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We report here the functional characterization of an essential Saccharomyces cerevisiae
gene, MPR1, coding for a regulatory proteasomal subunit for which the name Rpnllp
has been proposed. For this study we made use of the mprl-1 mutation that causes the
following pleiotropic defects. At 24°C growth is delayed on glucose and impaired on
glycerol, whereas no growth is seen at 36°C on either carbon source. Microscopic
observation of cells growing on glucose at 24°C shows that most of them bear a large bud,
whereas mitochondrial morphology is profoundly altered. A shift to the nonpermissive
temperature produces aberrant elongated cell morphologies, whereas the nucleus fails to
divide. Flow cytometry profiles after the shift to the nonpermissive temperature indicate
overreplication of both nuclear and mitochondrial DNA. Consistently with the identifi-
cation of Mprlp with a proteasomal subunit, the mutation is complemented by the
human POH1 proteasomal gene. Moreover, the mprl-1 mutant grown to stationary phase
accumulates ubiquitinated proteins. Localization of the Rpn11lp/Mprlp protein has been
studied by green fluorescent protein fusion, and the fusion protein has been found to be
mainly associated to cytoplasmic structures. For the first time, a proteasomal mutation
has also revealed an associated mitochondrial phenotype. We actually showed, by the
use of [rho°] cells derived from the mutant, that the increase in DNA content per cell is
due in part to an increase in the amount of mitochondrial DNA. Moreover, microscopy
of mpr1-1 cells grown on glucose showed that multiple punctate mitochondrial structures
were present in place of the tubular network found in the wild-type strain. These data
strongly suggest that mprl-1 is a valuable tool with which to study the possible roles of
proteasomal function in mitochondrial biogenesis.

INTRODUCTION

Nucleocytoplasmic interactions have often been stud-
ied by looking for nuclear suppressors of mitochon-
drial mutations. We have previously described the
mprl-1 mutation, which was isolated as a nuclear sup-
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pressor of a mitochondrial mutation that resulted in
defective tRNA processing (Zennaro et al, 1989;
Rinaldi et al., 1994). Although the mechanism of the
mitochondrial suppression was unclear, the MPRI
gene was found to be essential (Rinaldi et al., 1995),
and its temperature-sensitive allele, mprl-1, caused a
pleiotropic phenotype. The deduced amino acid se-
quence of Mprlp (Rinaldi ef al., 1995) clearly indicated
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that it belongs to a conserved gene family and exhibits
high identity to the recently published sequence of the
human proteasomal regulatory subunit Pohlp (Spa-
taro et al., 1997).

Control of many cellular activities (such as meta-
bolic adaptation, cell differentiation, cell cycle control,
and stress response) requires degradation of regula-
tory proteins such as cyclins, transcriptional activators
and repressors (for reviews see Nurse, 1990; Rech-
steiner et al., 1993; Hochstrasser 1995; Murray, 1995;
Hilt and Wolf 1996; King et al., 1996). The ATP- and
ubiquitin-dependent 26S proteasome is a functional
complex capable of recognizing and degrading such
regulatory proteins when they are to be eliminated
(Peters, 1994). The 26S proteasome is known to be
composed of two subunits: the 19S regulatory particle
recognizes and unfolds ubiquitinated proteins, which
are then degraded by the 20S proteolytic subunit. In

Saccharomyces cerevisiae, the structure of the latter sub-
unit has been resolved by crystallography, and all the
corresponding genes have been identified (Groll et al.,
1997). Recently also the 19S regulatory particle has
been isolated, and its 17 protein subunits have been
isolated and sequenced. One of them, called Rpnllp,
was found to be the product of the MPR1 gene we had
studied (Glickman et al., 1998). We therefore will call
this gene RPN11/MPRI.

In S. cerevisiae, the specific roles of several compo-
nents of the proteasomal regulatory complex have
been identified by the study of the effects of mutations
in the corresponding genes. Some of the components
are known to be involved in cell cycle progression.
Ghislain et al. (1993) have described two thermosensi-
tive mutations (cim3 and cim5), which are colethal
with cdc28-1IN. In these mutant strains, the cell cycle
was arrested in G,-M upon shifting to the nonpermis-

Table 1. Yeast strains and plasmids

Strain Genotype Source

W303 MATaMATa«, his3-11/his3-11, ade2-1/ade2-1, leu2-3,112/leu2-3,112, ura3-1/ Thomas and Rothstein, 1989
ura3-1,trp1-A2/trp1-A2, can1-100 [rho+]

W303-1B MATa, his3-11, ade2-1, leu2-3,112, ura3-1, trp1-A2, can1-100 [rho+] Thomas and Rothstein, 1989

R117 MATa/MATa, his1, ural,2 MPR1/mprl [Ts932]

Rinaldi ef al., 1994

R117/al2 MATa, his1, ade2, leu2, ura3, mprl [rho+] Rinaldi et al., 1994
W303/5 MATa/MAT«, his3-11/his3-11, ade2-1/ade2-1, leu2-3,112/leu2-3,112, ura3-1/ This study
ura3-1, trpl-A2/trp1-A2, can1-100, MPR1/mpr1:: URAS3 [rho+]
FY1679 MATa/MATa, his3-A200/+, leu2-A1/+, ura3-52/ura3-52, trp1-A63/+, [rho+] Winston et al., 1995
FY1679/1 MATa/MATa, his3-A200/+, leu2-A1/+, ura3-52/ura3-52, trp1-A63/+, MPR1/ This study
mprl::URAS3, [rho+]
W303-pl MATa, his3-11, ade2-1, leu2-3,112, ura3-1, trp1-A2, mprl::pYI-mprl, canl- This study
100 [rho+]
W303-MPR1 W303-pl with the integrative plasmid pYI-mprl excised This study
W303-mprl W303-pl with the integrative plasmid pYI-MPR1 excised This study
W303-mprl [rho°] MATa, his3-11, ade2-1, leu2-3,112, ura3-1, trp1-A2, mprl, can1-100 [rho°] This study
W303-MPR1 [rho°] MATa, his3-11, ade2-1, leu2-3,112, ura3-1, trp1-A2, MPR1, can1-100 [rho®] This study
Plasmid Insert Vector Reference
pYC YCp50 Rose et al., 1987
pYC31 MPR1; 3100 bp YCp50
YCpMPR1 MPR1, 2400 bp YCp50
YEpMPR1 MPR1, 2400 bp YEplac181 Gietz and Sugino, 1988
KSpMPR1 MPR1, 2400 bp pBluescript KS+ (Stratagene)
pKSmprl::URA3 mprl::URA3, 4000 bp pBluescript KS+
pCRII-mprl mprl, 1625 bp pCRII (Invitrogen)
pYI-mprl mprl, 1625 bp YIplac211 Gietz and Sugino, 1988
TU65 GFP (green fluorescent protein), 800 bp pBluescript KS+ (Stratagene) Chalfie et al., 1994
PRSETBS8 GFP (green fluorescent protein), 800 bp PRSETB (Invitrogen)
p100GFP GFP under UASgal1-10/CYC1 pEMBLYex4 Baldari et al., 1987
promoter
PKS-EcoRI pKS without EcoRI restriction site pBluescript KS+
KSpGFP GFP, 800 bp pBluescript KS+
pCRII-MPR1 MPR1, 1452 bp pCRII
KSpMPR1-GFP MPR1-GFP, 2250 bp pBluescript KS+
YEpMPR1-GFP MPR1-GFP, 2250 bp YEplac181 Gietz and Sugino, 1988
YCpMPR1-GFP MPR1-GFP, 2250 bp YCplaclll Gietz and Sugino, 1988

pSK15 H. sapiens POH1 ¢cDNA, 1500 bp pBluescript SK+
pYES-POH1 H. sapiens POH1 cDNA, 1500 bp pYES2 (Invitrogen)
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sive temperature (Ghislain et al., 1993). Mutations in
other proteasomal genes resulted in a similar arrest of
the cell cycle and/or a failure to replicate the spindle
pole body (McDonald and Byers, 1997). Other muta-
tions, such as one affecting the regulatory subunit
Ninlp (Kominami et al., 1994), result in a block both in
the G;-S and the G,-M transitions. In many cases,
these mutations were accompanied by additional ef-
fects such as the accumulation of ubiquitinated pro-
teins.

Despite our knowledge of the structure and sub-
units of the proteasome, little is known about the
intracellular localization of the proteasome complex.
Immunocytochemical studies have revealed the pres-
ence of proteasomes in the nucleus and in the cyto-
plasm of a variety of cells and tissues. However, the
intracellular distribution of proteasomes varies during
the cell cycle and during development in higher eu-
karyotes, and several observations point to a highly
dynamic state of proteasomes in the cell (Amsterdam
et al., 1993; Rivett 1993; Peters et al., 1994; Dawson et
al., 1995).

In this report, we describe the function and localiza-
tion of Mprlp, and we analyze in detail the pleiotropic
effects of a mutated allele (mpr1-1) of the RPN11/MPR1
gene. This is the first case in which a clear mitochon-
drial phenotype can be associated with a proteasomal
mutation.

MATERIALS AND METHODS

Strains, Plasmids, and Media

The yeast strains and plasmids used in this study are listed in Table 1.
Yeast Culture Media. Rich medium was YP (1% bactopeptone and
1% yeast extract), containing 2% glucose (YPD), 2% glycerol (YPG),
or 2% galactose (YPGal). Minimal medium was WO (0.17% yeast
nitrogen base, 0.5% ammonium sulfate, and 2% glucose). All media
were supplemented with 2.3% bacto agar (Difco, Detroit, MI) for
solid media, and WO was supplemented with the appropriate nu-
tritional requirements according to the phenotype of the strains.
Isolation of the RPN11/MPR1 Gene. To isolate the gene that com-
plements the growth defect of the mprl-1 mutant, the mutant strain
R117/al12 was transformed with a nuclear DNA library constructed
in the YCp50 centromeric vector (Rose et al., 1987). One plasmid
(pYC31), containing an insert of 3.1 kb, complemented the thermo-
sensitive phenotype of the mutant strain. This insert contained a
truncated NIC96 gene and two unknown ORFs. The ORF responsi-
ble for the suppression was present in an EcoRI-BamHI fragment of
2.4 kb (YCpMPR1). The gene was called MPR1 (GenBank accession
number X79561).

Construction of W303-mpr1 Strain. Isogenic strains in a W303 ge-
netic context have been constructed as follows. The W303-1B hap-
loid strain was transformed with the circular integrative plasmid
YIplac211 (Gietz and Sugino, 1988) containing mprl-1 and URA3 as
selectable markers (pYI-mprl). Twenty-five URA3 transformants of
the resulting strain W303-pl were cured with 5FOA; among the
URA3 clones, four showed the same growth defect as the strain
R117/a12, indicating that the RPN11/MPR1 gene had been excised
with the URA3 marker: the substitution of RPN11/MPR1 with
mprl-1 in the W303-1B strain results in the same phenotype as the
one observed in R117/a12. The W303-1B strain containing mpri-1
was called W303-mpr1, whereas the same strain having retained the
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wild-type MPR1 gene was called W303-MPR1. Correct integration
of the mutant allele was demonstrated by PCR analysis.

Allelism Test between the Isolated MPR1 Gene and the mpri-1
Mutation. The first step was to construct a haploid strain deleted for
MPR1 and made viable by the presence of the episomal plasmid
YEpMPRI1 (LEU2). This was done by sporulating the W303/5 dip-
loid strain (MPR1/mpr1::UIRA3) transformed with the same plasmid
YEpMPRI. A viable spore was then crossed with the mutant W303-
mprl, the corresponding diploid was sporulated, and tetrad analy-
sis was performed. In case of allelism two types of spores should be
obtained: 1) W303-mpr1::URA3 + YEpMPR1 (which cannot lose the
plasmid); and 2) W303-mprl + YEpMPR1 (which can lose the
plasmid). This is was what we obtained.

Construction of GFP Plasmids. To construct the p100GFP plasmid,
the wild-type GFP was isolated as a Kpnl-PstI fragment from plas-
mid TU65 (a kind gift from Dr. M. Chalfie, Department of Biological
Sciences, Columbia University, New York, NY) (Chalfie et al., 1994).
After blunting the Kpnl overhang with T7 polymerase, GFP was
ligated into Smal-Pstl-restricted pEMBLYex4 (episomal plasmid;
Baldari et al., 1987) under the control of the UASgall-10/CYC1
promoter. The fusion RPN11/MPR1-GFP was constructed as fol-
lows. The GFP gene from the pRSETB8 plasmid was cloned in
pBluescript KS+ (Stratagene, La Jolla, CA) lacking the EcoRI site of
the polylinker (pKS-EcoRI). This plasmid was obtained by ligation
of pBluescript KS+ digested with the restriction enzymes EcoRV
and Smal (resulting plasmid, KSpGFP). Two oligonucleotides with
an EcoRI site at the extremities were used to amplify the RPN11/
MPR1 promoter region and the full gene except the stop codon. This
fragment of 1452 bp was first cloned in the pCRII plasmid (resulting
plasmid, pCRII-MPR1) and then cloned in KSpGFP (resulting plas-
mid, KSpMPR1-GFP). This construction was also cloned in a cen-

WHI3-mpr| WI0-MPRT

-¥C +p¥C

Figure 1. The RPN11/MPR1 gene complements the thermosensi-
tive phenotype of the mprl-1 mutant strain. The plasmid YCpMPR1
and the control empty centromeric plasmid pYC (see MATERIALS
AND METHODS) were transferred into the wild-type W303-MPR1
and mutant (W303-mprl) strains. One transformant from each ex-
periment was streaked on YPD and YPG and incubated at 24 and
36°C for 3 d.
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5'FcoRIMPR
ggatccggaagaagaggatccatcatcatctgaatgatggttgcactcttcetteatecete 60
attttgtggatgaaaaatgcagcatatcttggtettttttttattcatgttttcattgte 120
aatcacattttcttcccatcttacattgtgecttgtaggecattgectectggettettgg 180
aggatcttgagttgctcgaagectgecaaaactgegggaacctettccacactcacegtteg 240
IX13

ggaccctacggtctgttgttgttetgateccatageccatttgatttccactcatccttat 300
agacttaattgaagacttagctcgeaactcctggecagttataagetettgggacccttga 360
ctcgaattgtttctaaatgataaatacggccecttgtttatactgaaacgcacgtegetg 420
atgatttcggacctccaaggtggcaaattcacaagaaaagcctttaagctaagaaacggt 480
ttatgaccagtattaatattgagaaagaaaaatagcaggtgataacacaattaagaggac 540
ttaacaagaaagacgagacataatggaacgactacagagattgatgatgaatagtaaggt 600
M E R L ¢ R L M MN S K V 13
ggggtcecgceggacaccggecgtgacgatacgaaagaaactgtttatatttettegattge 660
G $s A DT G R DD T K E T V Y I 8 8 I A 33
gcttttaaagatgctaaagcatggtagagetggtgtteccatggaagtcatggggttgat 720

L L K ML K HGRAGV PMEUV MG L M 53
gttaggtgagtttgtcgatgattatacggttaacgttgtggacgtgtttgegatgectca 780
L G E F VD DY T V NV V DV F A M P Q 73
atcgggtaccggagtttetgttgaggctgtegatgatgtttteccaagecgaagatgatgga 840
s 6 T 6 VvV s vV E A VvV DDV F QA KMMD 93

catgttaaaacaaacgggcagagaccaaatggtecgttggetggtaccactctcatccagg 900
M L K Q T 6 R D 9 M V V G W Y H S H P G 113
gtttggctgttggctatettectgttgatgttaatactcaaaaatcttttgaacaactaaa 960
F 66 ¢ w L $ SV DV N T QK S F E Q L N 133
cagcagagctgttgectgtegttgttgacectattcaateegttaagggaaaagttgtcat 1020
S R AV AV VvV VvV D P I Q@ 8 V K G K V Vv I 153
cgatgecttttagattgattgacacgggcgcattgataaataacttagagcctagacaaac 1080
D A FRL I DT GAULINDNULEUZPUROQ T 173
aacctccaacacaggcttattgaacaaggccaacattcaagecttaattcacggtectgaa 1140
T $ N T 66 L L N K A NI ¢ A L I H G L N 183
taggcattactattctttaaatattgattatcataaaaccgegaaggaaaccaagatgtt 1200
R H' Y Y $ L N I DY H K T AU KU ETIKMIL 213
aatgaacttacataaagaacagtggcaatcaggtcttaagatgtacgattatgaagaaaa 1260
M N L. H K E ¢ W ¢ 8 G L KM Y D Y E E K 233
agaagaatcaaatttggctgctacaaagagtatggttaagatageccgaacagtactctaa 1320
E E $S N L A A T K S M VvV XK I A E Q Y s K 253
gagaatagaagaggaaaaggaattaaccgaagaagaacttaagacaagatacgttggtag 1380
R I E E E K E L T EEZEULZKTR Y V G R 273
GCA
\%
gcaagatccaaagaagcacctttccgaaacagcagatgagacactagagaacaatattgt 1440
Q D P K K HL S ETTADETTLENNT V 293

3'"EcoRIMPR
ttectgtgectgacggegggtgttaattcagtggcaattaaataaacaaattttataaagte 1500
S v L. T A G V N S vV A I K * 306

attatgcattaaataactagaaagcccactacatatatattatattgtatttttctaaaa 1560
attctaatgaagtagttaatggaatgaatgggaaagagaaaacgcgttaggagggaaaag 1620
gctccttaaataacagtaaaaatgaaatggctactggtagtcccagtgecaatttttttt 1680
tttactttcttttctttcactettgetttteccatacttgtataaacgtttecttcaaaa 1740
taaaagctcggcttctetcetetgtegtatttatgecatctatttetatecatttttcact 1800
IX14
tttgttatcatacagctgagtaatccaatggctttttteatcaccattaaatgegtttee 1860
atctgtggatggttgtttaatgaccacatggaccacatttgettttaagecgatacttgac 1920
gtgcaaaatttcaagttcactggaaaattccaccaacgtttggtttctatttttgacagg 1980
atg 1983

Figure 2.
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tromeric and multicopy plasmid (YEpMPR1-GFP and YCpMPR1-
GFP).

Construction of the Yeast Plasmid Containing the POH1 Gene. The
human ¢cDNA (pSK15) corresponding to the POH1 gene (GenBank
accession number U86782) was purchased from the Research
Genetics/IMAGE Consortium (Genome Systems, St. Louis, MO)
(GenBank accession number AA084170). This cDNA was cloned in
the plasmid pYES2 containing the galactose-activated GAL1 pro-
moter (resulting plasmid, pYES-POHI).

Transformation Procedures

Transformation of the wild-type strain was done with a standard
lithium chloride procedure (Ito ef al., 1983). The mutant strain has a
low-efficiency transformation phenotype and had to be transformed
by the protoplast procedure: a culture of 50 ml in exponential
growth phase was harvested and resuspended in 10 ml of 1 M
sorbitol, 20 mM dithiothreitol, and 10 mM EDTA (pH 8) and incu-
bated for 10 min at room temperature. After centrifugation cells
were resuspended in 10 ml of 1 M sorbitol containing 0.5 mg of
cytohelicase (Sigma, St. Louis, MO). After incubation for 10 min at
room temperature, protoplasts were harvested by centrifugation at
1500 rpm for 10 min, washed with 10 ml of 1 M sorbitol, resus-
pended in YPD containing 1 M sorbitol, and incubated for 30 min at
24°C. Protoplasts were then centrifuged and resuspended in 1 M
sorbitol, 10 mM Tris-HCI (pH 7.4), and 10 mM CaCl,. Plasmid DNA
was added to 100 ul of this protoplast suspension for each trans-
formation, and after 10 min at room temperature, 1 ml of 20%
polyethylene glycol 4000 in a 10 mM Tris-HCI (pH 7.4)/10 mM
CaCl, solution was added. After 10 min at room temperature and 10
min on ice, protoplasts were mixed to 10 ml of soft agar (1% agar)
containing 1 M sorbitol supplemented with the appropriate amino
acids and spread onto minimal sorbitol plates.

DNA Techniques

DNA techniques were performed as described by Sambrook et al.
(1995). The oligonucleotides used for mprl-1 amplification (bold in
Figure 2) are the following: IX13, 5'-CCCTACGGTCTGTTGTTGT-
TCTGATTCCC-3'; IX14, 5'-CCACAGATGGAAACGCATTTAATG-
GTGATG-3'. For GFP fusion (underlined in Figure 2): 5'-EcoRIMPR,
5'-CGGAATTCGAATGATGGTTGCACTC-3'; 3'-EcoRIMPR, 5’-GC-
CTTAAGTTTAATTGCCACTGAAT-3'. Induction of [rho°] with
ethidium bromide was obtained by growing the mpr1-1 mutant and
RPN11/MPRI1 strains for 24 h in the presence of 25 ug/ml ethidium
bromide. The [rh0°] mutants were selected by their inability to grow
on respiratory medium followed by observation of 4,6-diamidino-
2-phenylindole (DAPI) staining.

Microscopy

For DAPI staining, cells were harvested during the exponential
phase on YPD and fixed with 1% formaldehyde for 30 min. DAPI
was added at the concentration of 1 pg/ml, and cells were observed
by fluorescence microscopy. The vital dye 2-(4-dimetylamino-
styryl)-N-methylpyridinium iodide (DASPMI), at the final concen-
tration of 107° M, was used to stain the wild-type and mutant
strains grown at 24°C on YPD. Cells were then observed by confocal
microscopy. Cells containing the MPR1-GFP fusion were cultured in
YPD at 24°C and harvested in logarithmic phase. Green fluorescent

Nuclear and Mitochondrial Effects of mpri1-1

protein (Gfp) was detected by confocal microscopy, and cells were
photographed directly from the culture.

Flow Cytometric Analyses

DNA content distributions were determined after staining with
propidium iodide. Propidium iodide fluorescence signal intensities
were acquired from a FACStarP's (Becton Dickinson, Mountain
View, CA) equipped with an argon ion laser (excitation wavelength,
488 nm; laser power, 200 mW). The sample flow rate during analysis
did not exceed 500—-600 cells per second. Typically, 40,000 cells were
analyzed per sample. Only raw data have been used to prepare the
experimental figures.

Protein Analysis

For anti-ubiquitin immunoblot, yeast cell extracts were prepared as
follows. Cells were allowed to grow to stationary phase on YPD at
24°C; half of these cultures were shifted at 36°C for 5 h. Cells were
than harvested by centrifugation and resuspended in water. Sam-
ples were heated 10 min at 95°C; an equal amount of glass beads
was added, and cells were broken by vortexing for 30 s six times
with intermitted heating (1 min at 95°C). Equal volumes of 4.5% SDS
and 2.25 mM EDTA were added, and samples were vortexed and
heated for 10 min at 95°C (Gerlinger et al., 1997). After centrifuga-
tion, protein concentration was determined, and the same quantity
of proteins (40 ug) was loaded on an SDS gel (10%). Ubiquitination
of total cellular proteins was assessed by immunoblotting with
rabbit anti-ubiquitin antibodies (Sigma).

Growth Curves

Growth curves were performed at 24°C in YPD medium using a
stationary inoculum of 10* cells from cultures 2 wk old. Every 2 h
cells were counted with the Burker chamber (Fortuna, West Germa-
ny). Routinely, viable cell count was determined and found to
correspond. The percentage of [rho~ | was determined by plating on
YP plus glucose, followed by replica plating on YP plus glycerol.

Computer Analysis

Analysis of the Mprlp was performed with the program COILS
(Lupas’s method; Lupas et al., 1991; Lupas, 1996) and with the
Protein Sequence Analysis (PSA) server (BioMolecular Engineering
Research Center [BMERC], Boston University, Boston, MA) (Stultz
et al., 1993; White et al., 1994).

RESULTS

Isolation of RPN11/MPR1 Gene

The mprl-1 mutation was initially isolated in the dip-
loid strain R117 as a nuclear suppressor of a mitochon-
drial tRNA mutation (ts932), resulting in defective
processing of tRNAASP (Zennaro et al., 1989; Rinaldi et
al., 1994). R117 harbors a nuclear mutation that, in a
heterozygous context, can suppress the defect of mi-
tochondrial tRNA processing in ts932 and allows the

Figure 2 (facing page). RPN11/MPR1 sequence (GenBank accession number X79561), its deduced amino acid sequence, and sequence of the
mpr1-1 allele. The Hpal site (double underlined) was used to insert the URA3 gene to interrupt the RPN11/MPR1 gene. The oligonucleotides
IX13 and IX14 (bold) were used to amplify the mutant allele mpri-1, which contained a CC to GCA change at nucleotides 1388-1389 (the
Sau3A site is underlined); the mutated sequence is indicated above the line. The oligonucleotides 5’ EcoRIMPR and 3’'EcoRIMPR (underlined)
were used to amplify the wild-type allele to fuse RPN11/MPR1 to GFP (see MATERIALS AND METHODS). The amino acid sequence that

forms a putative coiled-coils domain is shown in bold type.
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formation of detectable amounts of mature tRNAASP
(Rinaldi et al., 1994). We then constructed a haploid
strain (R117/a12) containing the suppressor allele in a
wild-type mitochondrial context and found that it
caused a growth defect in rich media containing either
glucose or glycerol. This phenotype allowed us to
clone the wild-type allele RPN11/MPR1 by comple-
mentation. The isolated RPN11/MPR1 gene was con-
firmed to be allelic to mprl-1 by standard genetic
analysis (see MATERIALS AND METHODS).

As shown in Figure 1, the RPN11/MPR1 gene com-
plemented the thermosensitive phenotype of the mu-
tant strain. RPN11/MPR1 codes for a protein of 306
amino acids (Mprlp) (Figure 2) (Rinaldi et al., 1995).
RPN11/MPR1 sequence (GenBank accession number
X79561) was found to be identical to the ORF
YFR004W, identified in sequence but not in function
by Murakami et al. (1995) in the framework of the
European Biotechnology Programme on Yeast Ge-
nome Sequencing.

The RPN11/MPR1 Gene Is Essential for Viability

To construct RPN11/MPR1-deleted cells, a one-step
gene replacement method (Rothstein et al., 1991) was
used. The URA3 gene marker was inserted into the
coding region of RPN11/MPR1 at the Hpal site (located
after amino acid 63) in the plasmid KSpMPR1 (result-
ing plasmid, pKSmpr1::URA3). This construction was
used to transform two different wild-type diploid
strains (W303 and FY1679, yielding strains W303/5
and FY1679/1). Ten tetrads from each transformed
strain were dissected; only two spores were found to
grow for each tetrad, and both were auxotrophic for
uracil, indicating that the zpn11/MPR1 gene disruption
was lethal. The two nongrowing spores of each tetrad,
supposed to contain RPN11/mprl:URA3 disruption,
were examined under the microscope during incuba-
tion after dissection; they stopped growing after two
to three divisions with elongated buds.

Identification of the Mutation in the mpr1l-1 Gene

To determine the nucleotide change in the mprl-1
allele, two oligonucleotides (IX13 and IX14; see MA-
TERIALS AND METHODS) were used to amplify the
mutated form of the gene (Figure 2). Total DNA was
extracted from the mutant strain, and two indepen-
dent PCR products were directly sequenced. The
mprl1-1 allele was also cloned from a third indepen-
dent amplification in the pCRII vector (pCRII-mprl)
and sequenced; in all cases, the same nucleotide
changes were found; namely, a dinucleotide CC was
replaced by a trinucleotide GCA causing a change of
proline 276 to alanine (P276A), followed by a frame
shift leading to the production of a truncated protein
of 285 amino acids (Figure 2). This change resulted in
the loss of the unique Sau3A restriction site in the
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gene. Although the presence of the wild-type gene
RPN11/MPR1 on centromeric or multicopy plasmids
complemented the mprl-1 mutation, a centromeric
plasmid bearing the RPN11/MPR1 gene truncated at
the Sau3A restriction site was not capable of restoring
the correct growth of the mutant. We conclude that the
31 C-terminal amino acids of Mprlp are necessary for
its function in cell growth.

The putative sequence of Mprlp allowed us to pre-
dict a secondary structure of nine repeat strand—turn—
helix domains and reveals the presence of a hypothet-
ical “KEKE motif” (Realini et al., 1994). This motif can
form a coiled-coils structure in the C-terminal part of
the protein (Figure 2, bold type), a feature found in
most known regulatory subunits of the proteasome.
The mutant form of Mprlp retains this domain. An
other conserved domain (MPN domain), possibly in-
volved in the interaction with the 20S particle, has
been identified in the N-terminal part of the protein
(Hofmann and Bucher, 1998).

Growth Phenotype Associated with the mprl-1
Mutation

The growth defect of the original mpr1-1 mutant strain
R117/a12 consisted of thermosensitivity (on glucose-
or glycerol-containing media) at 36°C and delayed
growth at the permissive temperature of 24°C on YP
plus glucose. Figure 3 shows the growth curves at
24°C on YPD of isogenic W303-MPR1 wild-type and
W303-mprl mutant strains. The generation time of the
mutant was the same as that of the wild type, and the
delayed growth was due to an increased length of the
lag phase. The curve was repeated several times, and
the length of the lag phase was the same. In contrast,
on the same rich medium containing glycerol, at 24°C
growth started only after repeated transfers on YPG.
The mechanism of this adaptation is presently under
study but is not due to selection of revertants.

Pleiotropic Phenotypes of the mprl-1 Mutant

Microscopic observation after DAPI staining of the
mutant cells growing at 24°C on YP plus glucose
showed that cells were enlarged and a high propor-
tion of the yeast population exhibited very large
buds compared with the wild-type strain growing
in the same condition (Figure 4, A and B). Moreover,
the cytoplasm of mutant cells showed the presence
of abundant punctate structures not present in the
isogenic wild-type strain growing on YP plus glu-
cose. To see whether they corresponded to mito-
chondria, we extended the DAPI-staining analysis
to a [rho°] mprl-1 derivative (obtained by ethidium
bromide treatment; see MATERIALS AND METH-
ODS). We observed a complete absence of the
above-mentioned structures in the [rho°] cells (Fig-
ure 4C). We also compared the DAPI-stained mu-
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Figure 3. Growth curves at 24°C on rich glucose-containing me-
dium of the wild-type strain W303-MPR1 and of the mutant strain
W303-mprl. Growth was monitored by counting cells with a Burker
chamber, and a viable cell count was found to correspond; the
percentage of [zho~] did not vary significantly along the curve. @,
W303-MPR1; B, W303-mprl.

tant and wild-type cells after a shift for 5 h at the
nonpermissive temperature. In this condition,
mpr1-1 cells exhibited an aberrant morphology char-
acterized by elongated daughter cells unable to per-
form a further division, whereas the nucleus was
mislocalized and often only present in the first bud
(Figure 4E). This is better seen in the [rho°] mprl-1
derivative (Figure 4F). Figure 4G shows the original
mutant strain R117/a12 growing on YP plus glucose
at 24°C and (Figure 4H) the same strain, trans-
formed with the plasmid YCpMPR1, growing in the
same condition and stained with DAPI. In the R117/
al2 strain, the multiplicity of the punctate structures
is even higher than in the W303-mpr1 derivative.
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We then used the mitochondrial vital dye DASPMI,
which stains functional mitochondrial membranes, to
directly visualize the mitochondria. Observation of
stained mutant cells by confocal microscopy, with spa-
tial reconstruction of 0.2-um sections, confirmed the
identity of the punctate structures with mitochondria,
whereas in the wild-type strain grown at 24°C, thread-
like structures were present (Figure 5).

Flow Cytometry Analysis of the mprl-1 Mutant

The total DNA content of cells was estimated by flow
cytometry after growth on YPD to midexponential
phase at 24°C and after a subsequent shift for 3 or 5 h
to the nonpermissive temperature. To evaluate the
contribution of mitochondrial DNA to the observed
profiles, we performed the experiments also in the
[rho°] derivatives of the W303-MPR1 and W303-mpr1
strains. Results are reported in Figure 6. Although at
24°C the four flow cytometry profiles were substan-
tially similar except for a slightly lower DNA content
in the two [rho°] strains, the shift to 36°C for 5 h
produced a dramatic effect in the mpri-1 strains, with
amounts of DNA per cell in a region extending up to
>7C in the [rho+] and to 6C in the [rho°] derivative.
The same result was obtained with the original mutant
R117/al2.

In other words, the increase in DNA content per cell
is not restricted to an increase of nuclear DNA but
reaches higher values in the [rho+] mprl-1 strain than
in the [rho°] derivative, suggesting an important con-
tribution of mitochondrial DNA to the aberrant flow
cytometry profile. This is consistent with the high
mitochondrial multiplicity observed by DAPI stain-

ing.

Mprlp Belongs to a Conserved Protein Family

The sequence of Rpnllp/Mprlp was compared with
similar proteins present in databases. Figure 7 shows
the alignment of Mprlp and its similar proteins. Some
of these protein sequences had been deduced from
cDNA data. The Mprlp sequence, in particular in the
N-terminal part, is well conserved from yeast to hu-
man, whereas the C-terminal part, where the mpr1-1
mutation is localized, is less conserved. It is worth
noting that Mprlp exhibits 68.4% identity and 74.7%
similarity with the human proteasomal Pohlp protein
(Spataro et al., 1997), and, in fact, Glickman et al. (1998)
have demonstrated that Rpnllp/Mprlp is one of the
subunits of the proteasomal regulatory particle.

The Schizosaccharomyces pombe Padlp, which has
64% of identity with Rpn1lp/Mprlp, has been impli-
cated in stress response and drug resistance and re-
ported to be a coactivator of the transcriptional factor
Paplp. We therefore examined some aspects of stress
response in the mutant strain. Preliminary data
showed that the mutant strain is more sensitive than
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Figure 4.
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the wild-type strain to the presence of cadmium and
vanadate but not to H,O, (our unpublished results).
This effect is under investigation.

The Homologous Gene HsPOH1 Suppresses the
Mutant Phenotype

To determine whether the function of RPN11/MPR1 is
conserved, we tested the ability of the human gene to
complement the mprl-1 mutation in S. cerevisiae. The
plasmid pYES-POH1 was used to transform W303-
mprl. The transformants were tested for growth at
36°C before and after promoter activation with galac-
tose. Figure 8 shows that the POHI gene suppressed
thermosensitivity on glucose and on glycerol.

Localization of Mprlp

We fused the Mprlp protein with the Gfp from Ae-
quorea victoria to localize the Mprlp protein (Chalfie et
al., 1994; Niedenthal et al., 1996). The construction in
which the GFP gene is fused at the 3" end of RPN11/
MPR1 is described in detail in MATERIALS AND
METHODS. The mutant W303-mprl and the wild-
type W303-MPR1 strains were transformed both with
centromeric and multicopy plasmids bearing RPN11/
MPRI1-GFP fusion (YCpMPR1-GFP and YEpMPRI-
GEFP respectively). The transformed W303-mprl mu-
tant strain grew on glucose- and on glycerol-
containing media at 36°C, thus indicating that the
Mprlp-Gfp fusion was functional. Transformants
were analyzed by confocal microscopy. The localiza-
tion of Mprlp in W303-MPR1 is shown in Figure 9: in
the tested conditions, the protein was essentially lo-
calized in the cytoplasm, but the localization was not
uniform, suggesting that the protein might be associ-
ated with cytoplasmic structures. No difference was
observed between the mutant and wild-type strains
transformed with centromeric and multicopy plas-
mids bearing Mprlp-Gfp fusion (our unpublished re-
sults). To verify that this particular localization was
not due to the Gfp alone, we observed the localization
of the Gfp expressed in the W303-MPR1 strain. The
p100GFP plasmid, containing the GFP gene under the
control of a galactose-inducible yeast promoter (see
MATERIALS AND METHODS), was used to trans-
form the W303-MPR1 strain. After the induction of the
promoter with galactose, transformants were ob-
served by confocal microscopy, and the localization of
Gfp was uniform in the cytoplasm, showing that the
observed result is not obtained with the Gfp alone.

Nuclear and Mitochondrial Effects of mpri-1

The Mutant Strain Accumulates Ubiquitinated
Proteins

Yeast strains with functionally attenuated protea-
somes accumulate ubiquitinated proteins (Ghislain et
al., 1993; Gordon et al., 1993; Yokota et al., 1996; Komi-
nami et al., 1997). We examined whether the mprl-1
strain presented the same accumulation as described
for the mutated form of other proteasomal subunits.
Total proteins were extracted from the wild-type and
mutant strains, both grown at 24°C to stationary
phase; these strains were also shifted 5 h at the non-
permissive temperature of 36°C. As shown in Figure
10, accumulation of ubiquitinated proteins after the
shift at the nonpermissive temperature in the mpri-1
strain can indeed be observed.

DISCUSSION

RPN11/MPR1 Encodes a Proteasomal Subunit

Our results are fully consistent with those recently
reported by Glickman et al. (1998) showing that the
sequence of the proteasomal protein Rpnllp corre-
sponds to the deduced sequence of MPR1 (Rinaldi et
al., 1995). In particular the identification of Mprlp
with Rpnllp is consistent with the similarity of the
cell cycle defects to those observed in mutants of other
proteasomal subunits such as Ninlp, Sug2/Pcslp,
Cim3p/Suglp, and Cim5p (Ghislain et al., 1993; Komi-
nami et al., 1995; McDonald and Byers, 1997) and by
the pleiotropy of the defects observed in the mprl-1
mutant, including the accumulation of ubiquitinated
proteins. Moreover, the mprl-1 mutation is comple-
mented by human proteasomal subunit Pohlp.

RPN11/MPR1 is an essential gene, as are most pre-
viously studied 19S proteasomal genes. The mprl-1
mutation is a missense mutation followed by a frame
shift producing premature termination. Hence the
mutated protein is altered and truncated in its
C-terminal part, which has been shown to be neces-
sary to rescue the growth defect.

Pleiotropic Effects of the mprl-1 Mutation

The main phenotypes of the mprl-1 mutant can be
summarized as follows: 1) Microscopic analysis of
DAPI-stained cells grown on YP plus glucose at the
permissive temperature shows enlarged cells, mostly
bearing large buds and containing multiple punctate
mitochondrial structures. 2) In YP medium containing
glucose, the growth rate at 24°C is not decreased com-

Figure 4 (facing page).

Morphological defects of strains containing the mutated allele mpr1-1. Cells were grown on rich glucose-containing

medium at 24°C to exponential growth phase and then shifted at 36°C for 5 h and stained with DAPI (see MATERIALS AND METHODS).
(A-C) W303-MPR1, W303-mpr1, and the corresponding W303-mpr1-1 [rho°] derivative grown at 24°C and stained with DAPIL. (D-F) The same
strains after a shift of 5 h at 36°C. (G and H) The original mutant strain R117/al2 and the same strain transformed with the RPN11/MPR1
allele grown at 24°C to exponential phase and stained with DAPIL. Magnification was the same in all panels.
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Figure 5. Mitochondrial morphology of the
W303-MPR1 (A) and W303-mprl strains (B).
Wild-type and mutant strains were stained
with DASPMI after growth on rich glucose-
containing medium at 24°C and observed by
confocal microscopy. The photographs repre-
sent the reconstruction of 0.2-um sections.
Bar, 1 pm.

pared with the wild type but only delayed by a sub-  factor(s) accumulated in the stationary phase must be
stantially longer lag phase. One might think that some proteolytically degraded before growth starts, or, al-
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Figure 6.

4c

Quantitative analysis of DNA content by flow cytometry. (A) The wild-type haploid strain W303-MPR1 (1), its [rho°] derivative

2c 4c 6c¢

(2), the haploid W303-mpr1 (3), and its [rho°] derivative (4) were cultured in YPD at 24°C to midexponential phase. Part of the same cultures

was split in two parts and shifted at 36°C for 3 h (B) and 5 h (C).

ternatively, that a factor abnormally degraded during
the stationary phase must be newly synthesized. 3)
Growth on the same medium containing glycerol is
much more severely impaired even at the permissive
temperature. 4) At 36°C, no growth is observed, and
flow cytometry profiles show that after a shift to this
temperature, the DNA content per cell is strongly
increased in the [rho+] cells and, to a lesser extent, in
the [rho°] cells, implying an overreplication of both
nuclear and mitochondrial DNA. Microscopic analysis
after the shift to 36°C shows aberrant morphologies
with elongated buds. Only one nucleus seems to be
present, and it is often localized in the first bud. 5) The
mprl-1 mutant accumulates ubiquitinated proteins in
the stationary phase of growth at 24°C and after a shift
to 36°C.

Although some of these phenotypes are caused by
other proteasomal mutations, the close connection be-
tween cell cycle defects and the mitochondrial pheno-
type had not been observed before.

Only in one other case has a relationship been ob-
served between a proteasomal mutation and a mito-
chondrial phenotype: a mutation in the YNTI gene,
coding for a proteasomal subunit, suppresses the mi-
tochondrial defects (among which is a punctate mito-
chondrial morphology) caused by a mutated allele of
YMEI1, a nuclear gene coding for a mitochondrial zinc-
dependent protease (Thorsness et al., 1993; Campbell
et al., 1994).

Mitochondria contain their own protein degradation
system (possibly involved in proofreading of mito-
chondrial protein synthesis products), and a relation-
ship between the two proteolytic systems might actu-
ally exist (Rep and Grivell, 1996; Suzuki et al., 1997).

Mitochondrial Morphology

Mitochondrial morphology in S. cerevisiae is highly
variable depending on growth and physiological con-
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ditions. For example, a shift from fermentation to res-
piration conditions results in a change from tubular to
punctate structure (Visser et al., 1995). During mating,
mitochondria form a single dynamic network with a
number of fission and fusion events (Nunnari ef al.,
1997). During meiosis, mitochondria are seen as
highly organized thread-like structures, probably re-
quired for transmission to the four spores (Smith et al.,
1995).

In the mpr1-1 mutant, this dynamic situation seems
to be affected, because we do not observe the mito-
chondrial tubular structure usually observed in cells
growing in YP plus glucose (Figure 5). The punctate
mitochondrial morphology we observe in the mprl-1
mutant growing on rich medium containing glucose
has also been observed in the ymel mutant altered in
a mitochondrial protease. Analogous “disorganiza-
tion” of the mitochondrial tubular network has also
been seen in different mutants. Mutations in the actin-
encoding ACT1 gene result in an altered mitochon-
drial morphology and movement during sporulation
(Smith et al., 1995). Similar observations have been
reported for mutants of the MDMI10 and MMM]I
genes, which encode mitochondrial proteins involved
in mitochondrial inheritance during mitosis (Burgess
et al., 1994; Sogo and Yaffe, 1994). In all these cases,
round mitochondria are observed instead of tubular
structures (Fisk and Yaffe, 1997).

Cell Cycle Progression in the mprl-1 Mutant

The results of flow cytometry indicate that, after the
shift to 36°C, a high proportion of the population has
a very high DNA content and that both nuclear and
mitochondrial DNA are involved in this increase. This
is consistent with the results of DAPI staining. Several
genes have been implicated in restricting DNA repli-
cation to once per cell cycle. Among these, cdc16 and
cdc27 mutants have been shown to overreplicate DNA
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Figure 7. Alignment of the predicted amino acid sequences of Mprlp and its homologues (BOXSHADE program, Genetics Computer Group
[GCG], Madison, WI). ~, cDNA sequences not present in databases. The accession numbers are as follows: Caenorhabditis elegans Ypt5p,
U00032; S. pombe Padlp, D31731; S. cerevisiae Mprlp, X79561; Arabidopsis thaliana cDNA, T43507; Oryza sativa cDNA, D41810; Drosophila
melanogaster cDNA, AA141347; Homo sapiens Pohlp, U86782; Mus musculus PAD1, Y13071.

by multiple rounds of replication, without completing
the cell cycle, but no effect of the [rh0°] condition had
been detected (Heichman and Roberts, 1996). Similar
observations have been carried out by Moreno and
Nurse (1994) in S. pombe.

In the mprl-1 [rho°] mutant, we do not observe multiple
rounds of replication of nuclear DNA but, rather, a situa-
tion that is more reminiscent of the dos4 mutant phenotype;
in fact, highly increased amounts of nuclear DNA and

2928

similar flow cytometry profiles have been observed in mu-
tants of the DOA4 gene, which codes for a deubiquitinating
enzyme bearing similarities to the human tre-2 oncogene
(Papa and Hochstrasser, 1993; Singer et al., 1996).

In addition to this overreplication of nuclear DNA, the
mprl-1 mutant also presents increased amounts of mito-
chondrial DNA. This increase might explain the sup-
pression of the mitochondrial tRNA-processing defect
initially observed in the mitochondrial mutant ts932.

Molecular Biology of the Cell
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Figure 8. The growth defect of the mutant strain mpr1-1 is suppressed
by the human gene POH1. The mutant strain mpr1-1 transformed with
the human gene POH1 (pYES-POHI) under the GAL1 promoter is
unable to grow at 36°C when the GALI promoter is repressed; after the
induction of the promoter in galactose medium, the same transformed
mutant strain grows either on glucose or glycerol media at the non-
permissive temperature. Plates were incubated 4 d at 36°C.

Homology with Genes Involved in AP-1-dependent
Transcription

Another aspect worth noting is the high degree of sim-
ilarity (64.6% identity) of Mprlp with Padlp of S. pombe,
which has been reported to act as a positive regulator of
Paplp-dependent transcription. Paplp belongs to the
AP-1 protein family, which controls the expression of
genes involved in drug resistance and stress response
(Kim and Struhl, 1995). It may be interesting to note that
the PAD1 gene, isolated in a high-copy-number plasmid
conferring pleiotropic drug resistance in fission yeast, is
truncated (Shimanuki ef al., 1995). This truncated form of
PAD1 stops at the Sau3A site, where we identified the
mprl-1 mutation. Therefore, one could envisage that the
C-terminal part of the protein might not be necessary for
drug resistance.

On the other hand, the mutations present in the mpr1-1
allele are localized downstream of the above-mentioned
site in the C-terminal region of the gene, which we have
shown to be necessary for the suppression of the growth
defect present in the mpr1-1 mutant. If the high similarity
between Mprlp and Padlp is to be taken into account,
this might suggest that different regions of the protein
might be involved in the effects on growth and stress
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Figure 9. Localization of the fusion protein Mprlp-Gfp in wild-
type cells detected by confocal microscopy. The haploid wild-type
strain W303-MPR1 transformed with YCpMPR1-GFP was grown in
rich medium at 24°C to exponential growth phase. (A) Phase image;
(B) Gfp fluorescence. Bars, 1 um.

response. The possible involvement of Mprlp in stress
response has yet to be thoroughly investigated.

Localization of Mprlp

The cytoplasmic localization of the Mprlp-Gfp fusion
is somewhat surprising, because most proteasomal
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Figure 10. The mprl-1 mutant strain accumulates ubiquitinated
proteins. The wild-type strain containing RPN11/MPRI1 and the
mutant strain containing mprl-1 were grown at 24°C to stationary
phase, after which one-half of the culture was shifted for 5 h to 36°C.
Proteins were then extracted, electrophoresed, and detected as in-
dicated in MATERIALS AND METHODS. Lines 1 and 2, ubiquiti-
nated proteins from the W303-mpr1 strain before (2) and after (1)
incubation at 36°C. Lines 2 and 3, the same from the W303-MPR1
strain. Line 5, Protein molecular weight standards.

proteins have been shown to have a nuclear localiza-
tion (Nelson et al., 1993; McDonald and Byers, 1997).
In our experiment no nuclear localization was evident,
even if a presence of the protein in the nucleus cannot
be ruled out. This is similar to the case of the protea-
somal subunit Ninlp, which has been found to be
essentially present in the cytoplasm in the form of
dotted structures (Kominami and Toh-e, 1994).

Conclusion

Rpnllp/Mprlp is a proteasomal regulatory protein
that belongs to a highly conserved family. The mpr1-1
mutation is the first reported case of a mutation in this
gene family. Its highly pleiotropic phenotype reflects
multiple functions, including mitochondrial ones. This
indicates a possible involvement of the proteasome in
mitochondrial biogenesis. The mprl-1 mutation will
thus provide a unique opportunity to investigate this
new aspect of yeast cell biology.
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