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‘The gene of the proteinase yscA inhibitor 1A, PAI3 PAB of the yeast .S‘arclmrmn) vex cerevisiae Wi uoluted by chgonuclcoude seréening of & genomic
DNA library and sequenced. The genc codes for a sir single prmcm of 68 amino acids, The structural PAI3 gene was deleted in vitro by oligonucleotide-
site-directed mutagenesis. The mutated allele was introduced via homologous recombination into the ge genome of wild-type yedstand into the genome
of a yeast mutant, which lucks the second eytoplasmic proteinase-inhibitor, I8, The deficiency of either or of both inhibitors has no effect on the
cell viability under various physiological conditions. ‘The inhibitor mutants, however. show an increase in the general in vivo protein degradation
rate. The T4, mutant has a 2-1-fold increased pratein degradation rate in the first 6 h after a shift from rich medium onto starvation-medium,
whereas the 1% mutant shows a constantly increased degradation rate of 20-50% under the same conditions. The inhibitor double null mutant
has the same protein dcgrndmon rate as the IA) null mutant. These results suggest an in vive mteracnon between the vacuolor endopeptidases
‘ and thelr cytoplasmic mhlbnors

Pinteolysis; Proteinase inhxbltor; 1A;; 18,: Null mutant; Saccharomyces cerevisiae

1. INTRODUCTION

The vacuole (lysosome) of the yeast is an acidic com-
partment, which contains ‘rultiple ‘hydrolases (see
reviews [1-4]). It is also a storage organelle for several
compounds like phosphate, amino acids and calcium.
The buddmg yeast Saccharomyces cerevisiae contains
1-2 large vacuoles per cell, which undergo multiple fu-
sion and fragmentation processes diring cell growth
and sporulation (for review, see [S]).

The two vacuolar endopeptidases proteinase yscA
and yscB are essential enzymes for protein degradation
during vegetative growth and, most pronounced, under
starvation conditions ({6], for review see [1-4]). Pro-
teinase yscA is even vital for cell viability under starva-
tion conditions {6). The peptidases proteinase yscA,
proteinase yscB and carboxypeptidase yscY are neces-
sary for the differentiation process of sporulation [6].

The cytoplasm of the yeast Saccharom yees. cerevisiae
contains the peptide inhibitors, %3, 1%, and I€, specific
for the vacuolar ‘endopeptidas.es proteinase yscA, pro-
teinase yscB and carboxypeptidase yscY, resp‘ectWely
[7,8]. The activities of the cytoplasmic proteinase in-
hlbltors, I"a and IBg, and of the vacuolar proteinases,
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ySCA and yscB, are expressed in parallel under all conch-

“tions tested [9-12].

No proteinase activities can be detected in cell ex-
tracts of wild-type yeast due to the formation of the en-
zymc/mhlbuor complexes, The protemase activities ¢can
be recovered by incubation at pH 5 or in the presence of
detergents {13-16]. The inhibitors were found in the
cytoplasmic fraction and only traces were found in the
microsomal fraction [7}. The proteinase inhibitors are
small and heat stable proteins (I*s: 7.6 kDa; 1B,: 8.5
kDa), which contain no disulphide bonds [17-20]. Little
is known about the function of the cytoplasmic pro-
teinase inhibitors,

The intracellular dlStﬂbuthl’l of the proteinases and
their inhibitors, as well as the observation that they are
expressed under identical physiological ¢onditions, led
to the hypothesis that the inhibitors protect the cell
against unwanted proteolytic activities of the vacuolar
enzymes in the cytoplasm. Leakage events were thought
to be possible due to the observed fragmentation and
fusion processes of the vacuole [8]. We have previously
shown that the deletion of the structural gene of the I®,
inhibitor does not lead to an altered physiology of the
mutant, although the in vivo protein degradation rate is
20-50% increased under starvation conditions [12]. To
Jearn more about the in vivo function of these cyto-
plasmic proteinase inhibitors, we constructed a mutant
deficient in the proteinase yscA inhibitor I*; and one
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lacking both inhibitors, I*y and 1%;. Here we report the

isolation of the I*) gene, the construction of the various:

null mutants and the analysis of the physiology of the
mutants. '
2. MATERIALS AND METHODS

2, l. E. ¢coli tmd yeaxt straing
B coll sturains: INMI09 (red L, endodl], g,vr.d?d thi*, hsdR1?,

x::pl;4-f relAl (ae, proy F'reaD36, proAB, lacl?, lacZ, ANF1SY 121];

RZ1032 (dut™, ung” yand BaH 71 L) (23,2). Yeast straing: YSI8
(MATe, uradd$, hisdai, leu2-3, =112, ean®) (24 and YPSI9
(MATa, iD2IURAZ, uradd$, hisd- 11, leu2-3, =112, can®) (12}

2.2, Media

-For growth of E. ealt standard LB (Luria-Bertanl) and TY
(modified’ LBY media were used {25). Ampicillin was added 16 50
mg/l if required. Foreultivating yeast the following media were used
[26): YPD complete medium contained 2% glucose, 1% veast extraet
and 2% peptone; MV-mineral ‘medium consisied of 2% glucose,
0.1% yeast extract, 0.67% yeast nitrogen base without amino acids,
and supplemerus required by auxotrophie straing, K-Acetate medium
contained 1% acetate and 0.17% yeast nitrogen: base without am-
monium sulfate. When these media were used as solid media 2% agar
was added. All ingredients were from Difeo Lf\bor*noncs (Dc:rou\
Mi, USA).

2.3, C’Iwmlcal.s

Enzymes were obtained from Bethesda Research Labormoncs Ine,
(Eggenstcm. Cermany) or Boehringer Mannheim (M'mnhe:m. Ger.
many). (a-YPIATP, [YS-thio]dATP, [y-*PJdATP and ["H]leucine
were purchased from Amersham Buchler GmbH (Braunschwelg, Ger-
many). Ampicillin, hemoglobin, amino acids, adenine and uracil were
from Sigma (Deisenhofen, Germany). Azocoll was from Calbiochem
(Frankfurt, Germany). All othcr chemicals were of highest purity
available. ‘

2.4, Molecular cloning

Procedures followed standard protocols {25,26). Badteria- were
transformed by using the CaCly protocol [27]. Yeast was transformed
using the Li-acetate method (28],

2.5. Isalation, sequencing and deletion of the PAI3 gene

The genomic DNA library of Saccharomyces cerevisiae S288c (a,
mal™) an the centromer plasmid pCS19 [24] was used to isolate the
structural gene of 1%, Two sets of oligonucleotides corresponding to
amino acids 1-5 and 29-34 [18] (see Fig.- 1, {1 7mer, 64ohgonucleotldes
in each mixture) were used after labelling with “P to screen the library
"of ‘5000 clones, The DNA fragment, which hybridized with both
oligonucleotide-mixtures, was subcloned into pEMBLI9 {29]. DNA
sequencing was done according to Sanger [30],

The null mutant of 1*; was constructed by replacing the chromo-
somal gene with an allele mutated in vitro [31,32}), The structural
PAI3 gene was deleted by site-directed mutagenesis and selection for
the mutated DNA was done according to Kunkel [22,23). The exact
removal of the'structural gene was demonstrated by sequencing. After
insertion of the LEU2 gene [33] into the. mutated DNA, yeast strains
YS18 [24] and YPS [12] were transformed. with § ug DNA of the
linearized construct and the transformants were selected on MV-
plates ‘without leucine, Clones were tested for mhlbnory activity
against purified proteinase A [15,34].

2.6, Hybridisation of genomic DNA

Chromosomal yeast DNA was digested with Hmdlll. electro-
phoretically separated on a 0.7% agarose gel and hybridized in the
dried gel with a *?P-labelled oligonucleotide (17mer, bases —70 to
~54), which primed in the promoter region of 1% [35].
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317, Mating iype switch ‘

The MATa mating type of the wild-ype strain YS!& wag (wllchﬁd
(o the MATa mating type by transformation witlvithe HO gene [36,37)
on the playmid YCpS0 (3], which {s under the contrel of the galactose
prometer. The transformed strain was grown in liquld YPD medium,

“washed vwice and vransferred fnte YP-galactose medium. Allquots of

the cel culiure were plated onte YPD.agar plates. Mating type was
derected after plasinld losy (39].

2.8, Growilrof yeast cells, preparatian of extraets, enzyne assay and
protein determination

Cells were grawn i liquid YPI far 16 h and incubted for 24 b at
30°C after transfer into K-acetate medium. Cells were harvested by
centrifugation. For measurement of proteinase yseB and yicA ac-
tivities, cells (I ml of a 30% suspension) were broken with glasx beads
(0.5 mm, 200 a1} in Eppendort tubes by rigid shaking on’ u Vortex
mixer (3 x 2 min, with intermittent cooling on lee). The resulting éx-
tractx were eleared by centrifugation, Proteinase yseB was tested ae-
cording 'n [40) using the collagen-derivative azocoliag substrate, The
colored products were measured specirophotometrically at 548 am.
Specific agtivity of prateinase yscB i expressed as AE-min™' mg™'..
Proteinase yseA activity was. tested -according to (15} using acid
denatured hemoglobin as substraie. The increaving amount of non-
TCA-precipitable peptides during the Incubation ‘period were deter-
mined by a mcdmed Lowry-assay [34,41}. Tesis were done at 30°C
for 30 min,

For mca\surcmcm of the 1% and 1%y activities, <olls (30% suspcu-
sion) were heated for 20 min at 95°C and cleared by centrifugation.
Inhibitory activities of 1*y and 1%y were measured agninst purified pros
teinase A (Sigma) or purified proteinase ys¢B respectively [10,18).
Proteinase yseB, purified according to {37], was a gift from: U.
Weiser, Inereasing amounts of boiled cell extracts were added (o the
proteinase assays and the proteinase activities were comparcd to those
assays without lnhlbuom

2.9, Viability wnder hear-stress and stervation :
Cells were grown in YPD medium to diauxic phase at 23°C, washcd
twice and transferred onto K-acetate medium at 37°C. Cells were in-
cubated for 24 h, Aliquots of the cell culture were spread onto YPD-.
agar plates and incubated at 30°C. Colonies were counted after 2 and
4 days of incubation, -
Protein degradation measm rements were done as dcscnbed in [12]

3. RESULTS

3.1, Isolation and sequencing of the PAI3 gene

We isolated the PAI3 gene by oligonucleotide screen-
ing of a Saccharomyces cerevisiae S288¢ genomic DNA
library, containing 10~20 kb fragments integrated into
the plasmid pCS19 [24]. Two oligonucleotide mixtures,
one corresponding to amino acids Met-1 to Gln-6 (see
Fig. 1, 17mer, mixture of 64 oligonucleotides) and a se-

“cond one corresponding to Ala-29 to Ala-34 (see Fig. 1,

17mer, mixture of 64 oligonucleotides) «f the published
amino acid sequence [18], were usea to Screen the:
library of 5000 clones.. A 5.5 kb HindIll fragment
found in three clones crosshybridized with the oligo-
nucleotide mixtures. This fragment was cloned into the
pEMBL19 [29] plasmid for further characterization.
The subcloned DNA fragment contained a 2.2 kb frag-
ment of the gene bank plasmid pCSi9and a 3.3 kb frag-
ment of chromosomal yeast DNA. By the hybridization
of various restriction erizyme fragments with the oligo-
nucleotide mixtures, the structural gene was found to be
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=11} G
CTAGKATT&TCIAIAIAAﬂGGTAAAAAGAATAAAAﬁTGTATT¢TAG?T€TG@

CCATTThCCTTGAGT?TAKTGAACCAATAAAAGAAATTTCTACAACCAAG&Q

X

ATCCAGA ATG ANT ACKA GAC CAN CAX AAA GTC AGC OAA ATA
Met Asn Thr Asp Gln Gln Lya val Sar Qlu Xle
1 ' 1Y}

) ' 22
TIT CAG AGC TCA AAG GAN ANA TTG CAG GGC GNT GCA AAG
Phe Gln Sar Sar Lys Glu Lys Leu Gln Gly Asp Ala Lys

s 24

: ‘ ‘ 11

GTA GTG AGT GAC CCT TTT AAG AR ATG GCT AGT CAA GAL
‘vVal val Ser Asp Ala Phe Lys Lys Mat Ala Sar Gln Asp
' . LY

' : 150

ANG GAC. GGC AAG ACT ACC GAT GOT GAT GAA AGT GAMA AAA
Lys Asp 6ly Lye The ‘Thr Asp Ala Asp Glu Sar Glu Lys
: ' 50

Lo 189

CAC AAC TAT CAA GAG CAA TAC AAC AAG CTC ANN GGG GCG
© Hig Aan Tyr GLln Glu Glha Tyr Asn Lye lLau Lys Gly Ala
[2¥]

: ' 207 234
GGG CAT AAG AAG CAG TAG CTCTGTITGTCCTACTATCGATTAITIC
Gly His Lys Lys Glu wow

68

: 206
TGCCAGCGGCTCTCTTAGGTTCACGCTGGAAGTCTACAAAGCACACCTATT
ﬂGCCAGCGATACATGACCACGCTC 310

Fig. I. chucmcs oflhc 1*y inhibitor, Thc TATA-box motif is under~
lined. Amino acids encoded by rarely used codons are in bold letters.

‘localized near the Kpnl-site of a 2 kb HindlIl/Kpnl

fragmeént. Overlapping sequences of both DNA strands.

of this region were sequenced according 1o Sanger [30]:
We found an open reading frame of 204 nucleotides,
starting about 240 nucleotides after the Kpnl-site. A
putative TATA-box motif is located at position —99
(Fig. 1). The amino acid sequence deduced from the
nucleotide. sequence is identical with the published
primary structure of the protein, which had been deter-
mined by amino acid sequencing [12].

3.2. Construction of I's- and l";/l“z double-mutant
strains
The structural PAI3 gene was deleted in vitro by
oligonucleotide-site-directed mutagenesis [22,23]. The
oligonucleotide consisted of the sequences ~20.to —1

and 205 to 226 of the promoter- and the terminator-.

region of the gene (Figs. 1 and 2). Between these se-
quences, a Pstl-site was introduced, allowing the subse-
quent. insertion of a 2.2 kb Pst]-fragment of the LEU2
gene [33] (Fig. 2). The last two bases of the Psil
recognition-site are identical with the last two bases of
the :stop codon. By that, the 'mutagenesis oligo-
nucleotide contained 45 nucleotides instead :of 47
nucleotides. The structural gene was deleted on a 3 kb
Hindlll/ Xbal-fragment of the chromosomal yeast
DNA, that had been subcloned into the pEMBL19.[29]
plasmid. Mutation was done according to Kunkel
[22,23]. The proper removal of the PAI3 gene was con-
firmed by sequencing. A 2.23 kb PstI-fragment of the
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Fig. 2. Deletion of the structiral PAL3 gene (box) of the inhibitor
{mi7). Hybridisation with the mutagenesis oligonucieotide, with se-
guences complementary to the promotor- and erminatorregions of

- the gene, In between these sequences the Pyil-recognition site was in-

troduced. l'hc Psilsite of the mutated gene (PATE2) was used to in-
sert the LEU2 gene as the auxodirophic marker for the gene teplace-
ment expcnmem ‘

LEU2 gene was inserted in the newly generated Ps¢l
recognition-site (Fig, 2). This construct was used for the
mutation of the wild-type yeast strain and the I“ in-

" hibitor null-mutant,.

To study the function of the cytoplasmlc inhibitors
we introduced the pai3:!LEU2 allele into the genomes
of the wild-type strain YS18 [24] and of the I®; inhibitor
null-mutant YPS19[12] by gene replacement via homo-
logous recombination [32]. After transformation of the
yeast  strains Y318 and YPSI19 with the linearized
LEU2-containing HindI1l/ Xbal-fragment, clones were
selected on the basis of leucine prototrophy.

Ten‘of the 200 colonies of each transformation ex-
periment were used for the test of the stability of the
LEU2 rrototrophic phenotype. Seventy percent showed
a stable phenotype, which indicates the integration of
the mutated allele. Six clones of each mutation were
grown on. YPD complete medium to the stationary
growth phase, where the inhibitory activity.is high in
wild-type cells, and the cell extracts were tested forin-
hibitory activity against proteinase A (see section 2).
None of these clones showed inhibitory activity (Fig. 3).
Subsequent studies were done with the 1”3 mutant clone
named YPS82 and with the 1%/1%, double mutant
clone named YPS93.

The introduction of the mutated allele into the

"~ genomes of the yeast strains solely at the PAI3 locus

was.demonstrated by the hybridization of chromosomal
DNA restriction enzyme fragments of the wild-type
strain and of the 1%;- as well as the I*3/1%,-mutant (see
section 2). Deletion of the 204 nucleotide coding region
of the Hindlll/Xbal fragment and the subsequent in-
sertion of the 2.2 kb LEU2 gene leads to a DNA frag-
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Fig. 3, Inhibitary activikies against proteinase A in ¢ell extracts of the
various yeast straing, Increasing amounty of boiled cell extract were
added 1o purified proteinase A, Uninhibited prmchmsc A agtivity was
et (o 100%, (A) Wild-type straiiv YSIB () and 'y mutamt Y.PSE2

ta). (B) 1™ nulls nieant YPSIY (@) and the mlubum double mutant
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ment that is 2 kb larger than the wild-type DNA frag-
ment. The chromosomal DNA. of the wild-type strain
and the mutant strains were isolated, incubated with
Hindlll, electrophoretically separated and hybridized
in the dried gel with the *?P-labelled oligonucleotide,
corresponding to' nucleotides ~70 to ~ 54 (see Fig. 1). In
the wild-type chromosnmal DNA, oaly a 13.6 kb
Hindlll fragment hybridized with the oligonucleotide,
whereas in the chromosomal DNA of each mutant, only
one 14.5 kb fragment hybridized with the oligonucleo-
tide (1.ot shown). The shift of 2 kb of the hybridized
‘mutant DNA restriction enzyme fragments, compared
to the wild-type DNA restriction enzvme fragment, was
as expected and demonstrates the deletion of the PAI3
gene and concomitant insertion of the LEU2 gene solely
at the PAI3 locus.

3.3. Growth, sporulation and cell viability

We looked for effects of the absence of 1*; and of I*;

and I1®; on yeast physiology under various physiological
conditions. We tested the growth of cells on the follow-
ing media: YP-dextrose pH 7 and pH 2.7 at 23°C and
30°C, mineral medium (MV) pH 7 and pH 2.6 and K-
acetate medium (media, see section 2). No differences
were oObserved between the mutant strains and the
otherwise isogenic wild-type strain (not shown).
Proteinase yscA and proteinase yscB activities are
necessary for the process of sporulation, and the ac-
tivities of both the proteinases and their inhibitors in-
.crease in diploid yeast ¢ells under sporulation condi-
tions [6,9,10]. To study the effect of inhibitor absence

on sporulation and germination, we constructed iso-

genic homozygous and heterozygous diploids of the in-

‘hibitor single and double null mutants, We switched the

mating-type of the original wild-type strain YS18 from
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Fig, 4. Viability of the yeast strains under the combination of starvas

tion (K-acetate medivm) and heat-stresy (379C),. Wild-aype strain

YSIR (€3), VN mutant YPSE2 (), M2 null:mutant YPS19 (@) and the
inhibitor double mutant YPSGS (a).

MATa to MATa by the use of HO gene (see section 2).
The MATa wild-type strain was. mated with the MATa
mutant strains and after sporulation the mutant spores
with a switched mating-type were isolated {43]. These
spores were used to generate homozygous iploids,

“deficient in the 1"y inhibitor and in both inhibitors, 1%;

and I%;. Mating, sporulation and germination of the so-
generated strains and spores were not altered compared
to the cells of the otherwise 1sogemc wild-type strain

- (not shown).

The activities of protemase yscB and of the pro-
teinase yscB inhibitor 1%; increase under heat-stress
conditions at 37°C {12,44]. The absence of the 1%, in-
hibitor, however, does not affect the viability of the
cells under acute heat-stress conditions [12]. We tested
the cell viability of the various inhibitor mutant strains
under the combination of heat-stress and starvation
conditions, Yeast cultures were grown in glucose:
medium at 30°C to the late exponential growth phase
and then shifted to K-acetate medium without a
nitrogen. source and further incubated at' 37°C.. Ali-
quots of the cell cultures were taken and transferred
onto YPD medium agar-plates. Colonies were counted
after 2 and 4 days.of incubation at 30°C. The inhibitor-
deficient mutants show a tendency to stress resistance
within the first 8 h after the shift, whereas no difference
in the cell viabilities of the strains was observed between
3 and 24 h-at 37°C. The tendengy to stress-resistance in
the first 8 h was most pronounced in the 1®; mutant

(Fig. 4).

3.4.: Protein degradation
The proteolytic activities of the vacuolar endopep-
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tidnses cannot be measured after disintegration cﬂ' the
yeast cell due to the formulation of enzyme/inhibitor

complexes. The complexes can be destroyed and the:

proteolytic activities can be recovered by incubation of

the cell extract at low pH in the presence of proteinases -

[8,16]. In cell extracts of the null mutants deficient in
¢ither or both of the inhibitors, the activity of the
respective proteinasc(s} can be measured immediately

and the still-inhibited enzyme in each of the single in-

hibitor mutants is rapidly activated by the uninhibited
proteinase (not shown). We can therefore exclude the
existence of heat-labile proteinase inhibitors of pro-
teinase yscA.

Proteinase yscA and proteinase yscB have been
shown to be the major unspecific proteinases in yeast
cells. The general in vivo protein degradation rate is
reduced by about 65-85% in single or double mutants
of the vacuolar proteinases under star‘vm‘ion conditions
[6]. We tested whether the vacuolar proteinases and
their cytoplasmic inhibitors interact in vivo by measur-
ing the general in vivo protein degradation rate in the
wild-type strain YS18 and the inhibitor mutants YPS19
‘(l“z deficient), YPS82 (I*: deficient), YPS95 (deficient
m 1B, and 1Y), Cellular proteins were labelled with
(*Hlteucine in cultures growing in MV-medium to the

end of the expcizntial growth phase. Cells were shifted

onto K-acetate medium without a nitrogen source, con-
ditions in which the activities of the proteinases and
their inhibitors are high in wild-type cells {9,45], and

further incubated up to 24 h in the presence of § mM

non-radioactive leucine.

The protein degradation rate of the I*3 inhibitor mu-
tant YPS82 was, compared to the wild-type strain,
2-3-fold increased .in the first 4 h after the shift onto

oYS 18

8 YRS 19

nYPS B2

A YRS 55
35 / -
s °/
304 :/
25} ‘ /
20}

ey,

o] 2 - 4 6 8 10
|ncubcuon (h)

Protein degradation rate {%/)

Flg 5, Invivo protem degradation rate of the yeast strams under star-

vation condnuons (K-acetate medium at 30°C). Wild-type strain YS18

©), l 3 ‘mutant YPS82 (@), 1%, null-mutant YPS19 (®) and the in-
hlbltOl‘ double mutant YPS95 (4). ‘
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starvation medium, The protein degradation decreased
in the following hours, so that the values of the wild-

‘type strain were reached around the fifth hour ot‘ in-

¢ubation (Fig. 5). Under the same conditions the 1®; in-
hibitor mutant showed a constantly increased protein
desradauon rate of about 20-50% {12]. The mutant
deficient in both inhibitors has the same protein degra-
dation rate as the Iy single mutant, Cell viabilities of
the wild-type strain and the inhibitor mutant strains are
not affected under these conditions (not shown). These
results demonstrate that the vacuolar proteinases and
their c¢ytoplasmic inhibitors interact in vivo. In our
studies with the I%inhibitor mutant YPS19, we could
not decide in which cellular compartment, the cytosol
or the vacuole, the increased protein degradation takes
place {12]. The rapid increase of the protein degrada-
tion in the Iy deficient mutant YPS82 in the first hours
after the shift onto the starvation medium could be
caused by the action of proteinase yscA as the mediator
of zymogen activation of vacuolar hydrolases

- ([46,47,48] for reviews see {2,3]). The observation that

the protein degradation rate in-the I3, I®; inhibitor
double mutant is not simply the sum of the rates observ-
ed in the single mutants, but is the same as in the Iy in-
hibitor mutant, cannot be explained by our present
knowledge about vacuolar biogenesis and thc rcgula-
tion of V'lcuolar protein catabolism.

4. DISCUSSION

We have isolated the gene of the protemasc ysCA in-

~ hibitor "5, PAI3, of the yeast Saccharompyces cere-
" visiae. Seque‘ncing of a subcloned 2 kb HindlI1/Kpnl

fragment revealed an open reading frame of 204 nucleo-
tides; ‘The amino acid sequence deduced from this
nucleotide sequence corresponds with the published
primary structure of the protein obtained by protein se-
quencmg [18]. The cytoplasmic proteinase inhibitor 1%,
is, like the proteinase yscB inhibitor 1%, [12], encoded
by a single gene and is not part of a precursor protein.
The N-terminal half of the I*; inhibitor protein was
found to be the smallest peptide fragment of the protein
that shows inhibitory activity against proieinase yscA.
[18]. The codon. usage pattern of the inhibitor gene
might reflect the importance of this part of the protein

for its inhibitory activity: Sharp et al. [49] found that

the amino acids in highly expressed genes are encoded
most often by only one or two of the possible base
triplets. They concluded that the other, only rarely used
codons in those genes did not mutate to the more fre-
quently used codons, because mutations might lead to
an exchange of the amino acid. Such a mutation might
have a deleterious effect on the protein function, if the
amino acid is essential. Most of the codons (78%) of the
I*; are of the type required for high expression of the
gene. Some codons, encoding amino acids of the N-

-terminal part of the protein are of the rarely used type



Valume 283, number | ‘

in hiahly expressed genes. Whereas most of the cedons -

of the I*y mutated (o those required for high expres-
sion, codons essentinl for IV function did not undergo
such mutations (see Fig. I, amino acids and eodcms are
highlighted).

No significant sequence homology of the pmtemme

yscA inhibitor to functionally related proteins was
found in the NBRF and EMBL. data banks. A homo-

logy of 37% over 51 of the 68 amino acids of this in-

hibitor to the yeast copper-zink superoxide dismutase
was found (not shown). The published purification of
the superoxide dismutase includes as the first step the
proteolysis of crude cell extract proteins at low pH leav-
ing superoxide dismutase intact [50]. The part of the
protein, which shows sequence similarity to the 1%y in-
hibitor might protect the superoxide dismutase against
proteolytic degradation under this condition. The 1™
inhibitor has no signif‘icam homology to the N-terminal
pro-sequence of the inactive precursor protein of pro-
teinase yscA (47,48].

Comparison of the amino acid sequence of the pro-
teinase yscB-inhibitor 1®2 with other protein sequences
uncovered a sequence homology of . 27% between the
entire 75 amino acids of the I®; inhibitor and the pro-
sequences of the serine endopeptidases 1168 of Bacillus
subtilis and BPN of Bacillus ampyloliquefaciens [51].
Proteinase ys¢B has been shown to be a subtilisin-like
enzyme, which shows a 35% homology to the mature
bacterial proteinases [52]. The secreted bacillus sub-
tilisins. process themselves. in an intramolecular reac-
tion, releasing this pro-peptide. The pro-peptide: is
necessary for the formation of an enzymatically active
‘conformation of the enzyme (53,54]. The I®; inhibitor
does not have such a chaperone function, because the in
vitro and in vivo activities of proteinase yscB are not
reduced in the inhibitor mutants described [12]. The
homology between the yeast proteinase yscB-inhibitor
13, ‘and ‘the bacterial serine-proteinase pro-peptides
might indicate that the yeast inhibitor evolved from a
pro-sequence of a proteinase zymogen. A few amino
acid exchanges could lead from a reversible binding,
necessary for chaperone function, to a irreversible bin-
ding necessary for the inhibitory function. The pro-
teinase yscB' precursor protein also contdins ‘a N-
terminal peptide extension [51], whose primary struc-
ture, however, does not show a homology to the pro-

-sequences of the subtilisins and to the 1%, inhibitor.

" The yeast inhibitor I, [20] and the N-terminal pro-
sequences of the yeast [52] and the bacterial proteinase
{511 have in commeon a high content of basic arino
acids, especially of lysine (I%;: 22.7% basic amino
acids, 14.7% lysine; proteinase yscB pro-peptide: 25%
basic amino acids, 12.1% lysine; bacterial proteinase
pro-peptide: 23.2% basic amino acids, 15.7% lysine).
Nothing is known about the importance of lysine for
the proteinase-inhibitor binding. The fact that also the
yeast inhibitor 1”3 [18] has a high content of this amino
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‘acid (19. 1% lysine) might be due to an additional fune-

tion of the inhibitors unrelated to the speeificity of the
inhibitor binding. Storage proteins in plants have a high
content of lysine and they show significant sequence
homologies to proteinase inhibitors {53}, Whether the
yeast inhibitors and the amino-terminal pro-peptide of -
proteinase yseB also fulfill such a storage function for
basic aming acids is unknown. It would be consistent
with the fact that the inhibitors and the amino-terminal
pro-peptide of proteinase yseB (H.H. Hirsch et al.; in

- preparation) are most probably degraded in the vacuole

(see section 3.4), which contains most of the eellular
basic amino acids.

The entire structural gene of the. I*y inhibitor was
removed by site-directed mutagenesis and a 2.23 kb
LEUZ fragment was inserted at the PAI3 locus as the
auxotrophic selection marker. for the gene replacement.
event. This paj3::LEU2 allele was introduced into the
genome of the wild-type yeast strain YS18 and of the %,
inhibitor null-mutant strain YPS19 by gene rcplacemcnt ‘
via homologous recombination.

The absence of the inhibitors, either singly or to-
gether, did not affect cell growth mating, germination -
or sporulation of the mutant strains. Unexpectedly, the
inhibitor mutants even showed a tendency to stress-
resistance under the combination of heat- and starva-

“tional-stress. These results demonstrate that the pro-

teinasce inhibitors are not essential for cell viability, The -
inhibitors could still protect the cell against proteolytic

~activities of the unspecific vacuolar proteinases in the
cytoplasm however, the presence of ‘these proteinases

inthe cytoplasm seems to be a rare event and therefore
would not affect cell vmb:hty

The fact that the in vivo protein degradation rate is
increased in the various inhibitor mutants under starva-
tion conditions, demonstrates an interaction of the
cytoplasmlc proteinase inhibitors with the vacuolar en-
zymes in wild-type cells. The constant increase of the
protein degradation of 20~50% in the 1%, inhibitor mu-
tant [12] and the 2—3-fold increase of the protein break-
down in the first 6 h on starvation medium in the I3 in-
hibitor mutant, however, do not lead to an altered cell

‘physiology. Together with the previous result, that the

half-life of two cytoplasmic enzymes, which are in vitro
substrates of proteinase yscB, is not influenced by the
inhibitor mutation [12}, we hypothesize that the in-
creased protein degradation takes place in the vacuole
and not in'the cytoplasm.

It has been proposed that the cytoplasmic protemase
inhibitors might protect the cell against unwanted pro-
teolytic activities of the vacuolar enzymes in the cyto-
plasm, caused by leakage events during the multiple
fragmentation and fusion processes of the vacuole [8).
We cannot exclude this function. However, the viability
of the inhibitor mutants is not reduced, as one wouild
expect from cells in which unspecific proteinases act un-
controlled in the cytoplasm. Therefore, leakage of the
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vacuolar content into the cytoplasm seems to be a rare

gvent. If the eytoplasmic inhibitors reach the vacuole,

what function could they have in a compartment, where
the proteolytic activities of their counterparts are re-

quired? It is known from in vitro results that the pro-

teinases digest themselves [42,56). “The inhibitors can
protect the proteinases from auto-digestion and the in-
completely inhibited proteinases in the vacuole can still
activate each other by degradatinn of the inhibitors. In
that way the inhibitors would maintain a high specific
‘proteolytic activity in the vacuole and they would
reduce the proteolytic activities to the rcqunred levels.
This mechanism would lead to the release of basic
amino acids in the vacuole, which contains most of
these cellular compounds 5],
Work is in progress to learn more about the organisa-
tion of vacuolar protein catabolism, which will hopeful-
ly enable us to explain the different effects of inhibitor
def:uency on intracellular proteolysis.
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