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An a-glucosidase activity (SAG) occurs in a/a Saccharomyces cerevisiae cells
beginning at about 8 to 10 h after the initiation of sporulation. This enzyme is
responsible for the rapid degradation of intracellular. glycogen which follows the
completion of meiosis in these cells. SAG differs from similar activities present in
vegetative cells and appears to be a sporulation-specific enzyme. Cells arrested at
various stages in sponrlation (DNA replication, recombination, meiosis I, and
meiosis II) were examined for SAG activity; the results show that SAG appear-
ance depends on DNA synthesis and some recombination events but not on the
meiotic divisions.

It is well documented that as cells undergo
developmental processes the proteins synthe-
sized change (1-3, 41). Although this phenome-
non has been observed and analyzed in higher
and lower eucaryotes and in procaryotes, the
molecular basis is poorly understood. Sporula-
tion in the yeast Saccharomyces cerevisiae is a
useful system for studying development for sev-
eral reasons. Initiation of sporulation is easily
manipulated experimentally, and one can obtain
relatively synchronous populations of cells in
various stages of sporulation. During the proc-
ess of sporulation, the cells undergo DNA syn-
thesis, meiosis, and spore formation (6, 10, 30,
35), and conditional mutants which arrest devel-
opment at particular stages under restrictive
conditions are available (8). In addition, the
genetic system of S. cerevisiae is well under-
stood, making sophisticated genetic analysis
possible.

Several reports of attempts to identify sporu-
lation-specific gene products by two-dimension-
al gel analysis have appeared (21, 40). In gener-
al, they have revealed few proteins which are
made only during sporulation, although a few
such sporulation-specific proteins were ob-
served in one study (I. Dawes, personal com-
munication). Although two-dimensional gel
analysis reveals when proteins are made, it does
not provide information about their function in
development or their regulation. An alternative
approach, which is more difficult but could be
more fruitful in the long run, is to look for
proteins which mediate specific sporulation
events and to analyze their regulation by bio-
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chemical and genetic techniques. The sporula-
tion amyloglucosidase (SAG) (first described in
this laboratory [5]) is such a protein. It is easily
detected and amenable to such analysis. The
enzyme appears in sporulating cells at about 8 to
10 h after the shift to sporulation medium (SPM)
and is responsible for the extensive glycogen
degmdation which occurs in the cells at the time
of completion of meiosis (5). Nonspomlating
cells, by contrast, accumulate large amounts of
glycogen, but do not degrade it (5). SAG is
distinct from glycogen phosphorylase (12) and a-
glucosidase (maltase) (16, 28), which are found
in vegetative cells; it may be a sporulation-
specific enzyme. Understanding the regulation
of SAG appearance in sporulating cultures may
therefore provide insight into the way that other
sporulation events are regulated.
As a first step toward understanding SAG

regulation, we have analyzed its appearance in
cells arrested at a series of stages in sporulation,
either by the presence of inhibitors or because of
a genetic constitution which renders them aspor-
ogenous (i.e., haploidy, mating type homozy-
gosity, or temperature sensitivity in functions
required for DNA replication and meiosis). The
purpose of this analysis was to determine wheth-
er SAG appearance in sporulating cells depends
on normal progress of the cells through DNA
replication and meiosis or whether it is regulated
in some other way independent of the meiotic
process. The results demonstrate that premeiot-
ic DNA replication and possibly some recombi-
nation events are necessary for the appearance
of SAG but that completion of the meiotic
divisions is not. We have also examined vegeta-
tive cells under conditions where glycogen ca-
tabolism occurs to determine whether SAG is
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expressed. The absence of the activity in these
cells suggests that SAG is a sporulation-specific
enzyme.

MATERIALS AND METHODS
Yeast strains. The standard yeast strains used in this

study were APla/a, APla/a (20), AP3a/a, AP3a/a,
AP3a/a, and X2180-1A which was obtained from The
Yeast Genetic Stock Center in Berkeley, Calif. The
AP3 strains were obtained from A. Hopper. AP3a/a
was derived from a cross between A36A4 and a3131-
20. AP3a/a and AP3a/a were derived from UV irradia-
tion of the diploid AP3. Temperature-sensitive diploid
homozygous spo mutants (spol spo3 spo7) (8, 11) and
their parent strain S41 were obtained from R. E.
Esposito. A diploid homozygous for the temperature-
sensitive cell division cycle mutation, cdc4 (18), was
obtained from Breck Byers. RD5, a diploid homozy-
gous for the rad52-1 (33) allele was constructed from
haploid radS2-1 strains obtained from R. Malone.
Growth and sporulation of cells. Cells were ordinari-

ly pregrown in the acetate-containing presporulation
medium (PSP) of Roth and Halvorson (34) or in YEP
(10 g of yeast extract and 10 g of peptone) + 10 g
potassium acetate per liter of distilled water. Cell
cultures (100 to 1,000 ml) were grown at 30 or 22°C
(cdc4) with shaking until the cell density reached 1 x
107 to 2 x 107 cells per ml. The cells were harvested by
centrifugation at 4,000 x g for 5 min, washed twice by
centrifugation in sterile distilled water, suspended in
SPM (3 g of potassium acetate and 0.2 g of raffinose
per liter of distilled water) to a concentration of 2 x 107
to 3 x 107 cells per ml, and incubated with shaking at
the sporulation temperature (22, 30, or 36°C, depend-
ing on the experiment). Potassium chloride (4.5%) was
added to the SPM in some experiments with the
sporulation mutants, and adenine (40 p.g/ml) or argi-
nine (40 ,ug/ml) was included in the medium when the
strains used contained these auxotrophic markers. In
some experiments, cells were grown in YEPD (10 g of
yeast extract, 10 g of peptone, and 20 g of dextrose per
liter of distilled water).
Preparation of cell extracts. Washed cells were sus-

pended to a density of 1 x 109 to 3 x 109 cells per ml in
0.1 M Na-citrate buffer (pH 6.2) containing the prote-
ase inhibitors phenylmethylsulfonyl fluoride (0.3 mg/
ml, predissolved in 95% ethanol [32]) and aprotinin
(Sigma Chemical Co.) (13). When 5 x 109 cells or more
were to be broken, the Bronwill homogenizer was
used. The cell suspension was transferred to a Bron-
will flask containing 2 to 10 g of Glasperlen glass beads
(0.45 mm diameter; B. Braun Melsungen AG, Germa-
ny), and the cells were cooled with compressed CO2
during homogenization (90 to 120 s). When fewer than
5 x 109 cells were used, they were broken by blending
in a Vortex mixer with glass beads by a method similar
to that of Kraig and Haber (21). Breakage with either
method was always greater than 90%o. The broken cell
suspension was immediately centrifuged at 12,000 x g
(10,000 rpm in a Sorvall SS34 rotor) for 20 min and
then at 50,000 rpm for 2 h in a Beckman Type 65 rotor
(Rma,x, 218,000 x g). The supernatant was dialyzed for
12 to 18 h against two changes of 0.1 M sodium citrate
buffer at pH 6.2 and then either stored at -20°C or
assayed immediately for SAG and protein. Control
experiments demonstrated that SAG activity was very
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low in particulate fractions in both nonsporulating
cells and in cells undergoing sporulation.

Nuclear staining. Progress through meiosis and the
percentage of sporulation were monitored by use of
the fluorescent stain 4,6-diamidino-2-phenylindole
(43). Epifluorescence of the cells was observed with a
Zeiss fluorescence phase-contrast microscope, and
cell types were counted with a phase-contrast hemocy-
tometer. At least 300 cells were counted for each time
point.

Analytical methods. SAG was assayed by measuring
the rate of glucose release from glycogen using a
coupled assay system containing glucose oxidase (EC
1.1.3.4), peroxidase (EC 1.11.1.7), and o-dianisidine,
as described previously (5), except that 0.33 mM p-
chloromercuribenzoate (PCMB) was included in the
assay mixture in some of the experiments. D-Glucose
was used as a standard. Specific activity was ex-
pressed in milliunits per milligram of protein, where
one unit is defined as 1 ,umol of glucose released per
minute. Protein was determined by the method of
Lowry et al. (26).

RESULTS
SAG appearance in sporulating cells. Cyclo-

heximide arrests sporulation if it is added to the
cells at any time before ascus formation is
complete (20). Glycogen degradation becomes
insensitive to the drug only shortly before this
event occurs (20), suggesting that it might be
mediated by proteins which are synthesized at
this time. To determine whether SAG appear-
ance depended on continued protein synthesis,
we examined APla/a cells incubated in SPM in
the presence and absence of cycloheximide. The
addition of cycloheximide (100 ,jg/ml) after 5 h
of incubation in SPM completely prevented
SAG appearance (Fig. 1). When the inhibitor
was added at 9 h, when SAG specific activity is
increasing, no further increase was observed
and the level ofSAG activity remained constant.
In the control culture, SAG appeared normally.
This experiment suggests that SAG may be
synthesized de novo during sporulation, but it is
also possible that its appearance depends on the
synthesis of an activator or other proteins.

Sporulation specificity of SAG. Many yeast
strains grown under the appropriate condition
contain enzymes which are capable of releasing
glucose from a-1,4-glucosides and a-1,6-gluco-
sides of various lengths. These include maltase,
which can comprise up to 2% of the soluble
protein in some strains (28), isomaltase (a-meth-
ylglucosidase) (22), and glucoamylase (19). Re-
lease of glucose from glycogen could also be due
to an amylase in combination with maltase or to
glycogen phosphorylase and a phosphatase. Al-
though little or no soluble a-1,4-glucosidase ac-
tivity is present in APla/a cells during pre-
growth in PSP (Table 1), it was possible that
SAG might be present in some vegetative cells
but that this activity had been attributed to one
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FIG. 1. Inhibition of the appearance of glycogeno-

lytic activity by cycloheximide. A vegetatively grow-
ing PSP culture of APla/a (-3 x 107 cells per ml) was
shifted into SPM and incubated at 30°C (@). At 5 (A)
and 9 h (AX), cycloheximide (100 Lg/ml) was added to
portions of the culture as indicated by the arrows. At
the indicated times, 50-ml samples were harvested
from the three cultures, the cells were stored at -20°C
until crude extracts were made by blending in a Vortex
mixer with glass beads as described in Materials and
Methods. SAG activity was assayed in the presence of
0.33 mM PCMB by measuring the release of glucose
from glycogen with glucose oxidase, as described
above.

of these other enzymes. SAG activity can be
distinguished from other activities observed in
crude extracts by sensitivity to inhibitors, par-
ticularly the sulfhydryl reagent, PCMB (0.33
mM) (M. J. Clancy and P. T. Magee, manuscript
in preparation). We therefore assayed amyloglu-
cosidase activity in the presence and absence of
this inhibitor in extracts from APla/a cells har-
vested in the exponential phase of growth in
YEP acetate, PSP, and YEPD, in stationary
phase in YEPD, and in stationary-phase cells
shifted to fresh YEPD for the presence of an
enzyme insensitive to this inhibitor. Significant
activity against glycogen was observed in ex-
tracts from YEP-acetate-grown cells and in
those from stationary-phase cells shifted to fresh
YEPD, but these activities were about 85 to 90%o
inhibited by 0.33 mM PCMB (Table 1). The
activity in extracts from sporulating cells was
not inhibited at this concentration (Table 1),
showing that the sporulation activity was dis-
tinct from those present in vegetative cells, and
that if SAG is present in the vegetative cultures
examined, its level must be at least 20 to 100
times lower than in sporulating cells.

Appearance of SAG in sporulating and non-
sporulating cells. Cells which are either haploid
or diploid and homozygous at the mating type
locus (a/a or a/a) undergo the physiological
changes associated with starvation which are
presumably involved in the initiation of meiosis
in a/a cells, but fail to undergo premeiotic S or
meiosis (20). To determine whether SAG ap-
pearance depended on entry into meiosis or
resulted merely from prolonged starvation in
SPM, we shifted cultures of the sporulation-
proficient APla/a and the asporogenous diploid
APla/a and haploid X2180-1A to SPM and ex-
amined them for SAG activity and sporulation at
0, 24, 48, and 72 h after the shift. The specific
activity of SAG after 24 h of incubation in SPM
was about 200-fold higher in the APla/a culture
than in the APla/a culture and 400-fold higher
than in the haploid X2180-1A (Table 2). The
SAG activity in the sporulated culture declined
after the completion of sporulation, whereas the
slight activity observed in the a/a and haploid
cultures increased marginally. At 72 h, when the
activity in the APla/a culture had declined to
509o of the value obtained at 24 h, the activity in
the a/a culture was still at least eightfold lower
than in the a/a cells. The extent of sporulation
was 48% in the a/a culture, and no asci were
observed in the other cultures. A similar experi-
ment was performed with the diploid strains
AP3a/a, AP3a/a, and AP3a/a (Table 2). As in
experiment 1, glycogen-degrading activity was
low in the nonsporulating cells (a/a and a/a) but
high in the sporulating a/a culture. These results
demonstrate that the physiological adaptations
to starvation occurring in asporogenous (a/a,
a/a, and haploid) cells are not sufficient for SAG
expression and suggest that events specific to
a/a cells may also be necessary.
Appearance of SAG in cells unable to com-

plete DNA synthesis and recombination. To
determine whether premeiotic DNA synthesis is
required for SAG appearance, we measured the

TABLE 1. SAG specific activity in APla/a cells
with glycogen as substrate

Sp act
Medium

-PCMB +PCMB
YEP acetate 2.25 0.221
YEPD

Exponential growth 0.0381 NDa
Stationary phase 0.261 ND

Fresh YEPDb 7.66 1.08
PSP 0.309 0.0387
Sporulating cells 23.3 23.7

a ND, Not determined.
b Cells were grown to stationary phase in YEPD

then shifted to fresh YEPD and incubated at 30°C for
30 min.
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TABLE 2. SAG specific activity in strains of S. cerevisiaea
Sp act at following time in sporulation medium (h):

Strain
0 24 48 72

APla/a 0.202 16.2b (ND)C 12.5b (48)d 8.45b (43)
APla/a ob 0.104b (0) 0.697b (0) 1.67b (0)
X2180-1A 0.0487 0.0382b (0) 0.540b (0) 1.24b (0)

AP3a/'e 0.681 9.77 (58.0) 11.3 (ND) 8.07 (78.0)
AP3a/a' 0.418 0.369 (0) 0.282 (0) 0.124 (0)
AP3ala' 0.234 0.562 (0) 1.19 (0) 0.446 (0)

a Unless otherwise noted, all extracts were made from cells incubated at 30°C in SPM after pregrowth in PSP,
and SAG activity was assayed in the presence of 0.33 mM PCMB.
bAssayed in the absence of 0.33 mM PCMB.
c ND, Not determined.
d Numbers in parentheses indicate the percentage of sporulation.
' YEP acetate preculture.

specific activity of SAG in APla/a cells incubat-
ed in SPM in the presence of DNA synthesis
inhibitors and in a strain containing a tempera-
ture-sensitive mutation affecting DNA synthesis
(cdc4 [39]). Table 3 shows the effect of hydroxy-
urea (6 mg/ml) (38) and sulfanilamide (12 mg/ml)
(4) on the level ofSAG in APla/a cells incubated
for 24 h in SPM after pregrowth in PSP. The
specific activity of SAG was about 65-fold lower
in the hydroxyurea-treated culture and 220-fold
lower in the sulfanilamide-treated culture than in
the untreated APla/a cells. Cells treated with
these inhibitors failed to sporulate and remained
mononucleate.
A culture of the homozygous diploid strain

cdc4 (temperature sensitive for vegetative and
premeiotic DNA synthesis) was pregrown in
YEP acetate at 220C and shifted to SPM at 340C
(the restrictive temperature) or at 220C. In this
experiment and in those experiments with spo
mutants (to be described below) the cells were
precultured in YEP acetate because these
strains grew poorly in PSP. As a result, sporula-

TABLE 3. SAG specific activity in a/a diploid strain
API arrested at premeiotic DNA synthesisa

Inhibitor % Sporulation Sp act

None 70M 37.6
Hydroxyurea <0.5% 0.578
Sulfanilamide <0.3% 0.171

a A 100-ml culture of APla/a was grown in PSP to a
concentration of 3.7 x 107 cells per ml and shifted to
150 ml of SPM. This culture was divided immediately
into three subcultures, and hydroxyurea (6 mg/ml) or
sulfanilamide (12 mg/ml) was added to two subcul-
tures. The third culture contained no inhibitor (con-
trol). After 24 h of incubation in SPM, celis were
harvested by centrifugation and broken by blending in
a Vortex mixer with glass beads (18). Extracts were
prepared and assayed for SAG in the presence of 0.33
mM PCMB as described in Materials and Methods.

tion was slower than that observed with PSP-
grown cells. Samples were removed at 0, 24, 48,
and 72 h after the shift, and the cells were
monitored for SAG appearance and progress
through meiosis. cdc4 cells at 22°C progressed
normally through meiosis and spore formation,
as indicated by a high percentage of bi- and
tetranucleate cells (data not shown) and by the
amount of sporulation at 48 and 72 h (46.7 and
50.3%, respectively). The 34°C cells, however,
were generally arrested at the mononucleate
stage, and the specific activity of SAG was at
least 10 times lower than in the 22°C cells (Table
4). We conclude from these experiments that
premeiotic DNA synthesis is necessary for SAG
expression in sporulating cells. Further experi-
ments were then performed to determine wheth-
er later meiotic events (i.e., recombination and
meiotic divisions) were also required for SAG
expression.
APia/a cells harbor a mutation, pacl, which

prevents completion of meiosis at 36C (7); these
cells undergo DNA synthesis, though slightly
later than do those at 30°C, form synaptonemal
complexes, and become committed to recombi-
nation at high levels, but they fail to complete
recombination or to undergo the meiotic divi-
sion. They complete recombination normally if
returned to vegetative medium at either 30 or
36°C (unpublished data). To determine whether
SAG appears in APla/a cells arrested in pachy-
tene at 360C, extracts were prepared from
APla/a cells sampled at intervals during incuba-
tion in SPM at 30 and 360C and assayed for this
activity. Only the 30°C (control) cells showed a
high specific activity of SAG, although some
activity was present in 360C cells at later times
(Fig. 2A). This may be due to a slight leakiness
of the 360C block, since a few cells (-5%6) were
able to progress through meiosis to form asci in
some experiments (not shown). The low level of
activity observed in the 360C cells cannot be
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appearance of this activity may require comple-
tion of recombination. To examine this possibili-
ty, the appearance of SAG was monitored in
RD-5, a diploid strain homozygous for the
radS2-1 allele, which increases X-ray sensitivity
and reduces sporulation (14, 33). The RAD52
gene product may be involved in generalized
recombination, since mutations in the RADS2
gene reduce both meiotic (15, 31) and mitotic
(27) recombination. RD-5 cells incubated in
SPM at 30°C were sampled at 0, 24, 48, and 72 h
and examined for progress through meiosis and
for SAG activity. Although mature asci were not
observed, the appearance of bi- and tetranu-
cleate cells indicated that entry into meiosis had
occurred (data not shown). SAG activity was
present in these cells at essentially normal levels
(Fig. 2B). This shows that successful completion
of recombination is not necessary for the ap-

10 15 20 25 pearance of SAG.
_______________ SAG appearance in cells unable to complete

, | meiosis. The specific activity of SAG was also
determined in sporulation mutants which are
blocked at meiosis I (spol) or in nuclear migra-
tion after meiosis II (spo3) (8). Cultures of spol
and spo3 were grown in YEP acetate at 30°C and
shifted to SPM at 22 and 340C. Samples were
taken at intervals for determination of the per-
centage of sporulation and the specific activity
of SAG. In both mutants SAG occurred at
roughly the same specific activity in the 22°C
cells as in the 34°C cells (Table 4). The specific
activity in spol (Table 4) at both temperatures,
however, was considerably lower than in spo3
or its parent strain S41 (Table 4). This was
probably due to a failure of many of the spol
cells to initiate sporulation even at 220C, as

A.ŝ| suggested by the low percentage of asci (9.2%).
24 48 72 We conclude from the experiments with mu-

tants and inhibitors that SAG appearance is a
HOURS IN SPM developmental event which depends on DNA

ivity in cells blocked in pachytene synthesis and some pachytene steps but not on
to complete recombination. PSP completion of the meiotic divisions.

cultures were shifted into SPM at a concentration of
2.5 x 10' cells per ml. (A) APla/a incubated at either
30°C (@) or 36°C (0). At various times, 50-ml portions
were harvested, broken by blending in a Vortex mixer
with glass beads, and assayed as in Fig. 1. Ascus
formation was 63 and 0%o at 24 h in the 30 and 36°C
cultures, respectively. (B) PSP preculture ofRD-5 was
shifted to SPM at 2 x 10' cells per ml and incubated at
30°C. At the indicated times, 250-ml portions were
harvested, broken by Bronwell homogenation and
assayed as in Fig. 1.

due to loss of viability, since these cells had
normal levels of SAG if they were returned to
30°C (not shown).
The failure of cells blocked in DNA synthesis

or pachytene to express SAG suggests that the

DISCUSSION
The evidence presented here indicates that the

amyloglucosidase activity which appears in
sporulating S. cerevisiae cells at the time of
completion of meiosis is developmentally regu-
lated and is probably unique to sporulating cells.
The temporal regulation of this activity may be
achieved by coordination with the meiotic proc-
ess. SAG falls into the class of functions which
are under the control of mating type, since it is
not expressed in a cells or a/a and a/a cells in
sporulation medium. Neither does it occur in a/a
cells under vegetative conditions in which accu-
mulation or degradation of glycogen occurs (23).
The low level of activity seen in the nonsporulat-

5

VOL. 2, 1982



176 CLANCY, SMITH, AND MAGEE

TABLE 4. SAG specific activity in mutants of S. cerevisiae'
Sp act at following time in sporulation medium (h):

Strain Stage of arrest
0 24 48 72 9

S41 NDb 220C 2.18 (10.5)C 78.4 (48) 64.9 (54) ND
340C 3.00 (4.4) 53.8 (34.0) 51.8 (29) ND

cdc4 DNA synthesis 0.154 220C 3.63 (18.0) 23.0 (46.7) 24.6 (50.3) ND
340C 1.69 (0) 1.18 (0) 2.82 (0) ND

Spold Meiosisd 0.421 220C ND 5.54 (7.1) 9.80 (9.2) 12.5 (9.2)
340C ND 9.47 (0) 9.82 (0) 10.5 (0)

spo3d Spore formation 0.151 220C 1.37 (0) 13.2 (ND) ND 61.6 (51.0)
340C 3.19 (0) 55.7 (ND) ND 95.5 (9.5)

All strains were preincubated in YEP acetate at 220C (cdc4) or 300C (S41 and spo mutants), SAG-specific
activity was determined in the presence of 0.33 mM PCMB after incubation in SPM at 220C (permissive
temperature) and 340C (restrictive temperature) as described in Materials and Methods.

b ND, Not determined.
c Numbers in parentheses indicate the percentage of sporulation.
d Incubation in SPM was done in the presence of 4.5% KCl.

ing cells may be attributed to another enzyme,
since it is sensitive to the addition of PCMB, a
compound to which SAG is relatively insensi-
tive. It could also be due to glycogen phosphory-
lase in combination with a phosphatase. It would
thus seem that SAG is a true sporulation-specific
enzyme, the only one so far identified, although
numerous sporulation-specific activities (such as
nucleases and DNA repair enzymes) have been
postulated to exist (40). Developmentally specif-
ic proteins have also been observed in other
systems, particularly in Dictyostelium discoi-
deum, in which a series of stage-specific enzyme
activities has been detected (24, 25, 36).
The programmed appearance of a substantial

enzyme activity and its apparent restriction to
sporulating cells is in apparent contradiction to
the results of Trew et al. (40) and Kraig and
Haber (21), who have looked for sporulation-
specific proteins on two-dimensional gels with
no success. Several possible explanations for
this discrepancy may be considered. For exam-
ple, the SAG protein might be a very small
fraction of the protein synthesis at any one time,
it might have properties which make it difficult
to detect on a gel (i.e., be very basic), or it might
be synthesized in vegetative cells and activated
during sporulation by a proteolytic modification.
Kraig and Haber have estimated that only the
most prominent 10%o of proteins synthesized by
sporulating cells are observed by two-dimen-
sional analysis; if SAG is not a member of this
prominent group of proteins, it could easily have
been undetected on the gels (21). These possibil-
ities can be resolved by immunoprecipitation of
labeled extracts. Our preliminary experiments
with antibody against purified SAG suggest that
SAG is, in fact, synthesized de novo during

sporulation (Clancy and Magee, unpublished
data). The requirement for protein synthesis
until the time of SAG appearance (Fig. 1) also
supports this notion.
Genetic analysis of mutants defective in the

cell cycle (cdc) (17, 31, 37, 39) and sporulation
(spo) (8, 9) and similar mutants in other develop-
mental systems (D. discoideum [25], Polysphon-
dylium violaceum [42], and Caulobacter cres-
centus [29]) has led to models for development
in which the order of events (i.e. in this case,
DNA replication, nuclear division, etc.) is fixed;
as a consequence particular events fail to occur
when early events are blocked. The existence of
these developmental mutants in S. cerevisiae
has enabled us to ask whether SAG appearance
is coordinated with the meiotic process and to
characterize relatively precisely the stage in
sporulation upon which it is dependent. Our
results demonstrate that SAG activity fails to
appear in asporogenous cells and in cells in
which sporulation is arrested before or during
premeiotic DNA synthesis (by the cdc4 muta-
tion or the inhibitors hydroxyurea or sulfanil-
amide). When meiosis is arrested at the first
division (spol) or after the second division
(spo3), however, SAG appearance occurs nor-
mally. This indicates that SAG appearance in
sporulating cells depends on premeiotic DNA
synthesis or later steps, but not on completion of
the meiotic divisions. The results obtained when
SAG appearance was measured in cells arrested
during recombination in pacl or rad52 cells
indicate that SAG expression depends on some
recombination steps but not on the successful
completion of recombination. These experi-
ments demonstrate that SAG appearance de-
pends on progress through meiosis and that SAG
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is a developmentally regulated enzyme. An un-
derstanding of the molecular basis of this regula-
tion will require isolation and a detailed charac-
terization of the SAG gene and its product; these
experiments are currently in progress.

ACKNOWLEDGMENTS
The authors acknowledge the assistance of the departmental

clerical staff, especially B. Schmidt, in the preparation of this
manuscript and D. Lee for help with some of the experiments.
We also thank L. Snyder and R. Patterson for critically
reading the manuscript and R. Malone, R. Esposito, and B.
Byers for sending their strains.

This manuscript was supported by National Science Foun-
dation grant PCM 7812581-04.

LITERATURE cTED
1. Alton, T. H., and H. F. Lodlsh. 1977. Developmental

changes in messenger RNA and protein synthesis in
Dictyostelium discoideum. Dev. Biol. 60:180-206.

2. Barnett, T., C. Pacl, J. P. Grgen, and P. C. Wenslck.
1980. The isolation and characterization of Drosophila
yolk protein genes. Cell 21:729-738.

3. Cbeung, K. K., and A. Newton. 1977. Patterns of protein
synthesis during development of Caulobacter crescentus.
Dev. Biol. 56:417-425.

4. Coonna, W. J., J. M. Gentile, and P. T. Magee. 1977.
Inhibition by sulfanilamide of sporulation in Saccharomy-
ces cerevisiae. Can. J. Microbiol. 23:659-671.

5. Colonna, W. J., and P. T. Magee. 1978. Glycogenolytic
enzymes in sporulating yeast. J. Bacteriol. 134:844-853.

6. Croea, A. F. 1967. Induction of meiosis in yeast. I. Timing
of cytological and biochemical events. Planta 76:209-226.

7. Davidow, L., L. Goetsch, and B. Byers. 1980. Preferential
occurrence of nonsister spores in two-spored asci of
Saccharomyces cerevisiae: evidence for regulation of
spore-wall formation by the spindle pole body. Genetics
94:581-595.

8. Espodto, M. S., and R. E. Esposito. 1974. Genes control-
ling meiosis and spore formation in yeast. Genetics
78:215-225.

9. Esposito, M. S., and R. E. Esposito. 1978. Aspects of the
genetic control of meiosis and ascospore development
inferred from the study of spo (sporulation-deficient)
mutants of Saccharomyces cerevisiae. Biol. Cellulaire
33:93-102.

10. Esposito, M. S., R. E. Esposito, M. Arnud, and H. 0.
Halvorson. 1969. Acetate utilization and macromolecular
synthesis during sporulation of yeast. J. Bacteriol.
100:180-186.

11. Espodto, R. E., N. Frink, P.Bernsten, d M. S. Esposito.
1972. The genetic control of sporulation in Saccharomy-
ces. 11. Dominance and complementation of mutants of
meiosis and spore formation. Mol. Gen. Genetics
114:241-248.

12. Fosset, M., L. W. Muir, L. 0. NIen, and E. H. Fbcher.
1971. Purification and properties of yeast glycogen phos-
phorylase a and b. Biochemistry 10:4105-4113.

13. Fritz, H., G. Hartwlch, and E. Werwe. 1966. Uber Protease
inhibitoren. I. Isolierang and Charakterisierung des Tryp-
sininhibitors aus Pankreasgewebe und Pankreassekret.
Hoppe-Seylers Z. Physiol. Chem. 345:150-157.

14. Game, J. C., and R. K. Mordmer. 1974. A genetic study of
x-ray sensitive mutants in yeast. Mutat. Res. 24:281-292.

15. Game, J. C., T. J. Zamb, R. J. Braun, M. Resnick, and R.
M. Roth. 1980. The role of radiation (rad) genes in meiotic
recombination in yeast. Genetics 94:51-68.

16. Halvorson, H. 1966. a-Glucosidase from yeast. Methods
Enzymol. 8:559-562.

17. Hartwell, L. H. 1974. Saccharomyces cerevisiae cell

cycle. Bacteriol. Rev. 39:164-198.
18. Hereford, L. M., and L. H Hartwell. 1974. Sequential gene

function in the initiation of Saccharomyces cerevisiae
DNA synthesis. J. Mol. Biol. 84:445-461.

19. Hopkins, R. D., and D. Kolka. 1957. The glucamylase and
debrancher of S. diastaticus. Arch. Biochem. Biophys.
69:45-55.

20. Hopper, A. K., P. T. Magee, S. K. Wekh, M. Friedman,
and B. D. Hall. 1974. Macromolecule synthesis and break-
down in relation to sporulation and meiosis in yeast. J.
Bacteriol. 119:619-629.

21. Kraig, E., and J. E. Haber. 1980. Messenger ribonucleic
acid and protein metabolism during sporulation of Sac-
charomyces cerevisiae. J. Bacteriol. 144:1098-1112.

22. Lai, H. L., and B. Axelrod. 1975. The specificity of the
synthetic reaction of two yeast a-glucosidases. Biochim.
Biophys. Acta 391:121-128.

23. Llhe, S. H., and J. R. Pringle. 1980. Reserve carbohy-
drate metabolism in Saccharomyces cerevisiae: responses
to nutrient limitation. J. Bacteriol. 143:1384-1394.

24. Loomis, W. F., Jr. 1969. Developmental regulation of
alkaline phosphatase in Dictyostelium discoideum. J. Bac-
teriol. 100:417-422.

25. Loomis, W. F., Jr., S. White, and R. Dhmond. 1976. A
sequence of dependent stages in the development of
Dictyostelium discoideum. Dev. Biol. 53:171-177.

26. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

27. Malone, R. E., and R. E. Esposito. 1980. The RAD52 gene
is required for homothallic interconversion of mating
types and spontaneous mitotic recombination in yeast.
Proc. Natl. Acad. Sci. U.S.A. 77:503-507.

28. Needleman, R. B., H. J. Federoff, T. R. Eccleshall, B.
Bochferer, ad J. Marmur. 1978. Purification and charac-
terization of an ca-glucosidase from Saccharomyces carls-
bergensis. Biochemistry 17:4657-4661.

29. Osley, M. A., and A. Newton. 1980. Temporal control of
the cell cycle in Caulobacter crescentus: roles of DNA
chain elongation and completion. J. Mol. Biol. 138:109-
128.

30. Pifion, R., Y. Salts, and G. Shnchen. 1974. Nuclear and
mitochondrial DNA synthesis during yeast sporulation.
Exp. Cell Res. 83:231-238.

31. Prakash, S., L. Prakash, W. Burke, and B. A. Monteleone.
1980. Effects of the RAD52 gene on recombination in
Saccharomyces cerevisiae. Genetics 94:34-50.

32. Pringle, J. 1975. Methods for avoiding proteolytic artifacts
in studies of enzymes and other proteins from yeast.
Methods Cell Biol. 12:149-184.

33. Resnklck, M. A. 1969. Genetic control of radiation sensitiv-
ity in Saccharomyces cerevisiae. Genetics 62:519-531.

34. Roth, R., and H. 0. Halvorn. 1969. Sporulation of yeast
harvested during logarithmic growth. J. Bacteriol. 98:831-
832.

35. Roth, R., and K. Lusak. 1970. DNA synthesis during
yeast sporulation: genetic control of an early developmen-
tal event. Science 168:493-494.

36. Roth, R., and M. Su_sman. 1968. Trehalose 6-phosphate
synthetase (uridine diphosphate glucose:D-glucose6-
phosphate 1-glucosyl transferase) and its regulation during
slime mold development. J. Biol. Chem. 243:5081-5087.

37. SchIld, D., and B. Byers. 1978. Meiotic effects of DNA-
defective cell division cycle mutations of Saccharomyces
cerevisiae. Chromosoma 70:109-130.

38. Sgva-Lopez, E., T. J. Zamb, and R. Roth. 1975. Role of
premeiotic replication in gene conversion. Nature (Lon-
don) 253:212-214.

39. Simchen, G., and J. Hlrschberg. 1977. Effects of the
mitotic cell-cycle mutation cdc4 on yeast meiosis. Genet-
ics 86:57-72.

40. Trew, B. J., J. Friesen, and P. Moens. 1979. Two-dimen-
sional protein patterns during growth and sporulation in
Saccharomyces cerevisiae. J. Bacteriol. 138:60-69.

41. Waring, G. L., and A. P. Mahowald. 1979. Identification

VOL. 2, 1982



178 CLANCY, SMITH, AND MAGEE

and time of synthesis of chorion proteins in Drosophila
melanogaster. Cell 16:599-607.

42. Warren, A. J., W. D. Warren, and E. C. Cox. 1976.
Genetic and morphological study of aggregation in the
cellular slime mold Polysphondylium violaceum. Genetics

MOL. CELL. BIOL.

83:25-47.
43. WulHamon, D. H., and D. J. FenneU. 1975. The use of

fluorescent DNA-binding agent for detecting and separat-
ing yeast mitochondrial DNA. Methods Cell Biol. 12:335-
351.


