplication have also been established. For exam-
E. W. Jones and J. R. Broach. Cold Spring Harbor Laboratory

ple, proteasomal components (Wigley et al. 1999) and Press, Cold Spring Harbor, NY.
Byers, B., 1981b Multiple roles of the spindle pole bodies in the lifeubiquitin ligase components (Freed et al. 1999; Gstaiger

cycle of Saccharomyces cerevisiae, pp. 119–133 in Molecular Genetics inet al. 1999) are associated with the centrosome and regu-
Yeast: Alfred Benzon Symposia 16, edited by D. von Wettstein, J.

late its duplication cycle in Xenopus (Freed et al. 1999). Friis, M. Kielland-Brandt and A. Stenderup. Munksgaard,
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2000) and Drosophila cells (Wojcik et al. 2000). In the edited by C. Guthrie and G. R. Fink. Academic Press, San Diego.
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Cunningham, B. C., and J. A. Wells, 1989 High-resolution epitope
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Cvrcková, F., and K. Nasmyth, 1993 Yeast G1 cyclins CLN1 andin which the residues corresponding to those affected
CLN2 and a GAP-like protein have a role in bud formation.
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