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ABSTRACT 

The CYC7-H2 mutation causes a n  approximately 2.0-fold overproduction of 
iso-2-cytochromo c in a and Q haploid strains of the yeast Saccharomyces cere- 
visiae due to an alteration in the nontranslated regulatory region that is pre- 
sumably contiguous with the structural region. In this investigation, we demon- 
strated that heterozygosity at the mating type locus, a / a  or a/a/a/a, prevents 
expression of the overproduction, while homozygosity, a/a and a/+ and hemi- 
zygosity, a/O and Q/O, allow full expression of the CYC7-H2 mutation, equi- 
valent to the expression observed in  a and (Y haploid strains. There is no decrease 
in the overproduction of iso-2-cytochrome c in a/. diploid strains containing 
either of the other two similar mutations, CYC7-HI and CYC7-H3. I t  appears 
as if active expression of one or another of the mating-type alleles is required 
for the overproduction of iso-&-cytochrome c in CYC7-H2 mutants. 

ISO-1-CYTOCHROME c and iso-2-cytochrome c constitute, respectively, 95% 
and 5% of the total complement of cytochrome c in the yeast Saccharomyces 

cereuisiae. These iso-cytochromes c differ from each other by 21 amino acids 
(STEWART and PUTTERMAN, in preparation) and each are determined by separate 
loci located on different chromosomes. The primary structure of iso-2-cyto- 
chrome c is determined by the CYC7 locus (DOWNIE et al. 1977), which is located 
on the left arm of chromosome V [SHERMAN et aZ. 1978). Mutations at the CYC7 
locus can result in deficiency, overproduction and amino acids changes of is0-2- 
cytochrome c (DOWNIE et a2. 1977; DOWNIE, STEWART and SHERMAN 1977; 
SHERMAN et at. 1978). The CYC7-HI, CYC7-H2 and CYC7-H3 mutants contain 
especially high levels of iso-2-cytochrome c, approximately 20 to 40 times the 
normal level. The CYC7-HI mutation is a reciprocal translocation, with one of 
its breakpoints near the structural gene (SHERMAN and HELMS 1978) ; the CYC7- 
H2  and CYC7-H3 mutations map as single sites at the CYC7 locus. The mutation 
causing overproduction of iso-2-cytochrome c in the CYC7-H2 mutant and a mu- 
tation causing an amino acid change of iso-&-cytochrome c were shown to be 
genetically linked, and the two sites were observed to recombine only rarely by 
single-site gene conversion (SHERMAN et al. 1978). Since iso-2-cytochrome c 
from the CYC7-Hl (DOWNIE et a2.1977) and CYC7-H2 (SHERMAN et al. 1978) 

1 Present address: Department of Microbiology, College of Medicine and Dentistry of New Jersey, New Jersey Medical 
School, 100 Bergen Street, Newark, New Jersey 07103. 

Genetics 94: 891-898 April, 1980. 



892 R. J. ROTHSTEIN A N D  F. S H E R M A N  

mutants are normal, it is concluded that the overproduction of iso-2-cytochrome 
c is caused by alterations in the nontranslated regulatory region that is presuma- 
bly contiguous with the structural region. 

In  this paper, we describe an unusual property of the CYC7-HZ allele; is0-2- 
cytochrome c is overproduced in a and a haploid strains, as well as in a/a and a/. 
diploid strains, but not in a/a diploid strains. In contrast to a/. CYC7-HZ/CYC7- 
HZ diploid strains, overproduction of iso-2-cytochrome c was observed in a/. 
CYC7-HI/CYC7-HI and a/a CYC7-H3/CYC7-H3 strains similar to the 
overproduction observed in haploid strains. 

MATERIALS A N D  METHODS 

Genetic nomenclature: The symbols cyc and CYC denote, respectively, any of a number of 
recessive and dominant genes that affect the levels or activity of either or both of the iso-cyto- 
chromes c. The symbol cycl denotes mutations at the structural locus that cause deficiency of 
iso-I-cytochrome c. The wild-type locus determining the primary structure of iso-2-cytochrome 
c is designated CYC7+. The mutant alleles at this locus that cause overproduction of iso-2-cyto- 
chrome c are denoted CYC7-HI, CYC7-H2 and CYC-H3; they were previously denoted, re- 
spectively, CYC7-1, CYC7-2 and CYC7-3. The cycd and cyc9 mutant genes, which are un. 
linked to the CYC7 structural locus, cause slight overproduction of iso-2-cytochrome c (ROTH- 
STEIN and SHERMAN 1980). 

In this report, aneuploid strains (en-1) and deletion-containing diploid strains that have 
gained the ability t o  mate are denoted as either a/O o r  ,a/O, where 0 designates the loss of all or 
part of chromosome ZZZ containing the mating-type locus, 

Genetic techniques and media: The standard yeast genetic techniques (MORTIMER and 
HAWTXORNE 1969; SHERMAN and LAWRENCE 1974) and media (SHERMAN et al. 1974) used in 
this study have been previously described. 

The prototrophic selection of a rare cross between an a CYC7-HZ and '01 CYC7+ strain was 
accomplished by incubating the two strains together on a nutrient plate for one day at 30" and 
then replica-plating the mixture onto minimal medium. The resulting prototrophic colonies were 
picked, subcloned and tested for the ability to mate and spo'rulate. A clone that mated and did 
not sporulate was presumed to be either an &/CY or .a/O diploid strain. 

Isolation of diploid maters: Mitotic crossing over in the right arm of chromos'ome 111, result- 
ing in homozygosity at the mating-type locus and therefore in the ability to mate, was detected 
by modification of the procedure described by HAEFNER (1966). From 1000 to 2000 cells of the 
diploid strain, W241, were plated on nutrient medium, and the plates were exposed t o  5 krads of 
X rays and incubated at 30" for 2 days. The resulting colonies were replicated onto plates 
containing lawns of either a cells or .a cells or that contained auxotrophic markers complementary 
to the markers in the We41 diploid strain. A colony that could mate was detected as a prototrophic 
colony after replica plating the mating mixtures t o  minimal medium. A clone that exhibited 
mating was picked from the original plate, subcloned and retested for its ability to mate. 

These presumably diploid clones having mating ability were further tested by genetic analy- 
sis of crosses of these clones to either an a/a or &Y tester strain. A high frequency of spore via- 
bility suggests that the cross is a tetraploid strain and, therefore, that the mater is still a diploid 
strain derived from W24.1 by mitotic crossing over. By contrast, a low frequency of spore viability 
suggests that the cross is a triploid strain and, therefore, that the mater is probably a haploid 
strain derived from W241 by a rare meiotic event. Most of the crosses yielded high frequencies of 
viable spores, indicating that the mating strains were indeed diploid; several of these were further 
analyzed. Most of the analyzed crosses gave rise t o  tetrads having 0:4,4:0 and 2:2 ratios of mating 
spores to nonmating spores, a result expected for a normal a,/a/a/oI tetraploid segregation 
(ROMAN, PHILLIPS and SANDS 1955; see RESULTS). However, some of the presumably tetraploid 
crosses did not give rise to the expected segregation pattern, and the ratio of mating spores to 
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nonmating spores of a predominant class was 3:l. This ratio suggests that the genetic configura- 
tion at the mating type locus is a/a/cu/O or cu/a/a/O, where 0 represents the loss of chromosome 
IIZ or at least a deletion of the mating-type locus. 

Determination of iso-2-cytochrome c leuels: Derepressed cells used for iso-Bcytochrome c 
determinations were prepared on nutrient plates (SHERMAN et al. 1974) o r  in liquid culture 
(STEWART et al. 1971) as previously described. The levels of iso-2-cytochrome c were conveniently 
estimated by spectroscopic examination of intact cells at low temperature (-190") (SHERMAN 
and SLONIMSKI 1964). Because the strains used in this study have no iso-l-cytochrome c due to 
mutations at the cycl locus. the intensity of the c, band reflects the level of iso-&-cytochrome c. 
The intensities of the c, band in the mutants were visually compared to the intensities in strains 
having known amounts of cytochrome c. 

Quantitative determinations of total cytochrome c contents were made by spectrophotometric 
measurements of extlacted cytochrome c from known amounts of yeast (SHERMAN, TABER and 
CAMPBELL 1965). 

RESULTS 

Origin and properties of CYC7 mutants overproducing iso-2-cytochrome c: 
Cycl  strains lack iso-l-cytochrome c due to mutations in the structural gene and 
thus, are unable to utilize lactate as a sole carbon source. Revertants that can uti- 
lize lactate arise either by back mutations at the cycl locus or by mutations at any 
of several loci that cause increased amounts of iso-2-cytochrome c ( CLAVILIER, 
PBR~ and SLONIMSKI 1969; CLAVILIER et aZ. 1976; STEWART et al. 1972; SHERMAN 
et aZ. 1974). Intragenic revertants usually arise as large colonies on lactate me- 
dium and usually have normal levels of cytochrome c, while extragenic revertants 
usually appear as distinctly smaller colonies and usually have diminished levels 
of cytochrome c (SHERMAN et al. 1974). However, if intragenic reversion is infre- 
quent or absent or if large numbers of revertant colonies are examined, one ob- 
serves relatively rare extragenic revertants that form large colonies on lactate 
medium and that have near-normal levels of cytochrome c. These extragenic re- 
vertants containing exclusively iso-2-cytochrome c can be conveniently disin- 
guished from intragenic revertants containing primarily iso-1 -cytochrome c by 
the slightly different spectral properties of iso-2-cytochrome c and iso-1 -cyto- 
chrome c and by simple genetic tests that are based on the resistance of cycl mu- 
tants to chlorolactate (SHERMAN et al. 1974). The three mutants, CYC7-HI, 
CYC7-H2 and CYC7-H3, containing an amount of iso-2-cytochrome c ap 
proximately equivalent to the amount of total cytochrome c found in normal 
cells were uncovered during the course of experiments designed for reverting 
cycl strains. The first mutant, CYC7-HI (DOWNIE et al. 1977), was induced by y 
irradiation and was shown to contain a reciprocal translocation with the break- 
point near the structural gene (SHERMAN and HELMS 1978). The second mutant, 
CYC7-H2, was induced by nitrous acid and appeared to contain a single-site mu- 
tation near the structural gene, but outside the translated region (SHERMAN et al. 
1478). We have analyzed a third mutant, CYC7-H? (strain number B-1589), 
that appeared among the revertants from a cycl-31 strain treated with diethyl 
sulfate. Normal spore viability of tetrads from crosses with this mutant, B-1589, 
indicated that the revertant did not contain any obvious chromosomal aberra- 
tions, and segregational analysis indicated that the overproduction was caused by 
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TABLE 1 

Approximate levels of iso-2-cytochrome c in a and a haploid strains and a/a 
diploid strains containing uarious CYC7 genes 

Genetic constitution CYC7+ CYQ-HI CYC7-HZ CYC7-H3 

a CYC7 5-10 100-200 80-150 80-150 
ff CYC7 5-10 100-200 80-150 80-150 
a CYC7/(u CYC7 5-10 100-200 5-20 80-150 

The range of levels of iso-2-cytochrome c are presented as the percent of total cytochrome c 
found in normal strains. The results are estimations from numerous strains. 

a single mutation located on the left arm of chromosome V at the position assigned 
for the CYC7 structural locus. Also, no CYC7+ recombinants having the normal 
low-level amount of iso-2-cytochrome c were observed among the segregants from 
a CYC7-H2/CYC7-H3 diploid cross. Thus, the CYC7-H2 and CYC7-H3 mutants 
appeared to be similar or identical in their genetic properties, as well as in their 
degree of overproduction of iso-2-cytochrome c. However, examination of diploid 
strains homozygous for the various CYC7 mutations revealed that in contrast to a 
CYC7-HI/a CYC7-HI and a CYC7-H3/@ CYC7-H3 strains, the overproduction 
of iso-2-cytochrome c was not fully expressed in a CYC7-H2/a CYC7-H2 strains 
(Table 1 ) . Low-temperature spectroscopic examination of numerous a CYC7- 
H2/a CYC7-H2 strains constructed from different haploid strains revealed a 
range of iso-2-cytochrome c levels from approximately the normal level found in 
CYC7+ strains to approximately twice the normal iso-2-cytochrome c level. Quan- 
titative determina tion of iso-2-cytochrome c in typical haploid and diploid strains, 
presented in Table 2, reflects the amount visually estimated by spectroscopic 
examination in intact cells. 

TABLE 2 

Amount of iso-2-cytochrome c in various haploid and diploid strains 

Iso-%cytochrome c 
Strain no. Genotype (mg/hg dry wt.1 __ . 

18-50 

511 

299 

a cycl C Y C 7 f  

LY cycl CYC7+ 
Various+ 

W216-5A O. CYCZ CYC7-HZ 

D860-48A a cycl CYC7-H2 

W241 

W244-1 c 

a cycl CYC7-H2 
CYCI CYC7-H2 

a c y d  CYC7-H2 
a cycl CYCI-H2 
--_-___ 

22 

345 

* From this investigation and from SHERMAN, TABER and CAMPBELL (1965), GILMORE et al. 
,(1971), LIEBMAN et al. (1975) and D O W N I E ~ ~  al. (1977). 
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T h e  expression of CYC7-H2 in strains homozygous at the mating-type locus: 
In addition to examining a CYC7-H2/a CYC7-H2 diploid strains, we also exam- 
ined a CYC7-H2/a CYC7-H2 and 01 CYC7-H2/a: CYC7-H2 diploid strains in 
order to determine if the lack of overproduction was due to diploidy itself or to 
heterozygosity at the mating-type locus. A diploid strain, W241 ( a  cyc2 CYC7-H2 
leul trp2 ura3 X a cycl CYC7-H2 leul trp2 h i s l )  , was irradiated with X rays to 
induce mitotic crossingover at the mating-type locus that was detected by the abil- 
ity of the resulting clones to mate with either a or ,a tester strains. Since X rays can 
also induce chromosome loss, the presumptive a/a and a/. strains were crossed, 
respectively, to a/a and a/a  tester strains, and the presumptive tetraploids were 
sporulated, dissected and analyzed for segregation of the mating-type locus. The 
segregational patterns (ROMAN, PHILLIPS and SANDS 1955) indicated that both 
a/a  and a/a diploid strains were recovered, as well as aneuploid a/O and a/O 
strains, which had presumably lost one o r  another of the mating-type chromo- 
somes 111. Spectral examinations demonstrated that both the a/a and a/a diploid 
strains, as well as the a/O and a/O aneuploid strains, contained righ levels of iso- 
2-cytochrome c characteristic of CYC7-H2 haploid strains. A tetraploid strain, 
constructed by crossing an a CYC7-H2/a CYC7-H2 strain and an a CYC7-H2/a 
CYC7-H2 strain, did not overproduce iso-2-cytochrome c. The tetraploid strain 
was sporulated, dissected, and the levels of iso-2-cytochrome c of the segregants 
were determined. As expected from a tetraploid strain (Table 3), diploid segre- 
gants with mating-type configuration a/a, &/a and a/. were observed (ROMAN, 
PHILLIPS and SAND 1955). As also expected, all segregants homozygous for the 
mating-type locus overproduced iso-2-cytochrome c, while the a/a segregants 
contained the lower level observed in typical a CYC7-H2/a CYC7-H2 diploid 
strains (Table 3) . 

The importance of the mating-type configuration for expression of the CYC7- 
H 2  allele was confirmed by isolating overproducing strains from the W241 
diploid strain. Approximately I O s  cells were irradiated with 5 kilorad of X rays 

TABLE 3 

Segregants from a typical tetraploid ascus 

Ability t o  mate - Ability to Level of 
Spore no. Genotype X a  x a  sporulate iso-2-cytochrome c 

- - 100 + a cycl CYC7-HZ 
a cycl CYC7-HZ 
____I_ 1A 

- - + 5 
a cycl CYC7-H2 _____- 1B 

CYCI CYC7-HZ 

a cycl CYC7-H2 
'a cycl CYC7-HZ 
_______ 1c 

ma cycl CYC7-HZ 1D __ 
sa cycl CYC7-% 

+ 5 

100 
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and plated on lactate medium, which does not permit the growth of the W241 
strain because of its low amount of cytochrome c. Three revertants arose on the 
lactate plate and each of these contained a higher level of iso-2-cytochrome c. Two 
of the revertants exhibited mating ability with an a tester strain, while the third 
exhibited mating ability with an a tester strain. Although these revertants were 
not tested further, it is clear that the expression of the CYC7-H2 gene in diploid 
strains is dependent on the acquisition of mating ability. 

In order to test the dominance of the CYC7-HS allele, we constructed a CYC7- 
H2/CYC7 + heterozygote homozygous at the mating-type locus. The diploid was 
constructed by selection of rare matings between a CYC7-H2 and a CYC7+ hap- 
loid strains; the ,./@ genotype was confirmed by the ability to mate with an a 
strain and by the inability to sporulate. Spectral examination of one such a 
CYC7-H2/a CYC7 f strain revealed an intermediate level of iso-2-cytochrome c, 
similar to CYC7-HI/CYC7 f and CYC7-H3/CYC7 + diploid strains, indicating 
that the CYC7-HZ allele is also dominant to the wild-type allele. 

DISCUSSION 

In this investigation. we have examined the unanticipated influence of the 
mating-type constitution on the CYC7-H2 mutation that causes an approximately 
20-fold overproduction of iso-2-cytochrome c in a and ~r haploid strains. Heterozy- 
gosity at the mating-type locus, a/.. or a/a,&/cu, prevents expression of the over- 
production; on the other hand, homozygosity, a/a and ./@, and hemizygosity, a/O 
and a/O, allows full expression of the CYC7-H2 mutation equivalent to the ex- 
pression observed in a and . haploid strains. Thus. the overproduction appears to 
require active expression of one or another of the mating-type alleles. 

The mating-type dependence exhibited by the CYC7-HZ allele is not a general 
property of strains that overproduce iso-2-cytochrome c. There is no decrease in 
the overproduction of iso-2-cytochrome c in ala diploid strains containing either 
of the other two mutations, CYC7-HI and CYC7-H3, at the structural locus. In 
addition, there is no decrease of iso-2-cytochrome c levels in a/. diploid strains 
homozygous for either cyc8 or cyc9 mutants that cause overproduction of is0-2- 
cytochrome c and that are unlinked to the CYC7 structural locus (ROTHSTEIN and 
SHERMAN 1980). The cyc9 mutation, however, exhibits a mating defect; IY cyc9 
strains are sterile, while a cyc9 strains mate normally. We believe that the ste- 
rility of LY cyc9 strains is not related to the requirement of mating functions for  the 
expression of the CYC7-H2 mutation. The overproduction of iso-2-cytochrome c 
occurs not only in a/@ cyc9/cyc9 diploid strains, but also in N cyc9 and a cyc9 
CYC7-H2 strains. 

The CYC7-H2 mutation maps close to (but outside) the structural region of 
the iso-Zcytochrome c gene (SHERMAN et al. 1978). Finding the CYC7-H2 
mutation cis-dominant in the a CYC7-H2/a CYC7 + diploid strain and finding the 
CYC7-HZ level much higher than the extreme derepressed CYC7 + level suggest 
that the overproduction may be due to an alteration in a promoter-like region of 
the gene. While the overproduction of iso-2-cytochrome c in CYC7-HZ and 
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CYC7-H3 mutants was not diminished by a,’. heterozygosity, the CYC7-HZ 
type of mutation may not be rare; the CYP3-4 mutation reported by CLAVILIER 
et al. (1976) appears in retrospect similar to the CYC7-H2 mutation. Also, the 
aha hindrance of overproduction is not restricted to CYC7 mutants; similar a/a 
effects have been observed with cargA+Oh, curgB+Oh and durOh, which cause 
constitutive overproduction of, respectively, arginase ( DUBOIS et al. 1978), 
ornithine transaminase ( DESCHAMPS and WIAME 1979) and urea amidolyase 
(LEMOINE, DUBOIS and WIAME 1978). Similar to the CYC7-HZ mutation, each of 
these mutations is located in the regulatory region adjacent to the structural re- 
gion. While the mechanism for the lowered expression in a/, diploid strains is 
unknown, it appears as if a certain type of alteration, which can occur at different 
loci, causes the regulatory regions to respond to signals normally directed towards 
genes controlling mating functions or diploid functions. 

This investigation was supported in part by Public Health Service Research Grants GM12702 
and GM05419 and in part by the U. S. Department of Energy at the University of Rochester 
Department of Radiation Biology and Biophysics. This paper has been designated Report No 
UR-3490-1608. 
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