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Abstract

Proteasomes are large multicatalytic protease complexes
found in the cytoplasm and nucleus of all eukaryotic cells. 20S
proteasomes are cylindrically shaped particles composed of a
set of different subunits arranged in a stack of 4 rings with
7-fold symmetry. In yeast 14 different genes are known, which
are proposed to code for the complete set of 20S proteasomal
subunits. They can be divided in 7a- and 78-type subunits.
268 proteasomes are even larger proteinase complexes which
contain the 208 proteasome as the functional proteolytic core.
They degrade ubiquitinylated proteins in vitro. Several yeast
268 proteasome subunits have been characterized as members
of a novel ATPase family. Studies with yeast 208 and 26S pro-
teasome mutants uncovered the function of proteasomes in
stress-dependent and ubiquitin-mediated proteolytic path-
ways. Proteasomes are important for cellular regulation, cell
differentiation, adaptation to environmental changes and are
involved in cell cycle control.

of this yeast enzyme with the multicatalytic
proteinase complex or proteasome of other
eukaryotes was established by an extensive

In 1984 Achstetter et al. [1] purified a high comparison of its biochemical, structural and
molecular mass multisubunit proteinase from immunological features with those of the 20S
Saccharomyces cerevisiae, which was named cylinder particles from Xenopus laevis [2].
proteinase yscE. Four years later the identity Proteinase yscE exhibits the typical proteaso-
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Table 1. Genes of the yeast 20S proteasome and properties of their encoded proteins

Gene {other names) Type Chromo- Predicted protein? Motifs Correlation
somal with proteo-
location ~ Dolecular I Iytic activity

PRS1 (YC-1) [V XV 31.6 5.20 - -

PRS2 (SCL1,YC-7a,Y8) o Vil 28.0 6.05 NLS1 -

Y7 a nd. 27.2 5.54 2 x CAMP-PS -

Y13 o n.d. 28.7 4.96 2 x cAMP-PS, Tyr-PS -

PUP2 o n.d. 28.6 4.58 cAMP-PS -

PRES a XIII 25.6 7.30 Tyr-PS -

PRE6 a XV 28.4 7.27 cAMP-PS, Tyr-PS, NLS1 -

PRE1 B v 22.5 6.01 NLS2 chymotryptic

PRE2 (PRG1) B XVI 31.6(23.3) 6.02(6.19) Tyr-PS chymotryptic

PRE3 B X 21.2 5.37 Gln-Synthetase PGPH

PRE4 B VI 29.4(25.1) 5.75(5.84) Tyr-PS, NLS1 PGPH

PRS3 B I 27.1(25.1) 6.11(6.86) cAMP-PS -

PUP1 i) XV 28.3(25.2) 6.60(6.53) - -

PUP3 B \% 226 4.93 - tryptic?

Except for NLS1, the motifs listed were found via search in the ‘PROSITE’ database. cAMP-PS = cAMP-dependent phosphor-
ylation site; Tyr-PS = tyrosine phosphorylation site; NLS1 = nuclear localization signals of the SV 40 large T-antigen type; NLS2 =
bipartite nuclear localization site; Gln-Synthetase = glutamine synthetase consensus sequence; PGPH = peptidylglutamyl peptide

hydrolyzing.

2 The molecular mass and pl values were calculated for the longest predictable translation products of the respective open
reading frames. Values in brackets correspond to putative processed forms predicted from sequences of N-terminal peptides of

homologous proteins from other species [20, 21].

mal cleavage activities towards chromo- and
fluorogenic peptide substrates, i.e. it has a
chymotrypsin-like, a trypsin-like and a pepti-
dylglutamyl peptide-hydrolyzing (PGPH) ac-
tivity [3]. Of the two additional activities
described by Orlowski et al. [4] for the protea-
some of bovine pituitary, only the branched
chain amino acid-preferring activity is detect-
able in partially purified yeast proteasomes
[Zimmermann and Hilt, unpublished re-
sults].

The subunit composition of proteinase
yscE is as complex as in higher eukaryotes,
showing a ladder of protein bands in the
molecular mass range between 20 and 35 kD
after SDS-PAGE, which can be separated into
14 protein spots after two-dimensional gel
electrophoresis [3].

In the meantime the primary structures of
14 yeast proteasomal subunits have become

known through cloning and sequencing of the
corresponding genes (table 1). As found for all
208 proteasomal proteins from higher euka-
ryotes, all yeast subunits show structural rela-
tionships to each other and to those of other
species. They can be grouped into 7 a-type
and 7 B-type proteins according to their de-
gree of homology to either the « or the B sub-
unit of the Thermoplasma proteasome (ta-
ble 1). The B-type genes PRE1, PRE2, PRE3
and PRE4 were cloned by complementation
of mutants defective in the chymotryptic
(prel and pre2 mutants) or the PGPH (pre3
and pre4 mutants) activity of the proteasome
[3, 5-7]. PRE?2 was independently identified
as a single copy suppressor (named PRG1) of
the crcl mutation which causes a high fre-
quency of chromosome loss [8]. Two other B-
type genes were cloned by chance: PUPI [9],
and an originally unidentified proteasomal
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gene here referred to as PUP3 [10], which has
now turned out to be related to a gene encod-
ing the C10II subunit of the rat proteasome
[11]. The 7th B-type gene, homologous to the
mammalian and Drosophila C5 subunit, is
PRS3[12]. The 7 yeast proteasomal genes of
the a-type are: PRS1[13] (formerly YC-1) and
PRS2 [13] (formerly YC-7a, independently
cloned as Y8 [14] and as sc//*, a dominant
suppressor of the ¢r/3 mutation which confers
cycloheximide resistance combined with tem-
perature sensitivity [15]), Y7 and Y13 [14],
PUP2 [16], (also cloned accidently), and the
recently identified genes PRES and PRE6
[17]. These 7 a-type genes encode a subfamily
of proteasomal subunits with strongly con-
served primary structures (up to 35% identi-
ty), whereas the B-type subunits represent a
more divergent subfamily (up to 25% identi-
ty). With the exception of the gene encoding
the Y13 subunit, the chromosomal deletion of
each of the yeast proteasomal genes is lethal
for the cell.

The chromosomal location of most of the
14 proteasomal genes was determined show-
ing a random distribution over the yeast ge-
nome (table 1]. Nothing is known about regu-
latory elements allowing a coordinate expres-
sion of the genes.

The calculated molecular masses of the 14
yeast proteasomal subunits range from 21.2 to
31.6 kD, which is in agreement with the mo-
lecular masses of the protein bands appearing
after SDS-PAGE of purified yeast 208 protea-
somes [2, 18, 19]. A processing of yeast B-type
subunits by cleaving at their N-termini, as
shown for some B-type subunits of higher
eukaryotes [20-23] as well as for the archae-
bacterial B-subunit [24], has not been docu-
mented so far,

None of the yeast proteasomal proteins
exhibits homologies to any known type of pro-
tease. However, genetic studies connected
certain B-type subunits with proteolytic activ-

ities of the yeast proteasome. Intact Prel and
Pre2 proteins are necessary for the chymo-
trypsin-like activity [3, 5], intact Pre3 and
Pre4 proteins are necessary for the PGPH
activity [6, 7]. These results support the idea
that proteolytically active sites may be formed
by interaction of at least two neighboring sub-
units. On the other hand, it cannot be ex-
cluded that individual subunits within the
proteasome might represent totally new types
of proteolytic enzymes. If the latter were true,
the loss of individual activities caused by mu-
tations in either of two subunits would imply
conformational forces acting in an inhibitory
fashion from a mutated subunit on the activi-
ty of another catalytic subunit. A candidate
for being involved in the trypsin-like protea-
somal activity is Pup3, since its bovine homo-
logue, subunit theta, was shown to be accessi-
ble to the trypsin protease inhibitor leupeptin
[25]. Remarkably, all subunits which can be
correlated with proteolytic activities are so far
of the B-type. Thus, in analogy to the archae-
bacterial ‘urproteasome’ with its f-subunits
forming the inner two rings of the cylindrical
particle [26], the sites of proteolysis in euka-
ryotic proteasomes are most probably located
in the central rings made up of B-type sub-
units.

In a general search for motifs in the prima-
ry structures of the yeast proteasomal sub-
units, several potential phosphorylation sites
for tyrosine kinases and cAMP-dependent
threonine/serine kinases were found, predom-
inantly in the o-type subunits. Nuclear local-
ization signals, which may play a role in the
transport of whole proteasomes or single sub-
units to the nucleus, are contained in the Prs2,
Pre6, Prel and Pred proteins [3, 7, 13, 17].
Interestingly, the Pre3 subunit as a candidate
for carrying out the hydrolysis of peptidylglu-
tamyl peptide bonds has a glutamine synthe-
tase motif, which might be involved in recog-
nition of glutamic acid residues [6] (table 1).
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Evidence for a Set of 14 Different
Subunits in Eukaryotic 20S Proteasomes

The now known 14 yeast proteasomal sub-
units, 7 each of the o- and the B-type, are likely
to represent the complete set of proteins con-
stituting the 20S core complex in this organ-
ism. Firstly, the 14 cloned yeast proteasomal
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genes nicely correspond to the 14 protein
spots obtained after two-dimensional separa-
tion of the purified, dissociated yeast 208 pro-
teasome [3]. Secondly, the 7 a-type and 7 B-
type subunits found in yeast can easily be
arranged into a structure with a twofold a7p7
symmetry as found in the ancestral archae-
bacterial proteasome [26]. The third reason to
believe that the set of yeast proteasome sub-
units is complete comes from a comparison of
these proteins with the primary structures of
all so far known proteasomal subunits from
other species: after multiple sequence align-
ment a dendrogram can be created which
clearly shows 14 subgroups, 7 with o-type and
7 with fB-type subunits, each of the subgroups
containing a single yeast member (fig. 1). As
supported by the gene disruption experiments
In yeast, one can imagine that every yeast sub-
unit occupies a defined place within the ring-
like stacks of the proteasome, and that ab-
sence of individual subunits may disturb the
assembly of the whole structure.

From the studies on the yeast 20S protea-
some we further assume that a composition of
14 different subunit types occupying defined
positions in a dimeric structure with C2-sym-
metry applies to all eukaryotic proteasomes.

Fig. 1. Dendrogram showing the relationships
among all known eukaryotic 208 proteasome protein
sequences. The 14 S. cerevisiae proteasome subunits
are shown in bold type. The 14 main branches are
numbered. Subgroups 1-7 contain o-type members,
subgroups 8-14 contain $-type members. In cases of
subunits, for which slightly differing sequences have
been reported, only one sequence is considered. Abbre-
viations for species are: at = Arabidopsis thaliana, dd =
Dictyostelium discoideum,; dm = Drosophila melano-
gaster, gg = Gallus gallus; hs = Homo sapiens; mm =
Mus musculus; tn = Rattus norvegicus; sc = S. cerevi-
siae, sp =.S. pombe, x1 = X. laevis. The dendrogram was
created by the CLUSTAL multiple sequence align-
ment program using the DNASTAR™ ‘Lasergene’
software.
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However, development- or cell-type-specific
variations in the subunit composition of 20S
proteasomes from higher eukaryotes may
modulate their activity and function: a well-
studied example is the ‘immuno proteasomes’
[27], containing 2 specialized subunits en-
coded in the MHC class-II gene cluster, LMP2
and LMP7. These two y-interferon-inducible
subunits substitute for very similar constitu-
tive subunits [27, 28] with housekeeping func-
tions, thereby changing the proteasome’s pro-
teolytic activities [27, 29-31]. The incorpora-
tion of LMP2 and LMP7 into ‘immunoprotea-
somes’ enhances their ability to generate those
types of peptides from cytosolic protein anti-
gens, which have high affinity for binding to
MHOC class-I glycoproteins in the endoplasmic
reticulum as a prerequisite for presentation at
the cell surface. Therefore, in the dendrogram
in figure 1, two branches are expected, each of
which contains two different mammalian sub-
unit types: the pairs LMP2/delta in one branch
and LMP7/epsilon in the other. (Since only
partial amino acid sequences are yet available
for subunit epsilon, it is not included in fig-
ure 1.) The equivalents of these subunits in
yeast are Pre2 and Pre3. These subunits have
indeed been shown to be responsible for the
proteolytic activities which are altered in ‘im-
munoproteasomes’ [5, 6].

The principle of interchangeability of
strongly related proteasomal subunits may be
a widespread mechanism in higher euka-
ryotes. This is indicated by the identification
of slightly differing cDNAs reflecting either
gene duplications [for example Fujii et al., 32]
or alternative splicing [for example Silva Pe-
reira et al., 33].

Additionally, posttranslational modifica-
tions of subunits are known, such as phos-
phorylation [34] and glycosylation [35], which
may also have regulatory or modulating func-
tions. Thus, a higher number than 14 protein
spots generally observed in two-dimensional

separations of mammalian, plant or insect
proteasomes can be easily explained by such
subunit modifications as well as by the exis-
tence of subunit isoforms. Thus, such data are
not in conflict with the proposed model of a
common 208 proteasome structure consisting
of two sets of 14 subunit types.

The 26S Proteasome

A 268 protease which is able to degrade
ubiquitinylated proteins in vitro has been pu-
rified from rabbit reticulocytes [36]. This pro-
tease complex is composed of a pool of at least
25 different subunits. Studies in several high-
er eukaryotes demonstrated that the 268 pro-
tease consists of the 208 proteasome as a core
[37-40] and additional subunits attached at
both ends of the 20S cylinder [41]. Recently,
strong evidence appeared that this larger pro-
teinase complex also exists in yeast. Under
certain conditions a 26S protease complex
can be purified from yeast, which exhibits
peptide cleaving activities of the 20S protea-
some but in addition is able to degrade ubi-
quitinylated proteins in vitro [Fischer et al., in
preparation]. A functional indication for the
existence of a 268 proteasome in yeast is pro-
vided by the fact that mutants with defects in
peptide-cleaving activities of the 20S protea-
some are also defective in the degradation of
ubiquitinylated proteins in vivo, which are
specific in vitro substrates of the 26S protea-
some [3, 5,7, 42, 43].

Using peptide sequences derived from pu-
rified 268 proteasomes three subunits of the
human 26S complex have been characterized
[44-46]. The protein sequences showed simi-
larity or identity with formerly described
transcriptional activator proteins of HIV gene
expression [47, 48]. In the yeast S. cerevisiae
two 268 proteasome specific genes CIM 3 and
CIM 5 have been cloned by complementation
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of temperature-sensitive mitotic cell cycle
mutants [49]. Identity of Cim3 and Cim5 as
268 proteasome subunits has been shown bio-
chemically by cross-reaction of Cim3- and
CimS5-specific antibodies with corresponding
subunits of the 268 proteasome purified from
Drosophila. Besides cell cycle control, Cim3
and Cim35 also function in ubiquitin-depen-
dent degradation of the short-lived protein
Ub-Pro-p-gal [see the chapter: Short-Lived
Proteins]. Both proteins Cim3 and Cim5 ex-
hibit strong similarities with the human 26S
proteasome subunits. Cim5 shows 70% iden-
tity with the human subunit S7/Mss1. The S7/
Mssl protein is also able to complement the
lethality of a CIM5 deletion mutant. CIM3 is
identical with SUG I which in a mutated form
(sugl-1) has been found to suppress a tran-
scriptional activation defect in a gal4 deletion
mutant which lacks the carboxyterminal tran-
scriptional activation domain [50].

In the yeast Schizosaccharomyces pombe
also a 26S subunit, m#s2* has been cloned by
complementation of mitotic cell cycle mutants
[51]. The mts2* protein shows 75% identity
with the human 26S subunit S4 and can be
functionally replaced by the S4 protein.

The yeast and human 268 proteasome sub-
units can be assigned to a recently defined
family of ATPases, which contain one or two
copies of a strongly conserved region of 200
amino acids [52, 53]. Using polymerase chain
reaction with oligonucleotides derived from
highly conserved boxes within these ATPase-
characteristic regions, 11 members of this
ATPase family (YTAI-YTAII) have been
cloned and sequenced in yeast [54]. Besides
YTA3 which is identical with CIM5, also
YTAl YTA2 and YTAS have been proposed
to code for yeast 26S proteasome subunits
because of the strong sequence similarities of
the encoded proteins. In fact a defective ytal
allele is complemented by the human 26S
subunit S6/Tbp7 [54].

Proteasome Functions

Proteasomes Are Essential to Life

Proteasomes fulfill essential functions in
the yeast cell. In 13 cases chromosomal dele-
tion of 1 of the 14 different yeast 20S protea-
some subunits led to cell death. Spores de-
rived from heterozygous diploids carrying a
null mutation of 1 of several 20S proteasome
genes were able to germinate, but stopped cell
growth after 2-3 cell divisions [7, 17]. It is
suggested from this result that chromosomal
deletion of 1 of the 20S proteasome genes
leads to disassembly of the 20S and 26S pro-
teasome complex and therefore complete loss
of all proteasome functions. Also 26S protea-
some-specific genes serve essential functions.
Chromosomal deletions of the yeast 26S pro-
teasome subunits CIM3, CIM5[49], YTA1 or
YTA?2[54] cause lethality.

Proteasomes Act in Stress-Dependent and

Ubiquitin-Mediated Proteolytic Pathways

Yeast mutants bearing mutations in differ-
ent subunits of the 20S proteasome leading to
defects in peptide-cleaving activities have
been used to demonstrate the in vivo function
of the complex in stress-dependent and ubi-
quitin-mediated proteolytic pathways for the
first time. Mutations affecting the proteaso-
mal genes PREI and PRE?2 lead to defects of
the chymotrypsin-like activity [3, 5], whereas
mutants of the proteasomal subunits PRE3
and PRE4 are defective in the PGPH activtiy
of the complex [6, 7]. Prel-1 single and even
more so prel-1 pre2-2 double mutants are sen-
sitive to heat stress [3, 5]. They also show sen-
sitivity to the arginine analog canavanine
which leads to the formation of abnormal pro-
teins (fig. 2). Under heat and canavanine
stress conditions the mutants also accumulate
ubiquitinylated proteins. It is suggested that
heat and canavanine stress lead to the forma-
tion of large amounts of abnormal proteins
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Fig. 2. Proteasomes fuifill central cellular functions
in the eukaryote. The 20S proteasome is a cylindrical-
shaped multienzyme complex which is also found as
an integral core of the even larger 26S proteasome.
Proteasomes are involved in the degradation of abnor-
mal and short-lived proteins. In most cases prior to
proteolysis proteins are marked for degradation by tag-
ging systems, as is the ubiquitin system. Abnormal pro-
teins are generated by synthesis errors or cellular stress.

which are ubiquitinylated. They are stabilized
in the proteolysis-defective 20S proteasome
mutants [3, 5]. Interestingly, in pre4-1 single
mutants which completely lack the PGPH
activity of the 20S proteasome, no apparent
defect in stress- and ubiquitin-dependent pro-
teolysis has been observed [7]. However, in
pred-1 prel-1 double mutants the stress phe-

In combination with protein synthesis proteolysis
functions by modulating the intracellular concentra-
tions of constitutively short-lived proteins as well as
proteins which become unstable due to specific signals
or intracellular programs. By uncovering certain in
vivo substrate proteins of the proteasome, studies in
yeast demonstrated the function of this proteinase
complex in metabolic adaptation, cell differentiation
and cell cycle control.

notypes, as well as the accumulation of ubi-
quitinylated proteins is strongly enhanced as
compared to prel-1 single mutants [7]. The
chymotrypsin-like activity seems to act as the
major proteolytic activity in canavanine and
heat stress-induced degradation pathways,
whereas the PGPH activity is proposed to ful-
fill some rescue function.
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Proteasomes Degrade Short-Lived

N-End-Rule Substrates

The function of proteasomes in the degra-
dation of ubiquitinylated proteins in vivo has
been confirmed by use of the short-lived pro-
tein substrates of the N-end-rule pathway [42,
43]. Different versions of p-galactosidase (X-
B-gal) with destabilizing amino acid residues
at its aminoterminus constitute artificial
short-lived proteins in yeast [55, 56], which
are ubiquitinylated by the ubiquitin-conjugat-
ing enzyme Ubc2 and thereafter degraded
[57] (fig. 2). The in wild-type short-lived N-
end-rule substrates Arg-p-gal (t!/; = 2 min)
and Leu-B-gal (t1/, = 3 min) are clearly stabi-
lized in the yeast 20S proteasome mutants
prel-1 and pre2-2 with defective chymotryp-
sin-like activity [42, 43]. Stabilization of these
short-lived proteins is even more enhanced in
prel-1 pre2-2 double mutants [42]. These 20S
proteasome mutants also stabilize the short-
lived Ub-Pro-B-gal protein [42, 43] which is
ubiquitinylated in an N-end-rule independent
manner by the ubiquitin-conjugating en-
zymes Ubc4/UbcS [58]. Interestingly in the
268 proteasome mutants cim3-1 and cim5-1
Ub-Pro-p-gal is also stabilized whereas degra-
dation of the N-end-rule substrate Leu-B-gal is
not affected [49]. This indicates that 26S pro-
teasomes are able to distinguish between sub-
strate proteins derived from different ubiqui-
tin-dependent pathways.

In vivo Substrates of the Proteasome

Initially the function of proteasomes in
protein degradation was shown by accumula-
tion of a bulk of undefined ubiquitinylated
proteins under cellular stress conditions or by
stabilization of artificial short-lived N-end-
rule substrate proteins in 20S proteasome
yeast mutants. However, the question about
individual in vivo substrates of the protea-
some remained.

Proteasomes Degrade Unassembled

Proteins: The Fate of Free a-Subunits of

the Yeast Fatty Acid Synthase

Yeast fatty acid synthase is an oligomeric
enzyme complex composed of 6 a- and 6 f3-
subunits, which are encoded by the genes
FAS1 (B-subunit) and FAS2 (a-subunit). The
assembled fatty acid synthase complex is a
stable protein with a t!/, of at least 20 h [59].
In contrast, in a yeast strain lacking the fatty
acid synthase f-subunits due to a chromosom-
al deletion of the FAS1 gene, free Fas2 a-sub-
units are short lived (t!/, = 1 h). The free a-
subunits are rapidly degraded via the protea-
some. This has been proven by the fact that
208 proteasome mutants prel-1 containing a
fasl deletion allele clearly stabilize the Fas2
protein, as compared to PRE wild-type cells
[59]. The free a-subunit seems to be recog-
nized as some sort of abnormal protein and is
therefore rapidly degraded via the proteaso-
mal pathway (fig. 2).

Proteasomes Degrade Regulated

Metabolic Enzymes and Regulatory

Proteins: Degradation of Fructose-

1,6-Bisphosphatase

The function of proteasomes in the degra-
dation of regulated and short-lived proteins
has been demonstrated in the case of catabol-
ite inactivation of fructose-1,6-bisphospha-
tase, which is a key enzyme in gluconeogene-
sis. Addition of glucose to yeast cells, which
have been grown on a non-fermentable car-
bon source (t'/; of fructose-1,6-bisphospha-
tase under derepression conditions is 90 h)
induces inactivation of the enzyme by phos-
phorylation followed by rapid proteolytic deg-
radation [60, 61]. In wild-type cells fructose-
1,6-bisphosphatase is completely degraded
within 1 h. In the prel-I proteasome mutants
fructose - 1,6-bisphosphatase is strongly sta-
bilized. In prel-1 pre2-1 double mutants de-
fective in two subunits of the 20S proteasome,
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degradation of fructose-1,6-bis-phosphatase is
nearly absent [62]. Thus proteasomes regulate
metabolic adaptation of cells upon changes in
environmental conditions (fig. 2).

Ornithine Decarboxylase Is Degraded by
the 26S Proteasome via a Ubiquitin-Indepen-
dent Pathway. The involvement of 26S pro-
teasomes also in ubiquitin-independent pro-
teolytic pathways has been demonstrated for
another metabolic enzyme, ornithine decar-
boxylase. This key enzyme of polyamine syn-
thesis is subjected to rapid turnover in mam-
malian cells [63]. ATP-dependent degrada-
tion of ornithine decarboxylase is performed
by an ubiquitin-independent mechanism
which uses antizyme, a protein induced by
polyamines, as a proteolytic accelerator [64].
Biochemical studies demonstrated that orni-
thine decarboxylase is degraded via the 26S
proteasome [65, 66]. The function of protea-
somes in the degradation of ornithine decar-
boxylase in vivo has also been proven using
the 20S proteasome mutants defective in the
chymotrypsin-like activity. Mouse ornithine
decarboxylase expressed in prel-1 cells as well
as the yeast ornithine decarboxylase are clear-
ly stabilized in these proteasome mutants [67]
(fig. 2).

Proteasomes Degrade a Transcriptional

Regulator Protein, the MAT a2 Repressor

The MATa2 repressor is a transcriptional
regulator protein which is required for mating
type differentiation in the yeast S. cerevisiae
by repression of MATa-specific genes in ha-
ploid MATa cells and haploid-specific genes
in diploid cells [68, 69]. The MATa2 repres-
sor is a short-lived protein which is degraded
with a t!/, of 5 min at 30°C [70]. The protein
contains two independent destruction boxes
and is degraded after ubiquitinylation via the
ubiquitin-conjugating enzymes Ubc4/Ubc5
and also Ubc6/Ubc7 [70, 71]. The MATa2
repressor is stabilized in 20S proteasome mu-

tants (prel-1 and prel-1 pre2-2) [Richter-
Ruoff et al., in preparation] which strongly
indicates that proteasomes are involved in the
degradation of this repressor protein (fig. 2).
In a screen for mutants defective for the deg-
radation of the MATa2 repressor, mutants of
the de-ubiquitinating enzyme Doa4 were
found. From this result it has been proposed
that de-ubiquitinylation is coupled to the deg-
radation of proteins by the 26S proteasome
[721.

Proteasomes Function in Yeast Cell Cycle

Control

Multiple kinase complexes formed by the
association of different types of cyclins with a
single kinase subunit (Cdc28) are thought to
be crucial for cell cycle control in yeast [73].
Cln cyclins are required during G1 for com-
mitment to a new cell cycle [74], whereas the
B-type cyclins CIb5 and Clb6 are involved in
cell entry into S phase [75, 76]. Clbl to Clb5
B-type cyclins are needed during mitosis for
assembly and function of the spindle appara-
tus [74, 76, 77]. The appearance and disap-
pearance of particular kinase forms, which are
thought to trigger key cell cycle events, is regu-
lated by the synthesis and proteolytic degra-
dation of specific cyclins during different
phases of the cell cycle. Several lines of evi-
dence exist that at least B-type cyclins are
degraded by proteasomes via ubiquitin-de-
pendent pathways. Studies of rapid mitotic
degradation of B-type cyclins revealed an
aminoterminally located highly conserved
stretch of nine amino acids (designated as the
‘destruction box’) as well as ubiquitin modifi-
cation prior to proteolysis [78].

The function of proteasomes in cell cycle
control has been demonstrated by isolation of
cell cycle mutants of the 26S and 20S protea-
some of yeast. Two S. cerevisiae mutants
cim3-1 and cim5-1 both containing a muta-
tion in a 26S proteasome-specific subunit
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which confer lethality to the G2/mitosis-spe-
cific cdc28-1N mutant have been isolated. In
addition, the mutants exhibit a temperature-
sensitive cell cycle phenotype [49]. At non-
permissive temperature cim3-1 and cim5-1
mutant cells are arrested with replicated
DNA and short intranuclear spindles charac-
teristic of S. cerevisiae cells arrested in G2/
metaphase. A corresponding G2/metaphase
cell cycle arrest has been observed in mts2
mutants of S. pombe which also contain a
mutated 26S proteasome [51]. In both cases
the cell cycle phenotypes seem to be due to
proteolytic defects of the 26S proteasome.
Cim3-1 and cim5-1 mutants clearly stabilize
a short-lived cell cycle-independent ubiquiti-
nylated protein (Ub-Pro-B-gal) [49] whereas
S. pombe mis2 mutants accumulate amounts
of undefined ubiquitinylated proteins [51].
Further evidence for the involvment of pro-
teasomes in cell cycle control has been ob-
tained from studies of 20S proteasome mu-
tants. Yeast cells with a proteolytically stable
form of the cyclin Clb2 due to a deletion of
the destruction box are arrested in the mitot-
ic telophase [73, 79]. It has further been
shown that overexpression of a single CLB2
copy from the GAL1 promoter is tolerated by
the yeast cells while overexpression of four
copies of CLB2 is lethal [79]. However,
in proteolysis-defective 20S proteasome
(prel-1) mutants the overexpression of even
one copy of CLB2 leads to the stop of cellular
growth [80]. Plasmid mutagenesis with the
20S proteasomal gene PRGI/PRE? yielded
temperature sensitive mutants which exhibit
a mitotic cell cycle phenotype under nonper-
missive temperatures [81]. Interestingly this
phenotype is suppressed by chromosomal de-
letion of the CLB2 gene [81). Though not
unequivocally proven, these studies in yeast
suggest that proteasomes function in cell cy-
cle control via the degradation of mitotic
cyclins (fig. 2).

Concluding Remarks

Studies on the proteasome of the yeast
S. cerevisiae reflect the great potential of this
organism in the elucidation of basic eukaryot-
ic cell functions. The ease with which yeast is
amenable to biochemical, genetic and molec-
ular biological studies greatly facilitated the
detection and analysis of all 14 208 protea-
some core subunits and made possible the dis-
covery of the first in vivo functions of the
enzyme complex. Many more in vivo func-
tions will be discovered in the future. The
examples we know today may guide us in the
direction we have to search for proteasome
functions, namely the removal of false and
not properly folded proteins, the degradation
of enzymes which regulate cellular metabo-
lism and the degradation of regulatory pro-
teins which regulate gene expression and the
biological activity of proteins. As such the
proteasome is a tool central for cellular life.
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