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pho4 mutants of Saccharomyces cerevisiae, although rare among phosphatase-
negative mutants isolated from wild-type strains, were isolated efficiently from
pho80, pho85, or pho80 pho85 strains. The distribution of these pho4 mutants
over the pho4 locus was determined by analyzing random spores of two- and
three-factor crosses. The pho4-4 mutation confers temperature-sensitive synthesis
of repressible acid phosphatase. An intragenic suppressor for the pho4-12 allele
results in the temperature-sensitive synthesis of repressible acid phosphatase.
Recombination between these sites occurs at 1.0 to 3.0%, the highest for any pair
of sites within the pho4 locus. All these results strongly indicate that the
information of the pho4 locus is translated into a protein. The PHOS82 site was
mapped inside the pho4 locus by random spore analysis. The order met10-pho4-
1PHO82-1-pho4-9 on the right arm of chromosome VI was confirmed by tetrad
analysis. Doubly heterozygous diploids, pho3 PHO82° PHO4" /pho3 pho82* pho4,
produce variable amounts of repressible acid phosphatase under repressive con-
ditions depending on the combination of PHO82° and pho4 alleles. This phenom-
enon may reflect the constitutive production of the pho82*-pho4 product in the
repressed condition, which interferes with the function of the PHO82°-PHO4*
product. The earlier model for the function of the PHO82-pho4 cluster, in which
the PHOS2 site acts as an operator of the pho4 gene, has been revised to a model
in which the PHOS2 site codes for the part of the pho4 protein that has affinity

for the regulatory protein encoded by the pho80 and pho85 genes.

Many strains of Saccharomyces cerevisiae
have two species of acid phosphatase (E.C.
3.1.3.2): one is a constitutive enzyme coded for
by the pho3 (previous designation was phoC)
gene, and the other is a repressible enzyme en-
coded by the pho5 (phoE or acpl) gene (4, 14,
17, 20). The pho3 and pho5 genes form a cluster
on chromosome II. The pho5 or acpl locus has
been mapped between tsmi134 and lys2 by
Hansche et al. (4). Besides the structural gene,
at least five genes, pho2 (phoB), pho4 (phoD),
pho81 (phoS), pho80 (phoR), and pho85
(phol), have been found to be involved in the
synthesis of repressible acid phosphatase (20,
23). Another gene, pho84 (phoT), originally
identified as a mutant showing constitutive syn-
thesis of acid phosphatase, seems to be defective
in taking up inorganic phosphate (22). Recently,
pho80 was mapped near the centromere of chro-
mosome XV (V. Beres, personal communica-
tion), pho2 was mapped on the left arm of chro-
mosome IV, pho4 was mapped on the right arm

1 Present address: Institute of Pharmacy, Kanebo Co., Ltd.,
Miyakojima-Ku, Osaka, Japan.

of chromosome VI, and pho85 was located on
the left arm of chromosome XVI (16). Strains
with recessive mutations in pho2, pho4, or pho81
do not produce the repressible acid phosphatase,
even under low-phosphate conditions where
repression is normally released. The pho4 and
pho81 mutations also result in a defect in the
derepression of both nonspecific alkaline phos-
phatase (18) and inorganic phosphate uptake (Y.
Tamai et al., unpublished data). The pho2 mu-
tations also result in the inability to take up
inorganic phosphate (Y. Tamai, unpublished
data). Recessive mutations occurring in the
Ppho80 or pho85 loci result in the constitutive
synthesis of repressible acid and alkaline phos-
phatases. From the analysis of various double
mutants containing one constitutive mutation
and one phosphatase-negative mutation, we sug-
gested a possible function for each gene: (i)
Ppho80 and pho85 code for polypeptides which
together form a repressor protein exerting neg-
ative control, (ii) pho2 and pho4 genes code for
certain proteins working as positive effectors for
the expression of the structural gene, and (iii)
the pho81 gene product controls the activity of
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the repressor encoded by the pho80 and pho85
genes. A PHOS82 (PHOO) mutation conferring
a dominant constitutive phenotype was found
very near to the pho4 locus (19). Since the
expression of the PHOS82 phenotype needs an
active pho4 allele in cis position, the PHOS82 site
was believed to be an operator of the pho4 gene
(19). This circumstance resembles that of the
GALS8I-gal4 locus in the gal system of yeast (3).

In this communication, the PHO82-pho4locus
is studied further by making a fine-structure
map of this locus and by analyzing the synthesis
of acid phosphatase by PHO82° PHO4"* /pho82*
Dpho4 diploids. Mapping of the PHO82 mutation
sites in relation to the pho4 mutation sites was
carried out by random spore analysis as well as
tetrad analysis, and the PHOS82 sites were found
in a narrow region located inside the pho4 locus.
Acid phosphatase activity shown by PHO82°
PHO4" /pho82* pho4 diploids grown under the
repressing conditions varied depending on the
combination of the PHOS82 and pho4 alleles.
These results strongly suggest that the PHO82
site does not represent an operator locus of the
pho4 gene, but that it encodes a special region
of pho4 product which may interact with the
regulatory factor produced by pho80 and pho85
genes.

TOH-E, INOUYE, AND OSHIMA

MATERIALS AND METHODS

Strains. The principal strains used in this study
are listed in Table 1. The nomenclature system of
yeast genetic markers recommended by Plischke et al.
(9) is used except for mating types (designated a and
a). The conventional naming system is shown in pa-
rentheses as appropriate. Since all the strains were
marked with the pko3- I mutant allele to eliminate the
activity of the constitutive acid phosphatase, pho3-1

TABLE 1. Strains of S. cerevisiae

Strain Genotype Source or reference
YATS1 a pho3-1 his7 This study
YAT®62 a pho3-1 his7 This study
YAT129 a pho3-1 met10 This study
AX-26-4A  apho3-1leu** his* This study
P-137-1A a pho3-1 cyh Cycloheximide-resist-
ant mutant derived
from K-4-13D (17)
P-135-8B a pho3-1 pho4-4 This study
R6-3C a pho3-1 PHO4-12R6  This study
P-144-2D a pho3-1 pho4-1 argé  This study
AL-21-2A  a pho3-1 pho4-1 Our stock culture (18)
Q-101-3B  a pho3-1 pho80 pho85 Our stock culture (23)
Q-101-3C & pho3-1 pho80 pho85  Our stock culture (23)
P-159-1B a pho3-1 PHO82-1 Our stock culture (19)
P-122-2A a pho3-1 pho4-1 This study
PHO82-1
P-227-2A a pho3-1 pho4-9 This study
PHO82-1
P-240-1A a pho3-1 pho4-5 This study
PHO82-1

? The locus is not known.
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is omitted from the description of the genotype of the
strains used here. Mutants were isolated from auxo-
trophic strains to facilitate complementation tests.
After these mutants were assigned to loci, the auxo-
trophic markers were crossed out by backcrossing each
mutant with the wild-type strain, since the presence
of an auxotrophic marker sometimes reduces acid
phosphatase activity (unpublished data).

Additional mutations at the PHO82-pho4 locus
were isolated spontaneously or after mutagenesis with
ethyl methane sulfonate according to Lindegren et al.
(5). Mutant or recombinant colonies were detected by
the staining method described previously (2, 19).

PHOB82° pho4 double mutants were prepared by
dissecting diploids PHO82-1 PHO4" /pho82* pho4.
Tetratype asci showing 2+:2— segregation on low-P;
medium and 1+:3— on high-P; medium with respect
to the acid phosphatase trait were analyzed further:
one of the two acid phosphatase nonproducers on low-
P; medium may be PHO82° pho4, and the other may
be pho82* pho4. These two spore clones can be distin-
guished by crossing each with a wild-type strain and
testing the segregation of clones having the PHOS82
phenotype. Diploids PHO82-1 pho4/pho82* PHO4*
will segregate rare constitutive clones, but diploids
Dpho82* phod/pho82* PHO4* will not. The cyh mutant
allele, which confers resistance to cycloheximide in P-
137-1A, was introduced into one of the parents to
counterselect unsporulated diploid cells when random
spore analysis was carried out.

Media. Nutrient medium contained 10 g of poly-
peptone (Daigo Eiyo Chemicals, Japan), 5 g of yeast
extract (Daigo Eiyo Chemicals), 40 g of glucose, 5 g of
KH:PO,, and 2 g of MgSO,- 7TH:O per liter. The high-
P; medium was the same as Burkholder’s synthetic
medium in which L-asparagine alone is used as nitro-
gen source. The low-P; medium (1.5 g of KH:PO, in
the high-P; medium was replaced by 30 mg of KH,PO,
and 1.5 g of KCl) was described previously (20). An-
other form of the low-P; medium was also prepared by
precipitating inorganic phosphate from YPAD (20 g of
peptone [Difco], 10 g of yeast extract [Difco], 0.4 g of
adenine, and 20 g of glucose per liter) according to
Rubin (11), and this low-P; medium was used for
scoring the Pho phenotypes under derepressing con-
ditions. Sporulation medium and omission medium
were prepared according to the formula described in
Methods in Yeast Genetics (F. Sherman, G. R. Fink,
and C. W. Lawrence, 1974, Cold Spring Harbor Labo-
ratory). Solid media were prepared by adding 2% agar.
Culture conditions were described previously (20).
Cells were grown at 30°C unless otherwise stated. Cell
growth in liquid medium was monitored by reading
optical density of the culture at 660 nm.

Random spore analysis. Diploids to be tested by
random spore analysis are heterozygous for cyh. Al-
though the cyh locus was not determined, the absence
of linkage between cyh and pho4 was confirmed by
tetrad analysis (52:46:165 ratio of parental ditype to
nonparental ditype to tetratype tetrads). The methods
for sporulation and collection of spores were described
previously (17). Appropriate dilutions were spread on
high-P; or low-P; medium containing 1 ug of cyclohex-
imide per ml.

Determination of acid phosphatase activity.
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Since acid phosphatase is located outside the cell
membrane (13, 15), activity of this enzyme can be
assayed by using cell suspensions. Enzyme activity
was assayed according to the method described by
Torriani (21) with some modifications. The reaction
mixture (1 ml), containing 0.128 mg of p-nitrophenyl-
phosphate, 0.05 M acetate buffer (pH 4.0), and 0.05 ml
of cell suspension, was incubated at 35°C for 10 min.
The reaction was stopped by the addition of 1 ml of
10% trichloroacetic acid. Then 2 ml of a saturated
solution of Na;CO; was added to the mixture. Liber-
ated p-nitrophenol was determined by reading optical
density at 420 nm after centrifugation of the mixture
at 3,000 rpm for 10 min. One unit of enzyme activity
was defined as the amount of enzyme that liberated 1
umol of p-nitrophenol per min under the conditions
described above.

RESULTS

Isolation of pho4 mutants. To construct a
fine-structure map of the PHO82-pho4 locus, we
isolated additional mutations at this locus. Al-
though pho4 mutants arise only infrequently, we
tried to isolate such mutants from the wild-type
strain, AX-26-4A (a his leu), after ethyl methane
sulfonate mutagenesis. Thirty-seven phospha-
tase-negative mutants were crossed with each of
the authentic pho2, pho4, pho5, and pho8I
strains to determine the mutant locus. Only one
was a pho4 mutant (pho4-7). The pho85 strains
segregated acid phosphatase-negative papillae
spontaneously on nutrient medium, and most of
them were found to be pho85 pho4 double mu-
tants (unpublished data). Preferential segrega-
tion of pho4 papillae was also found in the pho80
and pho80 pho85 mutants. Although the reason
why the pho85, pho80, and pho80 pho85 strains
segregate pho4 mutants is not known, this fact
enabled us to isolate pho4 mutants efficiently.
Four independent spontaneous pho4 mutants,
pho4-2 and pho4-3 from Q-101-3B (a pho80
pho85) and pho4-4 and pho4-5 from Q-101-3C
(a pho80 pho85), were isolated, and each of these
pho4 mutations was separated from the pho80
and pho85 mutant genes by backcrosses with
the wild-type strain. The pho85 mutant (0106-
M43) isolated from AX-26-4A was treated with
ethyl methane sulfonate, and three pho4 mu-
tants were obtained: pho4-9, pho4-10, and pho4-
11. The pho4-12 mutation was isolated from
0105-M23, a pho80 mutant derived from AX-26-
4A, by ethyl methane sulfonate treatment,

The pho4-4 strain (P-135-8B) was found to be
temperature sensitive with respect to repressible
acid phosphatase synthesis. Inability to produce
acid phosphatase at 35°C was not due to the
inactivation of the enzyme at this temperature,

since enzyme formed at the permissive temper-
ature (25°C) was stable at 35°C (data not
shown). One of the revertants from a pho4-12/
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pho4-12 diploid also showed temperature sensi-
tivity with respect to the synthesis of acid phos-
phatase. The reversion site, designated PHO4-
12R6, was found to occur in the vicinity of the
pho4-12 mutation site as shown later. The re-
vertant diploid was sporulated and dissected to
obtain a haploid PHO4-12R6 strain, R6-3C. The
time course of the appearance of acid phospha-
tase in the culture of the temperature-sensitive
(ts) pho4 mutants in low-P; medium is shown in
Fig. 1. These two pho4(Ts) mutants grew well at
35°C. The pho4-12 allele was sensitive to extra-
genic suppressors which suppress an ochre non-
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Fi1G. 1. Derepression of acid phosphatase activity
in temperature-sensitive pho4 mutants. Cells from
each strain to be tested were grown in nutrient me-
dium overnight at 30°C. Cells were harvested,
washed, and suspended in the original volume of
sterile water. One milliliter of this suspension was
inoculated into 100 ml of low-P; medium, and the
cultures were shaken at the indicated temperature.
P-28-24C (wild type) at 25°C (O) and at 35°C (®);
R6-3C (PHO4-12R6) at 25°C (V) and at 35°C (V); P.
135-8B (pho4-4) at 25°C (O) and at 35°C (W).
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sense allele such as gal4-2. Further characteri-
zation of these suppressors is under way.

Isolation of PHOS82 mutants. Mutants pro-
ducing repressible acid phosphatase constitu-
tively were isolated from AX-26-4A after ethyl
methane sulfonate mutagenesis. Of 376 consti-
tutive mutants, 67 isolates were dominant. Mu-
tations at at least three loci are known to confer
the dominant constitutive phenotype in a pho3
strain: they are PHO82°, PHOS1°, and PHO3*
back-mutations (16, 17). The remarkable differ-
ence between the PHOS82° mutation and the
other two mutations is that the former occurs at
a site very close to the pho4 locus. If a mutation
conferring dominant constitutivity is closely
linked to the pho4 locus, segregation of the Pho
trait from diploids constructed by crossing the
mutant with a pho4 strain should be 2+:2— on
low-P; medium, where both acid phosphatase
producers are constitutive. Each mutant show-
ing the dominant constitutivity was crossed with
strain P-144-2D (a pho4-1 arg6), and the result-
ing diploids were dissected. Approximately 10
asci from each cross were tested for their ability
to produce acid phosphatase on both high-P;
and low-P; medium. Seven PHO82° mutant al-
leles, designated PHO82-3 through PHO82-9,
were found. A segregant carrying appropriate
genetic markers was selected from each cross
described above for further study.

The time course of the synthesis of acid phos-
phatase by some of the PHO82° mutants was
followed during growth in high-P; and low-P;
media (Fig. 2). All PHOB82° strains tested showed
acid phosphatase activity in high-P; medium,
whereas the wild-type strain did not. The syn-
thesis of acid phosphatase by the wild-type
strain grown in low-P; medium was derepressed
when the cell density at 660 nm exceeded 0.5. In
contrast, the onset of derepression in PHO82¢
strains occurred much earlier than in the wild-
type strain, i.e., at % of the cell density at which
the wild-type strain started producing the en-
zyme.

Two-factor crosses between pho4 mu-
tants. Diploids pho4-x/pho4-y were constructed
and sporulated. Diploids homozygous for the
pho4 allele were also constructed as controls.
Spores were released by sonication after treat-
ment of asci with Zymolyase (Zymolyase 5,000,
Kirin Brewry Co.), and an appropriate dilution
was spread on low-P; medium containing 1 ug of
cycloheximide per ml. After 3 to 5 days of incu-
bation at 30°C, each of 8,174 to 23,000 colonies
was scored for its acid phosphatase phenotype
by staining in each cross (Table 2). Figure 3
shows a map drawn using the data of Table 2.
Ten pho4 mutant alleles were localized to four
separate subregions of this locus: pho4-1, pho4-
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5, pho4-7, pho4-10, and pho4-11 comprised one
subregion; pho4-3, pho4-4, and pho4-9 were an-
other; and pho4-2 and pho4-12 were each one
other site. Crosses containing the pho4-1 allele
tended to give a higher frequency of recombi-
nation. This may be the reason why the map
distance between the pho4-1 site and the pho4-
3 site is larger than that between the pho4-3 site
and the pho4-12 site. The revertant from the
Pho4-12 strain, the PHO4-12R6 strain, was
crossed with the wild-type strain, and among
21,000 colonies tested only 1 colony showed the
Ppho4 phenotype. This result indicates that the
reversion site in the PHO4-12R6 strain is close
to the pho4-12 site.

Two-factor crosses between PHOS82 mu-
tants. Diploids PHO82-x/PHQO82-y were con-
structed and analyzed by random spore analysis.
Appropriate dilutions of spore suspensions were
spread on high-P; medium containing 1 pug of
cycloheximide per ml. After 3 to 5 days of incu-
bation at 30°C, colonies that appeared on the
plates were stained for acid phosphatase activ-
ity. Colonies which could not be stained were
scored as recombinants. From 5,171 to 25,000
colonies were tested, and the recombination fre-
quency in each cross is summarized in Table 2.
Since the recombination value was less than
0.1%, the PHOS2 sites seem to occupy a single
subregion.

Two-factor crosses between PHOS82 and
pho4 mutants. Diploids constructed from the
cross PHO82° PHO4* X pho82* pho4 were spor-
ulated, and an appropriate dilution of the spore
suspension was plated -out on high-P; medium
containing 1 ug of cycloheximide per ml. After 3
to 5 days at 30°C, colonies on the plates were
replica-plated onto low-P; medium, and both
plates were incubated at 30°C for another day.
The colonies were then stained to test for acid
phosphatase activity, and the number of wild-
type recombinant colonies showing acid phos-
phatase activity on low-P; medium but not on
high-P; medium was determined. In each cross,
9,892 to 12,922 colonies were tested, and the
recombination frequency is shown in Table 2.
The data can be most easily explained by placing
the PHOB2 site inside the pho4 locus as shown
in Fig. 3.

Three-factor cross: PHO82-1 pho4-x/
Dpho82* pho4-y. To examine the location of the
PHOS2 region in relation to the pho4 mutation
sites, PHO82-1 pho4-x/pho82* pho4-y diploids
were analyzed by random spore analysis. Dip-
loids were constructed by crossing the PHO82-1
phod-1 cyh strain with the pho4-2, pho4-9, or
pho4-12 strain, and spore suspensions were pre-
pared as described above. Spore clones appear-
ing on low-P; medium containing 1 ug of cyclo-
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F1G. 2. Synthesis of repressible acid phosphatase by PHO82° mutants. Cells were grown in high-P; (A) or
low-P; medium (B). (O) P-28-24C (wild type); (O) P-159-1B (PHOS82-1); (W) P-157-1B (PHO82-4); (A) P-178-6C

(PHOS82-7); (@) P-172-1A (PHOS82-9).

heximide per ml were stained for acid phospha-
tase activity. Colonies producing acid phospha-
tase were replica-plated onto high-P; medium to
test for their constitutivity. Crosses PHOS82-1
Dpho4-1/pho82* pho4-2 and PHOS82-1 pho4-1/
Dpho82* pho4-9 gave rise to a comparable num-
ber of wild-type and constitutive recombinants
(Fig. 4); 86 wild-type and 44 constitutive recom-
binants were found among 15,000 colonies from
the former cross, and 121 wild-type and 38 con-
stitutive recombinants were found among 7,300
colonies from the latter cross. In contrast, the
majority of recombinants from cross PHOS82-1
Ppho4-1/pho82* pho4-12 were wild type; among
20,000 colonies tested, 16 were wild type and 1
was constitutive. A control cross, PHOS82-1
Dpho4-1/pho82* phod4-1, gave no recombinants

among 10,000 colonies tested. The PHOS82-1
pho4-5 double mutant was made and crossed
with pho4-2, pho4-12, or pho4-5. A random spore
analysis was then carried out to test for both
wild-type and constitutive recombinants. Dip-
loid PHOS82-1 pho4-5/pho82* pho4-2 gave 38
wild-type and 17 constitutive recombinants. On
the other hand, diploid PHOS82-1 pho4-5/
Pho82* pho4-12 gave only wild-type recombi-
nants: 28 wild-type recombinants out of 39,900
colonies tested. Diploid PHO82-1 pho4-5/
pho82* pho4-5 gave no recombinants among
11,100 colonies tested. The PHO82-1 pho4-9
double mutant was also constructed and crossed
with the pho4-2 strain. When the diploid was
tested for segregation of recombinants, only con-
stitutive recombinants (five recombinants) were
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TABLE 2. Data of two-factor crosses

No. of re- No. of re-
combi- i-
Cross . .N‘o. 9f N;; :1{) ir‘e- nants per Cross N‘o. gf No. otl” re- n:zl:sb;;er
tested  nants® 10" 0l “lested nantss 10" colo-
a a nies a a nies
tested tested
pho4-1 pho4-1 17,000 0 0 PHOS82-1 PHO82-3 16,526 2 1
pho4-1 pho4-2 20,584 297 144 PHO82-1 PHO82-4 12,195 9 7
pho4-1 pho4-3 22,461 511 228 PHOS82-1 PHOS82-5 9,574 2 2
pho4-1 Dphod-4 11,312 311 275 PHO82-1 PHOB82-6 13,659 3 2
pho4-1 Dpho4-5 19,410 0 0 PHOS82-1 PHO82-7 11,420 3 3
pho4-1 pho4-7 26,517 0 0 PHOS82-1 PHO82-8 9,227 1 1
pho4-1 pho4-9 9,881 306 310 PHOS82-3 PHO82-3 18,000 1 1
pho4-1 Dpho4-10 18,384 2 1 PHO82-3 PHO82-4 14,419 0 0
pho4-1 pho4-11 12,812 1 1 ||PHOS2-3 PHO82-5 11,721 0 0
pho4-1 pho4-12 10,026 9 9 PHOS82-3 PHO82-6 8,392 6 7
pho4-2 pho4-2 23,805 0 0 PHOS82-3 PHO82-7 5,171 0 0
pho4-2 phod-3 16,370 21 13 PHO82-3 PHO82-8 7,574 1 1
pho4-2 phod-4 17,338 23 13 PHO82-3 PHO82-9 6,928 2 3
pho4-2 pho4-5 11,408 82 72 PHOS82-4 PHO82-4 21,778 1 1
pho4-2 pho4-7 18,027 93 52 PHOS82-4 PHO82-5 8,904 0 0
pho4-2 pho4-9 16,939 13 8 PHO82-4 PHO82-6 10,675 10 10
pho4-3 pho4-3 22,446 (] 0 PHO82-4 PHO82-7 10,417 0 0
pho4-3 phod-4 13,844 1 1 PHOS82-4 PHO82-8 20,260 7 4
pho4-3 pho4-5 17,234 323 187 PHO82-4 PHO82-9 11,686 2 2
pho4-3 pho4-9 12,384 0 0 PHO82-5 PHO82-5 25,000 0 0
phod-4 pho4-4 18,982 1] 0 PHO82-5 PHO82-6 15,209 1 1
phod-4 phos-5 14,878 165 111 PHOS&2-5 PHO82-7 11,595 0 0
phod-4 pho4-7 14,091 174 123 PHO82-5 PHO82-8 5,930 0 0
phod4-4 pho4-9 12,294 0 0 PHO82-5 PHO82-9 10,040 1] (1]
phod4-4 pho4-10 8,174 206 252 | |pho4-1 PHO82-4 11,029 33 29
phod-4 pho4-11 9,375 172 183 | |pho4-2 PHO82-4 12,922 86 67
phod-4 pho4-12 10,115 207 205 rpho4-2 PHOS82-5 11,501 85 74
phod-4 pho4-12R6 19,415 228 117 |pho4-4 PHO82-4 9,892 97 98
pho4-5 pho4-4 13,506 137 101 phod-4 PHOS82-5 11,634 113 97
PHO82-1 PHO82-1 14,035 0 0

2 Pho* colonies were scored as recombinants from two-factor crosses between pho4 mutants. Pho™ colonies were scored as
recombinants from two-factor crosses between PHO82° mutants. Colonies showing the wild-type phenotype (Pho* on low-P;
medium and Pho™ on high-P; medium) were scored as recombinants from two-factor crosses between pho4 and PHO82°

mutants.

found among 12,900 colonies tested. All these
data are consistent with the order shown in Fig.
3 and 4.

Ordering the PHOS2 and pho4 mutation
sites by tetrad analysis. To substantiate the
above conclusion, the order of the PHOS82-1,
pho4-1, and pho4-9 sites was further examined
by tetrad analysis. Since the PHO82-pho4 locus
is located 6.5 centimorgans centromere-distal to
met10 on chromosome VI (16), the order of the
PHO82-1, pho4-1, and pho4-9 sites can be deter-
mined in relation to the metlO locus. Three
diploids, W619 (pho82* PHO4"* met10/PHO82-
1 pho4-9 METI0*) and W639 and W640
(pho82* PHO4* metl0/PHO82-1 pho4-1
METI10"), were analyzed. Of 146 tetrads from
W619, 6 contained a recombinant or a conver-
tant. Three of these tetrads contained a consti-
tutive clone, which can be explained by a recip-
rocal recombination between the PHOS82-1 and
Ppho4-9 sites or a gene conversion of pho82* to
PHOQO82-1 and a crossover between PHOS82-1 and
met10 if the order shown in Fig. 5 is correct.
These two possibilities can be distinguished by

testing whether the Pho™ segregants in these
tetrads contain the PHOS82-1 allele. If a gene
conversion of pho82* to PHOS82-1 occurred in
the ascus, both Pho™ clones would carry the
PHOB82-1 allele. However, if the constitutive as-
cus resulted, instead, from a reciprocal recom-
bination, then only one of the Pho™ clones in
this ascus must have the PHO82-1 allele. The
pair of Pho™ clones from each ascus were ana-
lyzed. Diploids were constructed by crossing
each of these Pho~ strains with a wild-type
strain, and acid phosphatase-constitutive prog-
eny were detected by analyzing random spores.
As shown in Table 3, one Pho™ clone in each
pair can give rise to constitutive segregants in
the above cross. This result indicates that all
three tetrads analyzed above resulted from re-
ciprocal recombinations between the PHO82-1
and pho4-9 sites.

By analyzing the segregation of met10 in these
tetrads, the order pho4-9-PHOB82-1-met10 was
deduced as shown in Fig. 5. Two convertants
can be explained by coconversion of PHOS82-1
pho4-9 to pho82* PHO4", and the rest are ex-
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9
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- ?

1 [

PHO4- 10 5 phot-

13R6 ? 4 9
phot- 5 3 phot- 4
12 1 1 2 3

29 71(67-74)

98(97-98)

11
(7-17) 90(52-144)

196(101-310)

161(117-205)

F1c. 3. Mapping of the PHO82-pho4 cluster. The
map was constructed from the data listed in Table 2.
Averaged distance between each site is expressed as
the number of recombinants per 10* colonies tested.
The minimum and maximum distances are shown in
parentheses.

plained by a conversion of pho82* PHO4* to
PHOB82-1 pho4-9 or pho82* pho4-9. The geno-
type shown in the bottom of Fig. 5 is consistent
with the crossover model shown at the top of
Fig. 5.

A total of 148 asci were dissected from cross
W639, and 79 asci were obtained from W640.
The irregular asci can be classified into three
types which can be explained in the following
way: in nine asci, a coconversion of PHOS82-1
Pho4-1 to pho82* PHO4*; in eight asci, a cocon-
version of pho82* PHO4"* to PHO82-1 pho4-1
or pho82* pho4-1; and in four of them, a recip-
rocal recombination producing a constitutive
clone had occurred. Three tetrads from W639
containing a constitutive clone were analyzed in
the same way as W619 above (Table 3). The
result indicates that these tetrads resulted from
a reciprocal recombination between the PHOS82-
1 site and the pho4-1 site. The segregation of
met10 confirmed the order of PHO82-1-pho4-1-
met10 (Fig. 6). Conversion of PHO82-1 pho4-1
to pho82® PHO4* occurred more frequently
than PHOB82-1 pho4-9 to pho82* PHO4*. This
result suggests closer linkage between the
PHOQ82-1 site and the pho4-1 site than between
the PHOB82-1 site and the pho4-9 site. Combined
tetrad data of W619 and W639 indicate the order
of met10-pho4-1-PHOB82-1-pho4-9. This result
again places the PHOS82-1 site inside the pho4
gene.

Synthesis of acid phosphatase by dip-
loids PHO82° PHO4* /pho82* phod4. Various
diploids doubly heterozygous with respect to the
PHO82° and pho4 mutant alleles were con-
structed, and acid phosphatase activity was fol-
lowed during their growth in high-P; and low-P;
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media. Representative data are shown in Fig. 7
and 8. The wild-type diploid (pho82* PHO4*/
pho82* PHO4") behaved like its haploid parent
in both high-P; and low-P; media. All the diploids
containing the PHO82 mutant allele began to
produce acid phosphatase in low-P; medium ear-
lier than the wild-type strain did (Fig. 2). The
synthesis of acid phosphatase by these diploids
was tested in high-P; medium. Homozygous dip-
loids (PHO82-4 PHO4*/PHO82-4 PHO4*,
PHOS82-7 PHO4*/PHO082-7 PHO4*, and
PHO82-9 PHO4*/PHO82-9 PHO4") showed
the same pattern of enzyme synthesis as shown
by the respective haploid strains. Doubly het-
erozygous diploids, PHO82° PHO4"/pho82*
DPhod, showed variable amounts of acid phospha-
tase activity depending on the combination of
PHOS82°¢ and pho4 mutant alleles. Table 4 sum-
marizes three sets of such experiments. The
PHOB82°/pho82* diploid showed 6 to 12% of the

No. of recom-

No. of binants
spores i onsti-
phod-1  pHO82-1 tested  type tutive
' r
7,300 120 38

phod-9

phod-1  PHO82-1
A A

15,100 86 44

phod-2

phod-1  pHo82-1

19,900 16 1

15,900 38 17

v
phod-2

phod-5  PHOB2-1

39,900 28 0

....................

12,900 0 5

F1G. 4. Three-factor crosses between the PHO82-1
site and phod mutation sites. Solid lines show a
recombinational event which results in a wild-type
recombinant. The broken line shows a recombination
which results in a constitutive recombinant.
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Segregation

Acid phospha-

Genotype

tase in medium Met
High Low
P. P.
phod-9  PHOB2-1 + i i
4 . A - - M PHO82-1 phod-9 MET10
phod-9 PHO82-1 +
. o 4 + + + PHO82-1 PHO4 MET10
+ X + met10
. . . - - - pho82 phod-9 met10
+ + met10
* : 4 - + - pho82 PHO4 met10
Segregation
Acid phospha-
Segregant  yase in medium Genotype
Met
High Low
i P
W619-30A - - - pho82 phod-9 met10
308 - - + PHO82-1 pho4-9 MET10
30C + + + PHO82-1 PHO4 MET10
30D - + - pho82 PHO4 met10
W619-90A + + + PHO82-1 PHO4 MET10
90B - - + PHO82-1 phod-9 MET10
90C - - - pho82 phod4-9 met10
90D - + - pho82 PHO4 met10
W619-142A - - - pho82 phod-9 met10
142B + + + PHO82-1 PHO4 MET10
142C - + - pho82 PHO4 met10
142D - - + PHO82-1 phod-9 MET10

F1G. 6. Tetrads from cross W619 that contain a PHO82-1 recombinant. The genotypes of Pho™~ clones in
these tetrads were determined by the experiments shown in Table 3.

acid phosphatase activity of the homozygous
PHO82°/PHOB82° diploid. This result suggests
that the presence of the wild-type allele in the
diploid suppresses the synthesis of acid phos-
phatase. The pho4-9 allele was least effective in
suppressing enzyme synthesis in these hetero-
zygous diploids.

DISCUSSION

The pho4-4 and PHO4-12R6 alleles confer a
temperature-sensitive phenotype with respect to
the synthesis of repressible acid phosphatase.
Although the presence of a temperature-sensi-
tive mutant alone does not prove that a locus
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Segregation
Acid phospha- Genotype
tase in _medium Met
High Low
P, P.
PHO82-1 phod-1 4 1 1
. R R - - + PH082-1 phod-1 MET10
PHO8%-1 phod-1 +
- - s - - + pho82 pho4-1 MET10
jX + met10
A . + + - PHO82-1 PHO4 met10
+ + met10
" A . - + - pho82 PHO4 met10
Segregation
. not.
Segregant Acid phospha- Genotype
tase in_medium Met
High Low
Pi P1.
W639-9A - + - pho82 PHO4 met10
9B + + - PH082-1 PHO4 met10
9C - - + PHO82-1 phod-1 MET10
9D - - + pho82 phod4-1 MET10
W639-54A - + - pho82 PHO4 met10
54B + + - PHO82-1 PHO4 met10
54C - - + PHO82-1 phod-1 MET10
54D - - + pho82 phod4-1 MET10
W639-71A - + - pho82 PHO4 met10
71B + + - PHO82-1 PHO4 met10
71C - - + pho82 pho4-1 MET10
71D - - + PHO82-1 phod-1 MET10

F16. 6. Tetrads from cross W639 that contain a PHO82-1 recombinant. The genotypes of Pho™ clones in
these tetrads were determined by the experiments shown in Table 3.

codes for a protein (10), the presence of two
temperature-sensitive mutants, coupled with the
fact that the pho4-12 allele is suppressible by a
nonsense suppressor, strongly suggests that the
pho4 locus codes for some protein.

By using pho80, pho85, or pho80 pho85 mu-
tants as parental strains, we have devised an
efficient method for isolating pho4 mutants.
However, the mechanism underlying this phe-

nomenon remains unknown. Mapping of these
pho4 mutants by the two-factor crosses revealed
that the pho4 mutants isolated by this method
are distributed over the pho4 locus.

The PHO82-4 and PHOS82-5 mutations are
located between pho4-1 and pho4-4 as judged by
PHOQB82-4 or PHO82-5 X pho4 two-factor crosses
(Table 2 and Fig. 3). The same conclusion was
reached from the analysis of PHO82-1 pho4-x/
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TABLE 3. Crosses between Pho~ segregants from
asci containing a constitutive clone and wild-type

strain®
Segregation of consti-
Cross tugtive clones®
W619-30A x YAT61 .. ... ... ... ... ... -
W619-30B X YAT62 ................. +
W619-90B x YAT62 ................. +
W619-90C X YAT61 ... ... ...... ... -
W619-142A X YAT62 ................ -
W619-142D x YAT62 .. .......... ... +
W639-9C x YAT62 ............... ... +
W639-9D x YAT61 ................ .. -
W639-54C x YAT62 . ............ ... +
W639-54D X YAT61 .............. ... -
W639-71C x YAT61 .............. ... -
W639-71D X YAT62 ... ............ +

%A dense spore suspension from each cross was
plated on nutrient medium after treatment of the
sporulated culture with snail gut juice (suc d’Helix
pomatia stabilisé, Industrie Biologique Frangaise).
After 2 days at 30°C, staining solution was overlaid to
see whether there were clones with acid phosphatase
activity.

% Acid phosphatase producers were scored on nutri-
ent medium. +, Acid phosphatase producers were
found among the spore clones. —, No acid phosphatase
producer was found.

J. BACTERIOL.

pho82* phod-y three-factor crosses (Fig. 4).
Since the two-factor crosses of the PHO82° mu-
tants revealed that all PHO82° mutation sites
are clustered in a narrow region showing recom-
bination frequency of at most 0.1% (Table 2),
each PHOB82° site must be located inside the
Ppho4 locus. The order of met10-pho4-1-PHO82-
1-pho4-9 was also confirmed by tetrad analysis
(Fig. 5 and 6).

The fact that the PHOS2 site is flanked by
two pho4 sites which apparently encode a pro-
tein argues against the model that the PHOS82
site defines the operator of the pho4 gene. If the
PHOB82 site is not the operator but codes for a
part of the pho4 protein, then the expression of
the pho4 gene is probably not regulated by phos-
phate at the transcriptional level. The fact that
the degree of repression in PHO82° PHO4*/
pho82* phod4 diploids varies depending on the
combination of the PHO82 and pho4 alleles
(Table 4) supports the idea that the pho4 gene
is expressed even in high-P; medium. Although
the pho4-12 allele is suppressible by a nonsense
suppressor, the pho4-12 allele still affected the
synthesis of acid phosphatase in the diploid
PHOS82° PHO4" /pho82* pho4-12. Since it was
anticipated that the position of the pho4-12 al-
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Fi1G. 7. Derepression of acid phosphatase activity in heterozygous diploids PHO82° PHO4" /pho82" pho4.
Each strain was grown in low-P; medium at 30°C with shaking. (O) +/+ (wild type); (A) PHO82-9/pho4-1;

(®) PHO82-9/+; (V) PHO82-9/pho4-9.
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F1G. 8. Constitutive synthesis of acid phosphatase
by PHO82° PHO4* /pho82* phod heterozygous dip-
loids. Each strain was grown in high-P; medium at
30°C with shaking. (O) PHO82-9/PHO082-9; (W)
PHOB82-9/pho4-9; (@) PHOS82-9/+; (A) +/+.

lele in the pho4 locus affects this kind of analysis,
the explanation of this result will require further
characterization of the pho4-12 mutation.

In view of these new results, the protein en-
coded by pho80 and pho85 does not function by
recognizing a special sequence of DNA. Instead,
its control over the pho4 product is probably
exerted via protein-protein interaction: interac-
tion between the pho80-pho85 product and the
part of the pho4 protein encoded by the PHO82
site.

In another well-characterized system in S. cer-
evisiae, the gal system, the GAL8I-gald com-
plex had been believed to be an operon in which
GALS8I was the operator and gal4 was the struc-
tural gene. However, Matsumoto et al. (7) char-
acterized a temperature-sensitive gal4 mutant
and found that the expression of the gal4 gene
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is not regulated by the inducer galactose. Perl-
man and Hopper (8) reached the same conclu-
sion after showing that the levels of galactoki-
nase and transferase mRNA increased after ad-
dition of galactose in the presence of cyclohexi-
mide. Matsumoto et al. (6) substantiated this
further by genetic methods showing that (i) con-
stitutive GAL8I type mutants could be isolated
directly from gal4 mutants, (ii) the GALSI site
maps inside the gald gene, and (iii) two suppres-
sor-sensitive alleles of the gald mutant were
found in the GALS]I site.

Although the analyses of the GAL8I-gal4 lo-
cus and the PHO82-pho4 locus revealed that
neither of them comprises the classical operon,
there are some possibilities other than those
described above to be considered to reach the
final conclusion. Mapping the regulatory site
inside the structural gene alone does not prove
that the regulatory site does not function at the
transcriptional levels. Sakonju et al. (12) and
Bogenhagen et al. (1) found that the start signal
for the transcription of 5S RNA gene of Xenopus
borealis is located in the middle of the gene.
Even if a regulatory site is proved to be trans-
lated into protein, as in the case of GALS8I-gal4,
there still remain the possibilities that the reg-
ulatory site may function either as an antenna
for RNA polymerase entry or as an attenuator.
If it is not known whether the regulatory site is
translated or not, the possibility that an inter-
vening sequence may cover the regulatory site

TABLE 4. Variable constitutivity of PHO82¢
mutation in the diploids PHO82-x PHO4* /pho82*
pho4-y or PHO82-x PHO4"* /pho82* PHO4"* °

Sp act (mU/ Relative ac-

Genotype ODﬁ)per tivity (%)
PHO82-9 x PHO82-9 29.0 100
PHO82-9 X pho82* 3.5 12.1
PHO82-9 x pho4-1 2.0 7.0
PHOB82-9 X pho4-9 8.0 28.0
PHOS82-9 X pho4-12 4.8 16.6
pho82* x pho82* 0.0 0.0
PHOS82-7 x PHOS82-7 96.0 100
PHO82-7 x pho82* 5.8 6.0
PHO82-7 X pho4-9 16.0 16.7
PHOB82-7 x pho4-12 11.0 11.5
PHOS82-4 x PHOS82-4 31.0 100
PHO82-4 X pho82* 2.2 7.1
PHO82-4 X pho4-9 8.0 25.8
PHO82-4 X pho4-12 4.1 13.2

? Diploid cells were grown in high-P; medium, and
the time course of acid phosphatase formation was
followed as seen in Fig. 8. Measurements of specific
activity were made on culture with an optical density
at 660 nm (ODgso) of around 1.0.
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must be considered. To distinguish these possi-
bilities, more precise work on the structure of
the regulatory gene and on its expression is
required.
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