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Proteinase yscE, the proleasome/multicatalytic-mullifunctiona) proteinase of yeust had been shown to funclion in stress response and in the

degradation of ubiquitinated proteins [(1991) EMBO J. 10, 555-562). A well-defined set of proteins degruded via ubiquitin-mediuted proteolysis

are the substrates ol the Neend rule pathway [(1986) Science 234, 179-186; (1989) Science 243, 1 576-1583), We show that mutants defective in the

chymotryptic activity of proleinase yscE lail to degrade subsirates of the N-end rule pathway. This gives further proof of the proteasome being
a central cutalyst in ubiquilin-mediated proteolysis.

Prateinase yscE; Proteasome/multiculalytic-multifunctional proteinase: Ubiguitini N-end rule; Proteolysis; Yeast

1. INTRODUCTION

The proteasome/multicatalytic-multifunctional pro-
teinase belongs to a class of protein complexes, which
can be found in all eukaryotic cells and which has been
conserved during evolution from yeast to man [1-7).
The protein particle of about 700 kDa mass consisting
of at least 12 different subunits in the molecular mass
range of between 20 and 38 kDa has been extensively
studied in vitro (for reviews, see [6,7]), hut until recently
[8] no in vivo function could be assigned to the protein
complex. Speculative functions for the particle ranged
from controfling mRNA-activity [9] to protein matura-
tion and degradation (for reviews, see [6,7)). Three pro-
teolytic activities could be assigned to the proteasome.
These activities have been called ‘chymotrypsin-like’,
';trypsin-like’ and ‘peptidylglutamyl-peptide hydrolyz-
ing’ activity (for reviews, see [6,7]). The yeast Seccharo-
myces cerevisiae has turned out to be an excellent model
organism to study eukaryotic cell function as this or-
ganism is easily accessible to biochemical, genetic and
molecular biological manipulation. As such, yeast has
given central insights into the function of proteolysis in
eukaryotic cells (for reviews, see [10-13]). We had de-
tected, purified and characterized the yeast proteasome/
multicatalytic-multifuiictional proteinase, which we
had named proteinase yscE [14). Mutations in the chy-
motryptic activity of proteinase yscE had for the first
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time given in vivo evidence that the proteasome is in-
volved in intracellular protein degradation and stress
response [8). One degradation pathway which is severely
affected by a defective chymotryptic activity of pro-
teinase yscE is ubiquitin-mediated proteolysis, as the
bulk of ubiquitinated proteins accumulate intracellu-
larly in proteinase yscE mutant cells [8). Specific sub-
strates, which are known to be degraded via ubiquitin-
mediated proteolysis consist of substrates of the N-end
rule pathway [15-18], Here we show that the yeast pro-
ieasome is linked to degradation of substrates of the
N-end rule pathway,

2. MATERIALS AND METHODS

2.1, Chemicals

The inhibltors pepstatin A, chymostatin, antipain, leupeptin and
aprolinin were obtained [rom the Peptide Institute (Osaku, Japan).
The monoclonal antibodies recognizing f-galactosidase were pur-
chased from Boehringer Mannheim (Mannheim, Germuny) and
Promegu (Heidelberg, Germany). [**Sjmethionine was obtained rom
Amersham (Braunschweig, Germany), Yeust pitrogen base withoul
amino acids wus purchased from Difco (Detroit, USA). All other
chemiculs were oblained from Pharmuacia (Freiburg, Germany), Roth
(Karlsruhe, Germany), Merck (Darmstadt, Germany) and Serva (Mei-
delbery, Germany),

2.2, Mediy

YPD medium (2% glucose, 1% yeast extract, 2% peplone) and
complete minimal (CM) drenout medium were prepared according to
Ausubel et a1, [19]. CM dropout medium contained 0.67% yeast nitro-
gen base without amino ucids and 2% galactose supplemented with
adenine und amino acids, The [¥S)melhionine labeling medium used,
consisied of CM dropout medium without uracil and methionine.
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2.3. Swains

Yeust strains used were: BRI (M4 T ura3 his3-11,15 GAL™). BR2
(MATu prel-l urad GAL*), BR3 (MATa pre2-2 wa3 his3-11.15
leu-3.112 GAL"), BR4 (MATa prel-f pre2-2 ura3 hisd-11.15
leu2=3,112 GAL™)

Strains BR1 and BR2 were obtained by mating strain 95/2.3D/15D
(MATa prel-1 ura3-5 his3-11,15 lew2-3,112) with slra.in L3906 (MA Ta
trpl-1 wra3-52 GAL™) followed by isolation of diploids and sub-
sequent sporulation, .

Strain BR3 was obtained by mating strain 119/3-9D (MATe pre2-2
ura3-S his3-11.15 len2-3,112) with sirain L3906 followed by isolation
of diploids and subsequent sporulation, o '

Similarly strain BR4 was oblained froma cross of strain BR2 with
sirain 119/3-9D. E. coli sirain MC 1061 wus used as host of plusmids.

2.4, Molecular biological technigues and plesimids ‘

Isolation, purification and analysis of DNA were c_arncd out ac-
cording to standard procedures [20). For transformation u protocol
modified according to [8] was followed. The yeast strains were trans-
formed with the 2u-based plasmids pUB23 expressing ubxqu'lun-x-ﬂ-
galactosidase fusion proteins under control of the galuctose inducible
GA Ll promotor {15,18].

2.5. Pulse-chase experiments and imntunoblotiing o
Labeling of cells, preparation of cell extracts, immunoprecipitation
of B-galactosidase antigenic material, SDS-PAGE and ﬁporography
were essentially done as described by Bartel el al, [21]. Pnor. to lal?el-
ing, cells were grown 24 h 1 30°C in CM medjum. After centrifugation
cells were diluted into fresh CM medium yielding an ODgy wy of 0.5
and incubated for 3 h at 30°C, SDS-PAGE was done in 4 7.5% gel.
Immunoblotting was done according to Towbin et al. [22].

2.6, Preparation of extracis amd enzyme assay ' o

Wild type and mutant strains carrying the respective ublqumn-)fi-ﬁ-
galuctosidase expressing plasmid were grown in CM dropout medium
conlaining 2% galactose for 24 h ut 30°C. Cells were harvested by
cenirifugation and extracls were prepared in Fprcndorf tubes using
glass bauds [8), The buffer was 0.1 M potassium phosphate pH 7.0
contuining chymostalin (20 gg/ml), pepstatin (20 pg/ml) and 4.-hydr.o-
xymercuribenzoate (5 mM). Enzymatic activity of ﬁ-galactosnc[ase in
crude extracts was measured using o-nitro~phenyl-g-n-gulactoside, us
outlined in [19]. The amount of protein was determined by the method
of Lowry et al. [23].

3, RESULTS

We had isolated mutants defective in the chymotryp-
tic activity of proteinase yscE. The mutants fell into two
complementation groups pre/ and pre2 [8]. The wild-
type genes (PRE! and PRE2) were isolated angi se-
quenced and shown to encode subunits of proteinase
yscE of 22.6 kDa and 31.6 kDa, respectively [8,24].
Mutations in either of the two subunits of the enzyme
resulted in a defective stress response and led to an
accumulation of ubiquitinated proteins [8,24]. Deletion
of either of the two subunits leads to cell death [8,24].

To test the function of proteinase yscE in distinct
proteolytic pathways known to be dependent on ubig-
uitin, we chose the N-end rule pathway. Using well-
defined engineered fusion proteins it was uncovered
that the amino terminus of the {usion proiein acts as a
primary signal determining its hall-life [15]. As a sec-
ondary signal for degradation to occur the postiransla-
tional coupling of a multiubiquitin chain onto the pro-
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Fig. 1. Steady-state levels of X-Sgal test proteins in wild-lype and
mutant cells defective in chymotryptic activity of prolcinase yscE.
Cells were grown and disintegrated us indicated in Section 2. (A)
Wild-type BRI, lunes 1,3,579,11; prel-2 mutam BR2, lanes
2.4,6,8,10.12, (B) Wild-type BRI, lanes 1.3.5,79.11; pre2-2 mutant
BR3, lanes 2,4.6,8.10.12. (C) Wild-type BR1, lanes 1,3.5,7,9,11; prel-2
pre2-2 double mutant BR4, lanes 2,4,6,8.10,12. X-Bgal proteins tested:
Arg-Bgal, lanes | and 2: Leu-Bgul, lanes 3 and 4; Tyr-Sgal, lanes 5 and
6, Ub-Pro-Fgal, lanes 7 and 8; Ser-fgal. lanes 9 and 10; Ala-fgal, lanes
It and 12; lune 13, §-gal. Molecular muss markers were: @,-mic-
roglobulin, Af, = 180 kDa: f-galactosidase, M, = 116 kDa; fructose-
6-phosphute kinuse, M, = 84 kDa: pyruvate kinase, M, = 58 kDa;
fumurase. M, = 48.5 kDa.

tein is necessary [17,18], The engineered proteins used
were ubiquitin-X-8-galactosidase fusion proteins (Ub-
X-Bgal), where *X* stands for any amino acid residue.
In the yeast cell, ubiquitin C-terminal hydrolases rap-
idly remove ubiquitin from the fusion protein, exposing
the amino terminal residue ‘X’ of the remaining part of
the protein [15]. An exception is ubiquitin-proline-3-
galactosidase (Ub-Pro-Bgal), which is only very slowly
cleaved by the hydrolase {15]. S-galactosidase proteins
carrying N-terminal amino acids which destine the pro-
tein to rapid degradation (Arg, Leu, Tyr) undergo at-
tachment of a multiubiquitin chain onto a specific lysine
residue of the substrate [15,17,18). This ubiquitination
reaction is dependent on the substirate recognition pro-
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tein Ubrl (21) and the Ubc2 ubiquitin conjugating en-
zyme [25-27). Ub-X-Bgal fusion proteins which are not
deubiquitinated because of the nature of *X’ (proline)
are short-lived and undergo a multi-ubiquitination reac-
tion at Lys* of the N-terminal ubiquitin [18)]. This reac-
tion is dependent on the ubiquitin conjugating enzymes
Ubc4 and Ubc5 [18].

To test the involvement of proteinase yscE in the
ubiquitin-dependent N-end rule pathway we analyzed
the stability of short-lived S-galactosidase fusion pro-
teins in pred-1 (Table 1, Fig. 1) and pre2-2 (Table |, Figs.
1 and 3) mutant cells as well as in double mutants
(prel-1 pre2-2) (Table 1, Figs. | and 3) defective in both
subunits of proteinase yscE, which in their intact form
confer the chymotryptic activity to the enzyme, Both
mutations consist of an amino acid exchange each in the
respective subunit: pre/-/ leads to a change of Ser'* to
Phe'®, pre2-2 to a change of Ala'* to Val'* [24].

Cells were transformed with the plasmids expressing
the different engineered Ub-X-fgal proteins. At first we
measured B-galactosidase (8gal) activities and the pro-
lein levels of Arg-Bgal (1,,,~2 min), Leu-Bgal (¢,,,~3 min),
Tyr-Bgal (t,,;~10 min), Ub-Pro-fBgal (1,,~7 min), Ser-Sgal
and Ala-8gal (¢,» = 20 h) {15] in extracts of wild-type
and mutant ceils. These measurements were expected to
result in steady-state activity and protein levels of the
metabolically differently stable proteins, As can be seen
from Table I only very low specific Bgal activities can
be found in wild-type cells of the metabolically highly
unstable fusion proteins Arg-fgal, Leu-fgal, Tyr-Sgal
and Ub-Pro-fgal while considerably higher activities
are found for the metabolically stable fusion proteins
Ser-Bgal and Ala-Bgal. In the proteinase yscE mutants
carrying cither the prel-1 or the pre2-2 mutation or
being defective in both subunits (pre/-1, pre2-2) consid-
erably higher fgal activities were found for the metabol-
ically unstable fusion proteins as compared to wild-type
(Table I). Increase of fgal activity in pref-1 mutant cells
varied from 9-fold for Arg-fgal (the most unstable pro-
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Fig. 2. Purified B-galactosidase competes with a distinct protein band
of Ala-Bgal-expressing cells. Strain BR3, transformed with the Ala-
Bgal expressing plasmid, was grown, lubeled with [*¥*S)methionine for
3 min and disintigrated as indicated in Section 2. Immunoprecipila-
tion, SDS-PAGE and fluorography were done as outlined in Section
2. All sieps were done as in experiments in Fig. 3. Lane 1, no addition;
lane 2, addition of 250 gg purified g-galactosidase prior to im-
munoprecipitation.

tein) to three-fold for Ub-Pro-fgal, a less unstablc pro-
tein. In contrast, no significant alteration in fgal activ-
ity was found for the metabolically rather stable pro-
teins Ser-Bgal and Ala-fgal (Table I). Increase in Bgal
activity as compared to wild-type of the metabolijcally
unstable X-8gal proteins was even somewhat higher in
pre2-2 mutant cells and highest in prel/-1 pre2-2 double

Table |

B-Galaclosidase aclivity of Bgal test proteins in wild-lype (BR1) and mulanis (BR2, BR3, BR4) ol yeas! defective in the chymotryplic activily of
proteinase yscE

BGal test protein

Specific activity of fgal tesl protein (U/mg) in strain

BRI BR2 BR3 BR4
(wild type) (prel-1) (pre2-2) wrel-i pre2-2)

Ratio Ratio Ratio

Arg-Sgal 23 20.8 9 27.3 11.9 3.4 13.6

Leu-Sgal 4 2] 5.3 19.2 4.8 35.6 B9

Tyr-Szal 9.6 36.1 KR 51.2 53 60 6.3

Ub-Pro-fgul 26 78 3 80.3 3.1 91.7 3.5

Ser-fgal 67 g1 1.4 107 1.6 100 1.5

Ala-fgal 123 96 0.3 93.2 0.8 70 0.6

Cell extracts were prepared as outlined in Section 2. B-Gulactosidase activity was measured with o-nitrophenyl-8-p-galacioside as outlined [19].
‘Ratio® designates the ratio of the specific activities of the respeclive X-fgul protein measured in mutant extract and wild type exiracl,
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mutants (Table ). Also here no significant alterations
in activity were found for the metabolically rather stable
X-Bzal fusion proteins carrying Ser or Ala at the amino-
terminus (Table I). The apparently lower activity level
of Ala-Bgal in the pre mutant cells tested cannot be
explained at present. It may reflect a different plasmid
copy number or expression of the plasmid-encoded pro-
tein in wild-type and mutant cells under the conditions
tested. Alternatively degradation of this protein by
some other proteolytic system may be enhanced in the
mutant cells deficient in the chymotrypsin-like activity
of the proteasome. The increased steady-state activity
levels measured of the metabolically unstable X-Bgal
proieins in proteinase yscE mutant cells as compared to
wild-type is reflected by their protein levels separated on
SDS-PAGE and detected by immunoblotting (Fig. 1,
see mark). While for instance very little 8-gal protein of
the highly unstable Arg-8gal, Leu-8gal, Tyr-8gal or Ub-
Pro-Bgal can be detected immunologically in wild-type
cells (Fig. 1A,B,C lanes 1,3,5,7), its content is consider-
ably increased in all proteinase yscE mutant cells (Fig.
1A,B,C lanes 2,4,6,8), Here it reaches nearly the amount
of Bgal protein found for the most stable constructs in
wild-type cells, Ser-fgal and Ala-fgal (Fig. 1A,B,C
lanes 9 and 11). These results indicated that the
metabolically unstable test-proteins Arg-8gal, Leu-
Beal, Tyr-Bgal and Ub-Pro-Bgal (Fig. 1A,B,C lanes 1-8)
were stabilized in proteinase yscE mutants defective in
the chymotryptic activity of the enzyme.

To gain final proof of the proteolytic stabilization of
the metabolically unstable X-fgal proteins we deter-
mined their degradation rates by conducting pulse-
chase experiments. Wild-type and mutant cells were
briefly labeled with [**S}methionine, and ceil lysates
were subjected to immunoprecipitation using antibodies
specific for Bgal. Labeled and precipitated protein was
separated by SDS-PAGE. Purified S-galactosidase spe-
cifically competed with the labeled uppermost protein
band of Ala-fgal expressing cells, indicating this upper-
most protein to be §-galactosidase antigenic material
(Fig. 2, compare lanes 1 and 2). Comparison of cells
which do or do not express plasmid-encoded f§-galacto-
sidase shows that the uppermost protein band is indeed
B-galactosidase protein (not shown). We thus compared
the fate of this antigenic protein in proteinase yscE wild-
type strain BR1 and mutant cells (strains BR3 (pre2-2)
and BR4 (prel-1 pre2-2)) (Fig. 3). As shown previously
[15], the metabolically stable test protein Ala-8gal re-
mained stable in wild-type cells during the test period
(30 min) (Fig. 3D, lanes 1-3) whereas proteins known
to be metabolically unstable in wild-type cells as are
Arg-fBgal, Leu-fgal and Ub-Pro-83al [15] disappeared
rapidly with time (Fig. 3A, B, C, lanes 1 to 3). In con-
trast proteinase yscB mutant cells BR3 (pre2-2) or BR4
(prel-1 pre2-2) led to complete stabilization of these in
wild-type unstable test proteins (Fig. 3A, B, C, lanes 4
to 9).
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Fig. 3. Degradation of X-fgal test proteins in wild lyps and mutant
cells defective in the chymotryptic activity of proteinase yscE. Cells
were grown, labeled with [*S)methionine and disintigrated as indi-
cated in Section 2. Immunoprecipitation, SDS-PAGE and fluorogra-
phy were done as outlined in Section 2. Labeling was done for 3 min
(time point 0 (lanes 1.4 and 7)) and thereafter cells were chased with
non-radioactive methionine (10 mM) for 10 min (lanes 2,5 and 8) and
30 min (lanes 3, 6 and 9). Test proteins used were: Arg-Fgal (A),
Leu-Bgal (B), Ub-Pro-Sgal (C) and Ala-Sgal (D). Degradation of test
proteins in wild-type cells (BR1) lanes 1,2,3; degradation in pre2.2
mutant cells (BR3) lanes 4,5,6; degradation in pref-1. pre2-2 double
mutant cells (BR4) fanes 7,8,9. Variation in band intensities of wild
type and mutant cells at time-point zero are due 1o different exposure
times of gels originating from independent experiments.

4. DISCUSSION

We have shown that mutations in subunits of pro-
teinase yscE conferring chymotryptic aclivity result in
metabolic stabilization of otherwise unstable proteins
degraded via the N-end rule pathway. Mutations in the
PRE! or in the PRE2 gene show several-fold increase:d
activities (Table I) and protein levels (Fig. 1) of Arg-
Bgal, Leu-Bgal, Tyr-fgal and Ub-Pro-fgal as compared
to wild-type. Combination of the two mutations prel-]
and pre2-2 leads to an even tighter phenotype. The
metabolically unstable Sgal proteins are more enriched
in activity and protein over wild-type than in the single
mutants (Table I, Fig. 1). Degradation rates of the
metabolically unstable Sgal proteins were directly tested
in a single mutant (pre2-2) and the double mutant (pre/-1
pre2-2) defective in both subunits necessary for chy-
motryptic activity of the enzyme. Clearly, degradation
of the in wild-type highly unstable Arg-8gal, Leu-S8gal
and Ub-Pro-Bgal proteins is dramatically reduced in the
mutant strains. They appear to be stable during the time
tested (Fig. 3A,B,C lanes 4-9). We tested the stability
of metabolically unstable Bgal proteins also in strain
BR2 carrying the prel-! point mutation. As expected,
the engineered proteins were completely stabilized (not
shown). The Arg-Sgal-, Leu-fgal- and Tyr-fgal pro-
teins are ubiquitinated prior to degradation via the
UBC?2 encoded ubiquitin-conjugating enzyme [25,26)
whereas Ub-Pro-Bgal is further ubiquitinated via the
UBC4-UBC5 encoded ubiquitin-conjugating enzymes
[18] prior to degradation. Thus, our experiments

195



Volume 302, number 2

strongly suggest that proteinase yscE is involved in deg-
radation of ubiquitinated proteins derived from two
different ubiquitin-mediated proteolytic pathways in
vivo,

A central regulatory protein known to be ubiquiti-
nated is cyclin, a protein which undergoes programmed
rapid degradation for progression of the cell cycle to
occur [28]. The capacity of proteinase yscE to mediate
degradation of ubiquitinated proteins derived from dif-
ferent pathways may suggest that the proteasome repre-
sents the final target for degradation of ubiquitinated
proteins in general and thus also of ubiquitinated cyclin,
Indeed. the lethality of null mutations in different sub-
units of proteinase yscE [8,24,29-31] of cells would sup-
port such a central function for the proteasome.

A general involvement of proteinase yscE in ubig-
uitin-mediated proteolysis would also predict the short-
lived Mata2 transcriptional regulator of mating type in
yeast cells, which undergoes ubiquitination [32], to be
a substrate of proteinase yscE.

Even though the degradation of the engineered test
proteins was blocked in the proteinase yscE mutants
defective in the chymotryptic activity, the proteins accu-
mulating did not show the pattern of multiply ubiquiti-
nated proteins. This observation is unexpected as the
bulk of proteins accumulating in proteinase yscE mu-
tants with chymotryptic deficiency under stress condi-
tions are ubiquitinated [8,24]. An explanation for this
phenomenon might be that proteinase yscE has some
function in the ubiquitin conjugation reaction of N-end
rule substrates, which is defective in the mutants tested.
Alternatively, N-end rule substrates which are not hy-
drolyzed by proteinase yscE are subject to rapid re-
moval of the ubiquitin moieties by the ubiquitin C-
terminal hydrolases. Also a limited cleavage step by one
of the remaining activities in the mutant proteasome
{the trypsin-like or peptidyl glutamyl-peptide hy-
drolizing activity) removing a short amino-terminal
peptide chain containing the ubiquitin moiety from the
test proteins cannot be excluded.

It is a challenging task for our future research to
uncover the different proteolytic pathways the pro-
teasome is involved in, and to correlate the different
structural components of the enzyme complex ~ some
of which are under heavy debate [33-35] — with their
function in the degradation reactions.
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