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ABSTRACT

During the process of sporulation, a/a diploids degrade about 50% of their
vegetative proteins. This degradation is not sporulation specific, for asporo-
genous diploids of a/a mating type degrade their vegetative proteins in a
fashion similar to that of their a/a counterparts. Diploids lacking carboxy-
peptidase Y activity, prcl/prcl, show about 80% of wild-type levels of pro-
tein degradation, but are unimpaired in the production of normal asci. Diploids
lacking proteinase B activity, prb?/prbl, show about 50% of wild-type levels
of protein degradation. The effect on degradation of the proteinase B deficiency
is epistatic to the degradation deficit attributable to the carboxypeptidase Y
deficiency. The prbf homozygotes undergo meiosis and produce spores, but
the asci and, possibly, the spores are abnormal. Diploids homozygous for the
pleiotropic pep4—3 mutation show only 309 of the wild-type levels of degrada-
tion when exposed to a sporulation regimen, and do not undergo meiosis or
sporulation, Neither proteinase B nor carboxypeptidase Y is necessary for
germination of spores. Approximately half of the colonies arising from
a/a or a/a diploids exposed to the sporulation regimen that express an initially
heterozygous drug-resistance marker (can!) appear to arise from mating-type
switches followed by meiosis and sporulation.

EXTENSIVE protein degradation and turnover occur when diploid yeast cells

of a/a mating type are induced to undergo meiosis and sporulation by transfer
to an acetate-containing medium free of nitrogen (Esrosiro et al. 1969; HopPER
et al. 1974; K1.ar and Harvorson 1975; Berz and Weiser 1976). That this pro-
tein degradation might be sporulation specific was suggested by HorpEr et al.
(1974), since a/a or «/a diploids showed 0-10% degradation compared to the
25-309 seen in a/a diploids. However, Berz and Werser (1976) reported that
the pattern and extent of protein degradation was nearly the same for a haploid
of a mating type as it was for the a/a diploid.

That the vacuolar proteinases A, B and carboxypeptidase Y (Casis, UraNE and
Bowers 1973; Hasiuix, MtLLer and Horzer 1974; LENNEY et al. 1974; Ma-
TERN, BETZ and Hoizer 1974; WiemkEeEN, ScueLLeENBERG and Urecu 1979)
might be responsible for the observed protein degradation and might be essential
for sporulation was suggested by Berz and Weiser (1976), for the levels of these
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three proteinases rise when the cells sporulate (CuEN and MiLLer 1968; KLAR
and Harvorson 1975; BErz and WEeiser 1976) and no new proteinases are de-
tected during sporulation (Krar and Harvorson 1975; Berz and WEIsER 1976).

Mutants deficient in one or more of these three proteinases have been isolated
(Worr and Fink 1975; Berz 1975, 1979; Jones, Lunp and Zusenko 1975;
Jones 1977; MrtcneLr and JonEs 1977; Zusenko, MircueLL and Jones 1978,
1979a, b; Worr and Eaman 1978; Worr, Beck and Exman 1979). Structural
genes for proteinases B, prb?, (Zusenko, MrrcHeLL and Jones 1978; 1979a, b)
and for proteinase C (carboxypeptidase Y), prc (Worr and Werser 1977), have
been identified.

We report here investigations of protein degradation, meiosis and sporulation
in strains deficient in one or more proteinases as a consequence of the mutations
they bear.

Strains and media: The prb1-9 allele is an amber mutation in the structural
gene for proteinase B (ZuBenko, MrrcHeLL and Jones 1979b, 1980). The prb1—
1122 mutation was isolated in a zrpf derivative of X2180-1B and is an ochre mu-
tation. The mutants bearing the prcf—125, prc1-36 or pep4-3 alleles were isolated
in the trp? derivative of X2180-1B as clones unable to cleave acetylphenylalanine
B-naphthyl ester, using the procedure described by Jones (1977). The two precf
alleles lie in what is thought to be the structural gene for proteinase C (carboxy-
peptidase Y) (Worr and Weiser 1977). The pep4-3 mutation, allelic to pep4—1
is a plelotropic mutation thatlowers the levels of proteinases A, B and carboxypep-
tidase Y to 109, 7% and 3%, respectively, of the corresponding wild-type activi-
ties, and reduces the activities of ribonuclease and alkaline phosphatase to about
8 and 259, respectively, of the wild-type levels (HemmiNgs, ZUBENKO and
Jowes 1980; JonEes et al. 1980). The repressible alkaline phosphatase, which
cleaves a-naphthyl phosphate, appears to be missing in the pep4-3 mutant (un-
published observations). Mutations in CAN { were isolated, where relevant, by
selection on medium containing canavanine sulfate.

Ten diploid strains were constructed for the experiments on protein degrada-
tion. Constructions involved mating a strain of the M16-14C background to one
of the X2180-1B genetic background. After isolation of the diploids, the relevant
markers were recovered in homozygous condition by isolation of the appropriate
mitotic recombinants. A minimum of two and a maximum of four successive
mitotic recombinational events were required to generate the 10 diploids; all 10
were heterozygous for leu?—1 and ser!/—171 and homozygous for his5 and cani.
Five different proteinase genotypes were employed. Diploids were homozygous
for prc1-125, prb1-9, prb1-9 and prc1-125, pep4-3, or wild-type alleles for rele-
vant genes. Each proteinase genotype was isolated as an a/« and a/a diploid. The
10 diploids are isogenic except for the chromosome arms involved in the mitotic
recombinational events.

Ten related diploids were constructed for the genetic experiments. All were
heterozygous for leui1—1, ser{~171 and cani. Genotypes for alleles affecting pro-
teinase levels were -+/-+, prcl-125/prc1-125, pep4-3/pep4-3, prb1-9/prbi-
1122 and prb1-9 prcl1-36/prb1-1122 prci1-36. The prb! and prb! prci homozy-
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gotes were heterozygous for 4is5; the remaining diploids were homozygous for
his5. Each of the proteinase genotypes was isolated in a/a and a/« mating types.
Strain constructions involved an initial mating, followed by isolation of mitotic
recombinants where necessary.

YEPD, SC, omission media, and canavanine containing medium were previ-
ously described (Jones and Lam 1973; ZuBenKo, MiTcHELL and JonEs 1979b).
Presporulation growth medium (PSP phthalate) was that of Rora and HaLvor-
soN (1969) for the protein degradation experiments. For some of the genetic
experiments, the presporulation medium contained (per liter of distilled water)
10g potassium acetate, 8g nutrient broth and 10g yeast extract (PSP broth).
Sporulation medium contained 3 mm L-leucine and 10g/]1 potassium acetate
adjusted to pH 7 with acetic acid.

Sporulation and protein degradation: Cells were grown overnight in PSP
broth. An 0.02 ml aliquot of culture was transferred into 25 ml of PSP phthalate
medium containing 1 xC/ml of H-leucine (50-60 Ci/mmole) in a 250 ml Erlen-
meyer flask. After 24 hr of incubation at 30° in a gyrotory shaker, the cells were
harvested by centrifugation for 10 min at 12,000 X g in a Sorvall RC5 centrifuge.
The pellets were washed with sporulation medium and repelleted. The cells were
resuspended in sporulation medium in 250 ml flasks at a cell density of about
2 X 10°/ml (final volume of the culture was 15 to 25 ml). At the initiation of
sporulation and at 8-hr intervals thereafter, 0.5 ml samples were removed and
centrifuged 5 min at 1650 X g in a GLC-2 centrifuge. Fifty pl of medium was
added to 10 ml Aquasol for scintillation counting, and 0.5 ml of 109, TCA was
added to the remainder, which was vortexed. After 15 min, the suspension was
filtered onto GFA filters. The filters were washed with 109, TCA and 959,
ethanol, dried and counted, face up, in 10 ml Aquasol. At each time point, 50 pl
of culture was added to Aquasol for counting, and a sample was diluted in water
to allow determination of the percentage of asci by haemocytometer count of 200
to 300 cells. Analogous experiments were done using 23S methionine. The cells
were pregrown in PSP phthalate containing 2.7 pCi/ml of 23S methionine (600
Ci/mmole) . The sporulation medium contained 3 mm L-methionine.

Genetic events of sporulation: Cells were pregrown in PSP phthalate or PSP
broth, harvested, washed with 0.99 NaCl and resuspended to about 2 X 107
cells/ml in sporulation medium. At the beginning and at intervals thereafter,
samples were removed and plated on arginine omission medium and on arginine
omission medium to which canavanine sulfate had been added. The Petri plates
were incubated at 30°. The ratio of the colony counts on the latter to the counts
on the former provides an index of haploidization. At selected time points, Can®
colonies were picked and their nutritional requirements and mating types deter-
mined. Selected clones were crossed and their ploidies determined by segregational
analysis of the meiotic products of these crosses.

At selected time points, samples were diluted 1/10 into 0.1 m dithiothreitol.
After 20 min at room temperature, 1/20 volume of glusulase was added and the
incubation was continued for one hr. Th samples were sonicated for 30 sec with
a Branson sonifier equipped with a microtip at a power setting of 7. The cell sus-
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pensions were diluted and plated on arginine omission medium and on canavanine
medium.

Fluorescence microscopy: Meiotic cells were harvested and resuspended in
70% ethanol by vortexing. After at least 30 min, the cells were pelleted, washed
with distilled water, resuspended in molten 0.5% agar containing one pg/ml of
4/,6-diamidino-2-phenylindole-2 HCl (DAPI), and incubated 30 min at 37°.
DAPI stains nuclei (WiLLiamson and FENNEL 1975). A drop of the suspension
was placed on a slide and covered with a coverglass. The preparations were sealed
and the agar allowed to solidify. Photomicrographs were made with a Zeiss photo-
microscope IIT equipped with a IIT RS epifluorescence condenser. Illumination
was provided by a XBO 75-W xenon arc with a Zeiss FITC filter. Tri-X film was
developed in Diafine two-stage developer.

Reagents: 1.-[4,5-*H(N) ]-leucine, 3*S methionine and Aquasol were from New
England Nuclear; DAPI from Accurate Chemical and Scientific Corporation,
Hicksville, N.Y.; glusulase from Endo Laboratories, Inc., Garden City, N.Y.;
dithiothreitol (DTT), canavanine sulfate and medium nutrilites were from
Sigma; nutrient broth, yeast extract and Bacto-peptone were from Difco Labora-
tories. Standard reagents were from commercial sources.

RESULTS

Protein degradation during incubation in sporulation medium: Measurements
of protein degradation were performed on cells that had been prelabelled during
vegetative growth on *H-leucine. Protein degradation was determined by measur-
ing the decrease in TCA precipitable radioactivity and by measuring the release
of radioactivity into the medium after transfer to sporulation medium containing
3 mm leucine as a chase. Degradation patterns were determined for diploids of
wild-type genotype, homozygous for a mutation in the proteinase C (carboxypep-
tidase Y) structural gene, prcf—125, homozygous for an amber mutation in the
proteinase B structural gene, prb/—9, homozygous for both prb7-9 and pre1-125
or homozygous for pep4-3, a pleiotropic mutation that reduces the levels of pro-
teinases A, B and C, as well as RNase and alkaline phosphatase. For all five
proteinase genotypes, measurements were made on a/« and a/a diploids. In Fig-
ure 1, we report data on the release of radioactivity into the medium as a percent-
age of the radioactivity present in the culture for these 10 diploids. It is readily
apparent that, for each of the five proteinase genotypes, protein degradation is the
same for the a/ and a/a diploids. The rate of degradation begins to decline about
the time that asci first appear in the cultures of the wild-type and precf-bearing
strains. As a comparable time, the rate of degradation also begins to decline in the
strains bearing the prbf mutation, although normal asci are not seen in these
cultures.

The data from Figure 1 for the five a/« diploids are compared in Figure 2.
About 759%, of the initial radioactivity is released into the medium by the wild-
type cells. The carboxypeptidase-Y-deficient mutant shows a lower rate of release
and eventually reaches a plateau value that is 889, of that seen for the wild type.
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Ficure 1.—Release of radioactivity into the medium by cells incubating in sporulation me-
edium, Pregrowth and culture conditions and measurements of radioactivity released were per-
formed as described in MATERIALS AND METHODS. (A) +/-+; (B) pre1-125/prel-125; (C)
prb1-9/prb1-9; (4) prb1-9 prc1-125/prb1-9 prc1-125; (E) pep4-3/pepd-3. (©) a/a diploid;
@ a/x diploid; A ‘% asci in a/a diploid. None of the a/a diploids produced asci.

The two strains lacking proteinase B by virtue of the prb/—9 amber mutation
show equivalent rates and plateau values for release of radioactivity. The plateau
values are about 609 of that achieved by the wild-type strain, a substantial re-
duction. The observation that the patterns and plateau values are similar for the
prb1 and prbl prcl strains suggests that proteinase B, a neutral endoproteinase,
normally provides the substrate on which carboxypeptidase Y acts. This would
not have been predicted, a priori, since proteinase A, also an endoproteinase, is
present along with proteinases B and C in the yeast vacuole and might have been
expected to contribute to the pool of proteinase C substrate. This is especially true
since proteinase C exhibits little substrate specificity, in vitro (HavasHi, AIBARA
and Hata 1970; Havasur, Moore and Stein 1973). The pattern of degradation
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Ficure 2.—Release of radioactivity into the medium by a/a diploids incubating in sporula-
tion medium. Data from Figure 1. @, -+/4-, (), pref—125/pre1-125; [, prb1-9/prb1-9; A,
prb1-9 pre1-125/prb1-9 prci1-125; N7, pepd—3/pep4-3.

seen for the strain bearing the pleiotropic pep4-3 mutation differs substantially
from that seen for the other strains. The initial rate of release of radioactivity is
lower, and this release reaches a plateau much earlier. The final value is about
389 of that achieved by the wild-type strain. No asci are produced by the
pep4-3 homozygote.

The data presented in Figures 1 and 2 are not direct measures of protein degra-
dation, for the release of radioactivity itno the medium must reflect degradation,
the release of radioactivity from the pools and the rates of equilibration of the
chase with the pools. A more direct measure of degradation, but one subject to
much greater experimental error, is the release of radioactivity from acid-precipi-
table material. In Figure 3, we report loss of acid-precipitable radioactivity from
cultures of wild-type diploids of a/« and a/a mating type. The a/« and a/a
diploids degrade their protein with similar kinetics and to identical extents. The
results are qualitatively similar to those presented in Figure 1 for the release of
radioactivity into the medium. Possibly, the rate of loss of radioactivity from
protein begins to fall somewhat in advance of the decline in rate of release of
radioactivity into the medium. In Figure 4, we report the loss of acid-precipitable
radioactivity for a/a diploids of all five proteinase genotypes. The wild-type
diploid degrades about 499 of its proteins and the prc7-bearing mutant about
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Ficure 3.—Degradation of vegetative proteins by wild-type cells incubating in sporulation
medium. Pregrowth and culture conditions and measurement of protein degradation were as
described in MATERIALS AND METHODS. (7), a/a diploid; A, % asci.

38% (78% of wild type). The strains bearing prb1-9 degrade about 25% of their
protein (509 of wild type). Again, the data indicate that prb1-9 is epistatic to
prcl—-125 with respect to protein degradation. The pep4—3 mutant diploid de-
grades about 159 of its acid-precipitable protein or about 309 of the extent of
degradation seen in the wild-type diploid.

During the sporulation regimen, about 759, of the radioactivity present in the
wild-type cells was eventually released into the medium, but only a 509 de-
crease of the radioactivity present initially in TCA- precipitable material was
observed. The radioactivity present in TCA-soluble pools is released into the
medium during sporulation and accounts for this difference (data not shown).
The deficiency in protein degradation for the proteinase-deficient mutants meas-
ured as loss of acid-precipitable counts is somewhat greater than the deficiency
measured as release of counts into the medium, but the results are qualitatively
the same (a deficiency of 229 degradation as compared to a 129, deficiency for
release of counts into the medium for the prc? diploid, for example).

In summary, the deficiency for proteinase B and/or carboxypeptidase Y results
in decreased protein degradation. The pep4—3 mutation drastically reduces the
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Ficure 4.—Degradation of vegetative proteins by a/e diploids incubating in sporulation
medium. Pregrowth and culture conditions and measurement of protein degradation were as
described in MATERIALS AND METHODs. @, +/-+; (O, prel-125/pre1-125; ),prb1-9/prb1--9;
A, prb1-9 pre1-125/prb1-9 prei-125; 7, pepd-3/pepd-3.

rate and extent of protein degradation, but this result is difficult to interpret since
the mutation is known to be pleiotropic.

Similar experiments were carried out on cells that had been prelabelled by
growth in medium containing **S-methionine. Results very similar to those pre-
sented were obtained except that only 509 of the radicactivity was released into
the medium in the wild type, rather than the 759 seen for labelled leucine (data
not shown).

One can draw the following conclusions from the data presented in Figures
1-4: (1) The extensive protein degradation that occurs when cells are exposed to
nitrogen-free sporulation medium is not sporulation specific, for nearly identical
rates and extents of degradation are seen for a/a and a/a diploids of all five pro-
teinase genotypes. The protein degradation seen is likely to be a response to
nitrogen starvation, as itis also seen for vegetative cells starved of nitrogen (Lorez
and Gancepo 1979). (2) Protein degradation appears to be essential for normal
sporulation, since normal asci are not seen in the prb! diploids or in pep4-3 dip-
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loids (however, see below). (3) Proteinase B and carboxypeptidase Y are respon-
sible for about half the protein degradation that occurs when cells are exposed to
nitrogen-free sporulation medium.

Cytological and genetical events of sporulation: As reported above, asci of
normal appearance were not detected in strains homozygous for the prb! or
pep4-3 mutations. We reported previously that proteinase B activity is required
for normal sporulation (ZuBenko, MiTcHELL and Jones 1978, 1979a, 1979b),
because prb1 homozygotes fail to sporulate, a/a diploids homozygous for tempera-
ture-sensitive prb! alleles produce asci at the permissive temperature (ZUBENKO,
MircHELL and Jones 1979a) and strains homozygous for prb1, but bearing at
least one nonsense allele in prb? and heterozygous for an appropriate nonsense
suppressor produce normal asci (ZuBeNko, MitcHELL and Jones 1980). That
normal asci are not produced in prbf homozygotes is shown in Figure 5. The
prb1 homozygotes seem to have undergone at least some events of sporulation, for
the cytoplasm appears to be subdivided into quadrants. The “sporulative” cells
of the prb! homozygote are substantially smaller than the asci produced by
wild-type cells.

To determine whether genetic events associated with meiosis were occurring,
we constructed a/a and a/a diploids for the five proteinase genotypes used in the
preceding experiments. These diploids were also made heterozygous for cant, a
recessive mutation conferring resistance to canavanine. By determining whether
the frequency of Can® clones increased as a function of time in sporulation me-
dium, we hoped to determine whether events of meiosis were occurring. As can
be seen in Figure 6, all a/« diploids except the pep4-3 homozygote gave rise to
Can® colonies at high frequencies. Moreover, the kinetics of production of Can®
colonies were similar for the four genotypes. The final level of Can® colonies for
the prb1 homozygote is below that of the wild type in this experiment. In some
experiments, however, the frequency was as high as 699 (see Table 1). The

Ficure 5.—Phase contrast micrographs of a/a diploids exposed to the sporulation regimen
for 6 days. Cells were pregrown on PSP broth. 4-/+4 homozygote is on the left; prb1-9/prb1-
1122 is on the right (X 1280).
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Fieure 6.—Production of canavanine-resistant cells by incubating in sporulation medium. Cells
were pregrown in PSP phthalate, then incubated in KAc, pH7, 3 mm leucine. The frequency
of canavanine-resistant cells was determined as described in MATERIALS AND METHODS. @, -+/+;
O, pret-125/prel-125; [, prbi1-9/prb1-1122; A, prb1-9 prci-36/prb1-1122 prcl-36; ¥,
pepd-3/pep4-3.

prb1 prcl and prel diploids also gave substantial frequencies of Can® colonies
(Figure 6 and Table 1). The observation that Can® colonies occurred with high
frequencies in the prb1- and/or prcl-containing diploids suggested that haploidi-
zation was occurring with high frequency, for mitotic recombination would be
expected to occur at much lower frequencies, comparable to that seen for the
pep4-3 diploid.

We determined the genotypes of Can® colonies obtained from these five a/a
diploids, as well as from a/a or «/« diploids of selected genotypes. The results
are given in Table 1. High frequencies of Can® clones were obtained from a/a
diploids of wild-type, prcf, prb? and prbi prcl genotypes. Low frequencies
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TABLE 1

Genetical analysis of canavanine resistant colonies®

Relevant genotype f;negiuceéllf));ifs colgl?gg?af;zed Ha:ﬁoid sznic Swi:/‘c)hes
1) at+/a+t 0.77v 159 71.7¢ 81.1d
(2) a-+/a+ 0.9 X 10— 160 15.6¢ 33.11 46.98
3) art-/at 1.2 X 10~ 137 13.1n 38.01 46.0
(4) aprbl/a prbl 0.69 160 79.4¢ 81.94
(5) aprel/aprcl 0.58 160 86.9¢ 88.84d
(6) aprb? prct/a prbt pret 0.73 160 81.3¢ 86.94
(7) a pep4-3/a perd-3 2.5 X 10+ 160 Qc 0
(8) a pep4-3/a pep4-3 1.3 x 10+ 160 0 0 1.9k

a Cells were pregrown in PSP broth and inoculated into KAc, pH 7, 3 mm leucine. Cells were
plated at intervals on canavanine-containing medium. Colonies were streaked on YEPD and
genotypes determined. These colonies derive from cells plated at 98 hr.

bThe frequency of Can®/plating unit at the time of resuspension in sporulation medium
ranged from 2.2 to 12 X 10~ for the eight diploids.

¢ Maters.

d Maters plus diploids of other than starting genotype.

¢ ¢ mating type.

! Sum of @, any genotype; a, not original genotype; nonmater, not original genotype.

8 Sum of «, any genotype; a, not original genotype; nonmater, any genotype.

h a mating type.

1 Sum of a, any genotype; a, not original genotype; nonmater, not original genotype.

3 Sum of a, any genotype; a, not original genotype; nonmater, any genotype.

k Nonmaters.

were seen for the a/e diploids bearing pep4—3 and for the a/a and a/a diploids.
About 70 to 85% of the Can® colonies obtained from the a/« diploids of wild-type
and prb{ and/or prcl genotypes were capable of mating and were, therefore, pre-
sumably haploid. This conclusion was substantiated by the observation that other
recessive markers, also heterozygous in these diploids (leu?, ser! and, for some
diploids, Ais5), were found among the clones. Several of the Can® clones recov-
ered from the a/a diploid homozygous for prbf were crossed to a multiply marked
haploid. Ten markers on 10 different chromosomes segregated 2:2. Therefore, we
concluded that most of the Can® colonies derived from the prb7 homozygote, and
by extension, the prb? prcl homozygote, were haploid. Some of the remaining
colonies were nonmating diploids of a genotype that differed from the initial
genotype. These could have arisen from meiototic cells (Esrosito and Esposito
1974) or be the result of mating of haploid cells on the plating medium.

The Can® colonies from the a/« diploid homozygous for pep4-3 aparently arose
by mitotic recombination, for all were nonmaters and exhibited the input
nutritional requirements. These colonies were not haploid.

The Can® colonies obtained from the a/a and «/a wild-type diploids apparently
arose by mitotic recombination or by mating-type switch followed by meiosis and
sporulation. We infer that the latter process occurred because three classes of
Can® colonies were found that could not be explained by single mitotic recombi-
national events. These three classes were (1) clones of mating type opposite to
that of the parent diploid, (2) nonmating clones and (3) clones with combina-



56 G. S. ZUBENKO AND E. W. JONES

tions of nutritional markers unlike the parent combination. A low frequency of
“switches* was also seen for the pep4-3 homozygote, although the resulting
diploids were not sporulation competent. Whether the frequency of switching is
truly lower in the pep4-3 homozygote cannot be inferred from these data. for the
switching event is terminal in the pep4-3 homozygote, but a prelude to sporula-
tion in the wild-type diploid, and spores would be expected to survive the
sporulation conditions better than unsporulated cells.

The genetic data presented in Table 1 clearly indicate that haploidization (and
presumably meiosis) was occuring in a/a diploids deficient in proteinase B and /or
carboxypeptidase Y. Cytological evidence that meiosis was occurring in prb?
homozygotes is presented in Figure 7. The DNA was stained with DAPI. The
apparent “fuzziness” of nuclei of the prb! homozygote as compared to nuclei of
the wild type was reproducible. To obtain staining of sufficient intensity to permit
photography, the prb1-bearing meiotic cells must be heated to 37° in the presence
of the stain.

In principle, haploid colonies could result from cells blocked in meiosis if only
one of the nuclei present in each meiotic cell is viable and gives rise to a colony
containing cells of a single genotype. Alternatively, apparent ‘‘heterokaryons.”
resulting from blocked meioses, could be resolved by distribution of meiotic nuclei
into separate cells and could give rise to colonies containing cells of several geno-
types. To determine whether only one nucleus per meiotic cell was surviving or
whether segregation from the apparent heterokaryon was occurring, we allowed
asci (wild type) or cells with carved out cytoplasm (prb?) to grow on YEPD
medium for 15 hr and then streaked the microcolonies on YEPD. The nutritional
requirements and mating type of a number of clones derived from each micro-
colony were determined. From these phenotypes we could infer the minimum
number of nuclei contributing to daughter clones. (Where haploids and diploids,
or more than one diploid genotype, were present, we could infer the minimum
number of parents for the genotypes present.) The data are presented in Table 2.
It is clear that more than one nucleus contributes to the progeny of the prb1
“sporulative’ cells. One of 21 asci from the wild type showed an abnormal marker
distribution; whereas, 4 of 41 cells from the prbf mutant showed an abnormal

Figure 7.—Staining of meiotic nuclei with DAPI after exposure of a/a diploids to sporula-
tion regimen after pregrowth on PSP broth. Staining was performed as described in MATERIALS
AND METHODS. +/+ homozygote is on the left; prb1-9/prb1-1122 diploid is on the right (X 400).
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distribution (e.g., three different genotypes among segregants of a mating type).
The results of this series of genetic and cytological experiments indicate that the
prbl homozygotes undergo meiosis. Whether heterokaryons or spores were pro-
duced was not discernible from the data. Visual examination of glusulase-treated
prb? “sporulative” cells revealed no spores.

In order to determine whether spores or heterokaryons were present, we treated
sporulative cells of wild-type, prb7 and pep4-3 genotypes, all of which were het-
erozygous for cani, with glusulase and dithiothreitol, followed by sonication.
This treatment should be lethal to heterokaryons, but have little or no effect on
the viability of spores, and should dissociate the spores. The results are given in
Table 3. Both pregrowth conditions employed in previous experiments were
tested.

The frequency of Cant® cells in the population, shown in Column 3, should
reflect the frequency of meiosis (except for the pep4-3 homozygote, where it re-
flects the frequency of mitotic recombination). Columns 4 and 5 provide the
number of plating units present in the cultures before and after treatment. Col-
umn 6 is the ratio of the number of plating units present following treatment to
that present before treatment. Two expected ratios were calculated and are shown
in column 7. The first (b) assumes that each dissociated ascus will give four
plating units and that vegetative cells live; the second (c) assumes that vegetative
cells die. Columns 8 and 9 are the numbers of Can® plating units before and after
treatment, column 10 is the ratio of the two. The expected ratio, column 11, is
two, because each ascus should give two Can® spores after treatment.

Consider the results for the pep4—3 diploid. These cells do not sporulate. All
should be killed by the treatment. The expected ratio of viable cells after treat-
ment to before treatment would be one if vegetative cells were not killed, and
zero if they were (the expectation 5.6 X 107, line 5, calculated by the metric,
assumes that Can® cells derive from meiosis, which they do not). It is clear that
the treatment killed vegetative cells of the pep4—3 homozygote, for the ratio was
nearly zero (3.6 X 104).

For the wild-type diploid, the expected ratio of plating units in the culture fol-
lowing glusulase tretament to plating units before glusulase treatment is 3.55 if
vegetative cells are not killed (line 2) and 3.40 if they are. The number of plating

TABLE 2

Minimum number of haploid nuclei contributing to the progeny of a
sporulative cell or ascus

No. of cells with inferred no. of haploid nuclei
Inferred no. of

haploid nuclei +/4+ prb1 /prbt
1 0 5
2 11 20
3 7 14
4 3 2

Total examined 21 41
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units after treatment is increased, but only 1.9-fold. The expected ratio assumes
perfect dissociation of spores and that all asci will have four spores, although
neither assumption is correct. We attribute the deviation from expectation to this
fact. The expected ratio of Can® plating units following treatment to Can® plating
units before treatment is two. The observed ratio is greater than one (1.33), but
not nearly two. We infer that incomplete dissociation and the presence of asci
bearing fewer than four spores lowered this ratio as well.

A similar evaluation of the data for the prb? homozygote leads to expected
ratios of viable cells of 0.52 if pregrowth is on PSP phthalate and 1.04if pregrowth
is on PSP broth, assuming that vegetative cells are killed. The observed ratios are
substantially below this expectation Indeed, the ratios of observed/expected for
the wild type in the two pregrowth conditions are 0.55 and 0.56. For the prb!
diploids, comparable ratios are 0.29 and 0.31.

If the Can® colonies from prb! homozygotes derive from mature spores, the
expected ratio of the number of Can® plating units present following glusulase
DTT treatment to that present before treatment is two, just as it was for wild
type. Contrary to what was seen for wild type, however, the observed ratio is less
than one. Therefore, a substantial fraction of the meiotic products of the prb?
homozygote are killed by the glusulase-DTT treatment. The ratios of observed to
expected for the wild type in the two pregrowth conditions are 0.56 and 0.67.
Comparable number for prbf are 0.28 and 0.38.

It is difficult to draw firm conclusions from these experiments, for technical
difficulties abound. We have no measure of the extent of dissociation, nor of the
distribution of 2-, 3- and 4-spored asci. We could obtain the latter for the wild-type
diploid, but not for the prb! homozygote. Some conclusions are allowable,
however.

The “sporulative” cells produced from the prbf homozygote are vastly more
resistant to glusulase-DTT treatment than are the nonsporulating cells of pep4—3
genotype. The prb? “sporulative’ cells thus are not heterokaryons. On the other
hand, “spores” derived from prb1 cells are less resistant to glusulase dithiothreitol
treatment than are wild-type spores.

‘We inferred from the above experiments that nearly normal spores were being
produced in prbf homozygotes. For this reason, we attempted to dissect spores
from ““sporulative” cells of prbf homozygotes after routine glusulase (no DTT)
treatment. This involved identifying a suitably sized lump of debris that bore
some resemblance to a “sporulative” cell. We were able to tease out spores from
such debris. Three of the four spores were very small, but normal in appearance.
The fourth was not classifiable visually as a spore, for it was tiny and did not
have the refractile appearance of a normal spore. Nearly all of these ‘“spores”
germinated and produced colonies.

DISCUSSION

From the results that we have presented, we conclude that the protein degrada-
tion that occurs during sporulation is not specific, but may be essential if sporula-
tion is to proceed to completion. Cells of all proteinase genotypes (except pep4—3
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homozygotes) undergo meiosis and form spores, albeit small and possibly ab-
normal ones in the case of the prb! homozygotes. About 40-50%, of the protein
degradation observed is catalyzed by proteinase B and carboxypeptidase Y in com-
bination. Neither carboxypeptidase Y nor proteinase B is required for spore
germination.

In the experiments reported here, at least 509, of the vegetative proteins were
degraded during sporulation of wild-type yeast cells, measured as loss of acid-
precipitable radioactivity from prelabelled cells. This value is somewhat lower
than that (60-709) reported by Berz and Werser (1976), but substantially
higher than that (309%) reported by Krar and Havrvorson (1975). At least part
of the discrepancy between our results and those of BErz and Weiser (1976) may
arise from strain differences, for their strain sporulates about 1.5 times more
rapidly than do our strains. Possibly the lower value seen by Krar and HarLvorsoN
(1975) arises from their use of labelled arginine.

When release of radioactive methionine into the medium was used as a measure
of degradation. Hoppkr et al. (1974) found that only 25-309% of the label was
released. We found 509 release, using identical procedures (compared to 75%
for leucine). Again major strain differences are present, for our strains take twice
as Jong to sporulate as theirs.

The protein degradation seen in our experiments is not sporulation specific, for
nearly identical patterns and extents of degradation are seen for near isogenic
a/a and a/a diploids of all five proteinase genotypes. This is in marked contrast
to results reported by HorrEr ef al. (1974), but is basically in agreement with
results reported for a haploid of a mating type by Berz and Weiser (1976). It
seems likely that the protein degradation is a response to nitrogen starvation,
rather than part of process of sporulation per se. The rates of degradation ob-
served in our experiments (2-39%, /hr) are similar to the 2.5-3% /hr reported by
Berz and Werser (1976). Both rates are quite comparable to the 2% /hr observed
when vegetative cells are starved of nitrogen (Lopez and Gancepo 1979).

One cannot conclude from the data that we have presented that extensive pro-
tein degradation is required if sporulation is to proceed normally, even though
there are strong correlations between sporulation competence and high levels of
protein degradation. However, it seems unlikely that the only requirement for
proteinase B activity during sporulation is for degradation of one or a few specific
proteins, for sporulation proceeds nearly to completion in a prb? homozygote. For
these and other reasons, we consider it likely that some level of nonspecific protein
degradation is required during sporulation.

Because the process of proteolysis may be crucially important to supply the
amino acids necessary for synthesis of new proteins during sporulation, the ad-
dition of amino acids to cultures of proteinase deficient cells that have become
committed to sporulation (Esrposiro and Esposrro 1974) might have been ex-
pected to allow these cells to complete sporulation. We attempted these experi-
ments using buffered sporulation media that preserve the ability of cells to take
up amino acids (McCusker and Haser 1977). No improvement in ascus for-
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mation was observed for any strain. Indeed, the use of these media for our
strains resulted in reduced frequencies of meiosis and sporulation for all strains,
including wild type.

The proteinase-deficient mutants show reduced rates and extents of protein
degradation. The result is most marked for the pep4-3 homozygote (60-75%
reduction), a result difficult to interpret because of the pleiotropic effects of the
mutation (Jones 1977; HemmiNes, ZuBeNko and Jones 1980; Jones ef al.
1980). Deficiency for carboxypeptidase Y decreases degradation by 10-20%:;
deficiency for proteinase B decreases degradation by 40-509%. The proteinase B
deficiency is epistatic to the carboxypeptidase Y deficiency, implying that pro-
teinase B provides the substrates upon which carboxypeptidase Y acts, despite the
presence in these cells of the endoproteinase proteinase A. Whether the prei-
bearing mutant accumulates undegraded oligopeptides is an unexplored question.

The frequency of meiosis in proteinase-deficient strains is usually lower than
that of the wild type (Figure 6, Tables 1 and 3). This difference in frequency is
not responsible for the deficit in protein degradation in the mutants because (1)
the doubly mutant diploid prb! prc? had a high frequency of meiosis in some ex-
periments (Figure 6), yet protein degradation was 509, of wild type, and (2)
asporogenous a/a diploids showed rates of degradation comparable to those of
the a/a diploids. One can infer from the experiments on protein degradation that
proteinase B and carboxypeptidase Y are involved in this degradation. Indeed,
together they account for 40-509% of the degradation.

Itis clear that all of the mutant a/a diploids except the pep4—3 homozygote can
undergo meiosis. However, prb! homozygotes do not exhibit normal sporulation.
Spores are formed, but the asci are clearly abnormal. The spores, smaller than
usual and sometimes tiny, remain embedded in a thick matrix. Whether the spores
are completely normal is difficult to assess. Clearly some of them are killed by
glusulase-DTT treatment, for the absolute number of viable Can® cells drops
upon glusulase treatment. There are two possible explanations of this observation,
however. (1) Spores from the prbf homozygote are abnormal and are more sen-
sitive to glusulase-DTT treatment than are wild-type spores, or (2) spores from
the wild type and the prbf homozygote are equally sensitive to glusulase-DTT
treatment. One detects killing of spores of the prbf homozygote because the matrix
in which the spores are embedded prevents dissociation; whereas, the killing of
wild-type spores remains undetected because the treatment dissociates the spores,
the number of plating units rises and the final ratio reflects the balance between
dissociation and killing. We are unable to distinguish between these possibilities.

Carboxypeptidase Y is not required for spore germination, since spores from the
prcl homozygote germinate. Proteinase B would appear not to be required for
spore germination, for spores from the prb7 homozygote can germinate. Whether
this enzyme is required for germination of completely normal spores must remain
an open question.

Mutations in two previously described genes, KEX2 and GCNV1, render sporu-
lation abnormal, but do not block meiosis. The kex2 mutants undergo meiosis
without producing visible spores, are defective in expression and secretion of
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killer toxin, a-factor and other secreted proteins, and render the « genotype sterile
(LerBowrrz and WickNER 1976; RoGers, SaviLLE and Bussey 1979). The prb?
mutants are clearly different from kex2 mutants, for prb! mutants support killer
and express killer toxin (ZuseNnko, MitcaeLL and Jones 1980), mate nor-
mally in either mating type and produce normal e-factor halos (unpublished
observations).

The glucosamine-requiring mutants bearing gen? undergo meiosis and produce
spores, but the spores are not refractile, are sensitive to glusulase and lack the
outer layer of the spore wall. Their glusulase sensitivity is much more marked
than that of the spores produced from prd? homozygotes (WHELAN and BarrLou
1975; Barrou et al. 1977).

Vacuoles have been reported to fragment and eventually disappear during
sporulation (Sviara, Dainko and ScaENK 1964; MarQuarpT 1963). It is clear
from the electron micrographs presented by SCHWENKE, MAGANA-SCHWENKE
and LarorTe (1977) that vacuoles are present in mature asci and, indeed, fill
nearly the entirety of the cytosol around the spores. This location corresponds
to that of the matrix material that remains in the “sporulated” cells of the prb!
homozygote. We do not yet know what happens to the vacuole during sporulation
in the prb! mutant. A question that arises, regardless of the dynamics of the
vacuole, is whether the protein degradation that occurs during sporulation occurs
within the vacuole where the proteinases are located during vegetative growth
(see WiEMKE, SCHELLENBERG and UrecH 1979 for a summary of vacuolar en-
zymes), which would require transport of the proteins to be degraded into the
vacuole, or rather involves the discharge of the proteinases into the cytosol. Re-
gardless of which mechanism is operative, dissolution of the matrix material, in
which spores of prb? diploids remain embedded, requires proteinase B activity.
It is tempting to speculate that dissolution of the matrix material and hence
proteinase B activity is an essential part of the normal spore-dispersal mechanism
in nature.

‘We report here that prb! homozygotes undergo meiosis, produce spores, albeit
small and possibly abnormal ones, but do not produce asci of normal appearance.
Worr and Eaman (1970 reported that prb~ homozygotes form asci, but at half
the rate and to half the extent of wild-type cells. It is difficult to evaluate the basis
of this discrepancy. We do not know what the basis of the proteinase B defectis in
their mutant, whether the mutation lies in the structural gene, and, if so, what
the nature of the mutation is. The diploids compared were not isogenic; hence,
differences in rates or extents of ascus formation are uninterpretable,
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