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Mechanisms available to eukaryotic organisms for the coordinate regulation 

of gene expression are being examined by genetic and biochemical characterization 

of an unusual mutation, CYC7-H2, which causes overproduction of iso-2-cytochrome 

c in the yeast Saccharomyces cerevisiae. The C Y C ~ - ~ 2  mutation causes approxi- - 
mately a twenty fold overproduction of iso-2-cytochrome - c (Sherman et al. 1978) 

in haploid strains but only a one to four fold overproduction in %/ 
. . .- . . . 

diploid strains (Rothstein and Sherman 1980) . This regulation of overproduction 
- -- - -- -- -- .- - - - .- . . . .. - - .. -- -. - . - .. -. . -. - . -- - 

has been characterized as a response to.signals controlling conjugation in yeast. 

Furthermore, the abnormal controlling region has been identified as an insertion 

of a transposable and reiterated Tyl element adjacent to the structural gene 

(Errede et al. 1980). Therefore, we suggest that Tyl elements occur adjacent 

to some of the genes required for conjugation and thus normally function to 

control expression of this process. The suggested role of the Tyl element may 

represent a generalemechanism of coordinate regulation in eukaryotes. 

The CYC7-H2 mutation is closely related to other regulatory mutations 

occurring at the cargA, cargB and DUR1,Z loci which are the structural genes 

for arginase (Wiame 1971; Dubois et al. 1978), ornithine transaminase (Wiame 1971; 

Dubois et al. 1978; Deschamps and Wiame 1979) and urea amidolyase (Lemoine 

et al. 1978), respectively. Similar to the CYC7-HZ mutation, the mutations 

+ h  + h  designated cargA 0 (Dubois et al. 1978), cargB 0 (Deschamps and Wiame 1979) 

h - 
and durO (Lemoine et al. 1978) cause constitutive production of their respective 

gene products at much lower levels in MAT_a/MATa diploid strains than in the cor- 

responding haploid strains. A consistent relationship between conjugation com- 

petence and the level of overproduction in all four mutants has been established 

(Errede et al. 1980). This correlation has suggested that overproduction in all 

four mutants is a. response to signals normally controlling conjugation in yeast. 
- .  

' i- h.., + h  Therefore, we have referred Follectively to the CYC7-H2, cargA 0 , eargB 0 and 
h. durO mutant alleles by the acronym (zegulated everproducing elleles 



responding to ~ating signals). Observations characterizing the regulation of 

overproduction in the CYC7-H2 mutant are presented with. the additional and 

h 
parallel observations for the - 0 mutants. Together these results provide a 

demonstration of the specificity and equivalence of regulatory control exhibited 

by ROAM mutants. 

The total complement of cytochrome - c in yeast normally consists of 95% 

iso-1-cytochrome - c which is encoded by the CYCl gene (Sherman et al. 1974) and 

.5% iso-2-cytochrome - c which is encoded by the CYC7 gene (Downie et al. 1977a). 

Although eithir iso-cytochrome 5 can carry out the electron transport reactions 

necessary for utilization of lactate, a certain minimum amount is required for 

growth on.medium containing lactate as the sole carbon and energy source. There- 

fore, mutants overproducing iso-2-cytochrome - c have. been conveniently iso.lated on 
. . . . .  . . . .  - . - . . . . .  - .  . . --- - - . - .- - A - . 

lactate medium by reverting cycl.:strains which completely lack iso-1-cytochrome c, 
. .  - .  . . .  ... . . . . .  . . . .  . . . . . .  - .. .- - -- - . . - .- - 

but contain the normal low amount of iso-2-cytochrome c. Both intragenic and extra- 
.. . . .  . . .  . . .  . .  .. . . . .  . . . . . . . .  . - . - . . -. . .  - -... .-.- - - -- - . . 

genic revertants can be obtained from cycl strains by this selection. However,-if the 
- - . - - . - . . .  - .  . 

cycl allele is not reverrable or suppressible, the revertants contain increased 

amounts of exclusively iso-2-cytochrome 2. Overproduction of iso-2-cytochrome - c 

can be due to mutations at the CYC7 locus or to mutations at any number of loci 

unlinked to - CYC7. The mutations at the - CYC7 locus are dominant and involve gross 

chromosomal alterations while mutations at the unlinked loci are recessive, cause . . 

pleiotrophic effects and may not be directly involved in the regulation or bio- 

synthesis of solely iso-2-cytochrome - c.. .We have partially characterized the 
extended alterations in the three mutants designated CYC7-H1, CYC7-H2 and CYC7-H3, 

which contain twenty to thirty times the normal amount of iso-2-cytochrome E. 

The CYC7-H1 mutation is a reciprocal translocation which fuses an abnormal 

controlling region alijac~nt co the CPC7 gene (Shcrman and Helms 1.978). The 



CYC7-H3 mutation is a deletion of a segment immediately adjacent to the CYC7 

locus thus'creating a new regulatory region (McKnight it al. in preparation). 

The CYC7-H2 mutation, which is the main topic of this paper, is an insertfon 

of a Tyl element at the CYC7 locus but outside of the translated portion of 

the gene. 

Other Overproducing Mutants 
?AAA/tlvvvvvvvvvvvvLlvvvvvvL 

Mutants causing'overproduction of diverse gene products have been uncovered 

in a wide range.of systems by various investigations. In particular, Wiame and 

his colleagues have systematically isolated and characterized regulatory mutations 

+ - + h  
of arginine catabolism and urea utilization. Numerous cargB 0 and cargB 0 mu- 

tants constitutive for high amounts of ornithine transaminase have been isolated 

from argR- strains. They were selected on the basis of efficient growth on medium 

containing ornithine as the principle nitrogen source (Dubois et al. 1978). These 

+ - + - 
arg~- carvB 0 strains utilize ornithine but not arginine; cargA 0 and 

+ h  + - 
cargA 0 mutants constitutive for arginase were selected from argR- cargB 0 

strains on medium containing arginine as the principal nitrogen source (Dubois 

et al. 1978). Using strains which grow slowly or do not grow on allantoin and 

h 
urea, Lemoine et al. (1978) were able to isolate faster growing mutants, durO , 

w l c h  high constitutivity of urea amidolyase. The mutations causing overproduction 

were shown to be within or closely linked to the loci determining the respective 

gene products. 

ROAMMutants: Overproduction Diminished b'y MAT?/MATU 
W \ r  'VV'VWUIJ% ' L Z % W A . A A A n n / L  'V\r 

+ h  The ROAM mutations, CYC7-H2, cargA 0 , carg~+oh and duroh that overproduce 

iso-2-cytochrome - c, arginase, ornithine transaminase and urea amidolyase, re- 

spectively , are distinct from other regulatory mutations occurring at these 

loci. Results summarized from independent genetic studies are presented in 

Table 1 to illustrate the distinction. The level of overproduction in.ROAM c-i 



mutants is substantially lower in MATe/MATcr diploid strains homorygous for the 

ROAM allele than in the corresponding haploid strains. However,'there is no 

difference in the level of overproduction observed in haploid or diploid strains 

+ - + - 
containing the CYC7-H1, CYC7-H3, cargA 0 or cargB 0 mutations. Results in 

Table 1 also show that equivalent amounts of the corresponding gene .products are. 

produced in ROAM mutant haploid strains and or -- MATa/MATa diploid strains. 

Therefore, the response of ROAM mutants to the MATa/MATa diploid condition is not 

a result of the ploidy but rather is due to the constitution of the mating type locus. 

In addition to the ROAM mutants that we describe, A. Toh-E (personal communication) 
. . 

has uncovered certain mutations at the PHOE locus that cause constitutive produc- 

tion of acid phosphatase in MAT_a and - MATa diploid strains but not in MAT_a/MATcr 

diploid strains. This observation suggests that mutations at yet another locus 

may belong to the ROAM class. 

The functional role of the mating type locus essentially is to control the 

expression of two phenotypes that are normally exclusive of one another; MATaIMATa 

diploid strains are capable of meiosis but not conjugation while % and - MAT@ hap- 

loid strains as well as diploid strains homozygous for either - MAT allele are cap- 

able of conjugation but not'meiosis. In order to relate - MAT locus control of ROAM 

expression to one or the other phenotype, the level of overproduction in each mutant 

was determined in diploid strains with the unusual ability to both mate and sporulate 

(Errede et al. 1980). Diploid strains with either the mat_a-l/MATcr (Kasir and 

Simchin 1976). or ---- matalY2/MATcr (Strathern et al. 1979) genotype are capable of mat- 

ins with MBT_a cell,~ but these strains are defective in sporulation ability. In- 

sorpotatinn n€ the.dominant - SAD1 allele in the genotype of either diploid strain 

restores sporulation ability without preventing mating ability (Hopper and MacKay 

1980; Kassir and Herskowitz 1980). The amount of gene product co'rresponding to 

each ROAM mutation in both ---- mata-l/MATaSADl . and ----- matcrl ,2 /MAT~sAD~ was equivalent 



to the high amounts generally found in strains with only mating competence (Errede 

et al. 1980). Thus, overproduction is not limited by sporulation capability. In 

addition, expression of the CYC7-H2 mutation was assessed in diploid strains that 

neither mate nor sporulate. This diploid phenotype is conveniently obtained by 

isolating p- derivatives from standard MATeIMATa diploid strains. The p- deriva- 

tives cannot sporulate because they are respiratory deficient. Equivalent and 

low amounts of iso-2-cytochrome 2 were observed in the p+ ~ B I M A T ~  strains and 

their p- derivatives. Together, these results domonstrate there is at least no 

superficial correspondence between the inability to express the overproducing 

phenotype and the ability to express sporulation. By contrast, there is a 

consistent correlation between conjugation ability and overproduction in ROAM 

mutants. Although these observations do not eliminate any' number of possible 

regulatory relationships accounting for MAT~/MAT~ control of conjugation and 

meiosis, they do suggest that overproduction is caused by signals required for 

conjugation competence. 

ROAM Overproduction Is Diminished by Certain - ste Mutations 
,-tAAA, -vvb w .vwnnnnn%?, rn v b f v v V w . 8  wL% *nn/VL 

The proposed mechanism for the diminution of overproduction in MAT~IMAT~ . 

strains suggests that certain mutations preventing the formation of the mating 

signal would concnmitantly prevent conjugation in haploid cells and overproduc- 

tion in ROAM mutants. Therefore, we are systematically investigating mating 

mutations for their possible effect on the level of iso-2-cytochrome 5 in 

CYC7-H2 strains. The results for the mutations that we have tested are sum- 

marized in Table 2. In contrast to - ste mutations, certain mutations at.'.the GK-5 
mating type locus (MAT) - do not prevent mating; the -1 - (Kassir and Simchen 

I 

1976) and the --- mat'ctl,2 (Strathern et al. 1979) mutants are able to mate with 

MATn cells,: The ste mutations.are classified in Table 2 on the basis of the - - 
cell type in which the non-mating phenotype is expressed. The relative levels. 
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represent the average amounts of iso-2-cytochrome c in all'segregants with the 
specified genotype. derived from each cross. We have found genetic variation 

causes differences in the amount of iso-2-cytochrome 5 among strains containing 

identical CYC7 markers. These variations have a particularly pronounced effect 

on the amount of iso-2-cytochrome - c in CYC7-H2 strains. Therefore, the effect 

on CYC7-H2 expression is assessed on the basis of the amounts of iso-2-cytochrome 

c in numerous segregants that come from the same pedigree and that either con- - 

tain or lack the - ste or mat mutation. As shown by the results in Table 2,' the 

amount of iso-2-cytochrome c.in ste7. CYC7-H2, stell CYC7-H2 and stel2 CYC7-H2 

strains that cannot mate is appreciably lower than the amount in the correspond- 

ing control strains. We have previously shown that the ste7 mutation has no 

effect on the amount of iso-2-cytochrome - c in CYC7-H1 and CYC7-H3 (Errede et al. 

1980). Thus,.certain.ste - mutations act with a high degree of specificity on 
certain allelic mutations of the CYC7 locus. However, the - mat mutations and 

other ste mutations such as ste5 have no discernible effect on the amount of 
h 

iso-2-cytochrome 2. In addition, parailel experiments have shown that - 0 strains 

with the ste7 mutation have amounts of their respective gene products equivalent 

h 
to the depressed amounts in each of the - 0 MAT~/MAT~ diploid strains (Errede et al. 

4- 

1980). Also in keeping with the results from the CYC7-H2 mutants (Table 2) ,  the 

h 
mata-1 and matal,2 mutations have no effect on the expression of any of the *- --- 
alleles nor does the ste5 mutation have an effect on the expression of the 

carg~+oh mutation (Errede et al. 1980). These results establish that the diminu- 

tion of ROAM expression is specific for mutation of only certain - ste loci. There- 

fa re ,  the observed overproduction in ROAM mutants is not merely related to the 

mating competent phenotype but rather is a response to a specific regulatory 

signal. Moreover, all ROAM mutants apparently respond to the same signal. 

ROAM ~utations Occur Adjacent to Structural Genes and Are - cis-Dominant 
V w l A  %%%7rZZZZZ " d W  n/r .~f i .A/ lAf ld qAt 'lJMAA ' V W b  'Vfi %%%VVVbV% 



Genetic characterization of the ROAM mutations has been presented in 

previous publications (Sherman and Helms 1978; Sherman et al. 1978; Wiame 

1971; Lemoine et al. 1978). The normal spore viability and the Mendelian 

segregation observed for each ROAM mutation indicate that they behave as 

single site mutations'at the structural gene. Moreover, the normal amino acid 

sequence of iso-2-cytochrome - c in the CYC7-H2 mutant and the normal catalytic . 

h activity of the gene products of the - 0 mutants indicates 'that the mutations 

occur in a regulatory'region which is outside of the translated portion of each 

.. . gene. In fact, these two distinct regions of the CYC7 locus were defined in 
- .  

studies characterizing the cyc7-H2-1 - - mutation - derived from a CYC7-H2 strain. The 

cyc7-H2-1 mutant lacking iso-2-cytochrome - c was caused by a second-site mutation 

in the translated region of the gene corresponding to tryptophan 68 in the protein 

(Sherman et al. 1978). 

ROAM mutations are - cis-dominant and trans-recessive. High amounts of ROAM 

gene products observed in MATe/MAT: or -- MATaIMATa diploid strains which are hetero- 

zygous for the corresponding ROAM allele established that each of these regulatory 

mutations is dominant (see references cited in Table 1). In addition, we have 

constructid diploid strains that demonstrate overproduction of iso-2-cytochrome - c 

occurs when the dominant CYC7-H2 regulatory mutation is in the - cis-configuration 

with respect to the CYC7 structural region but not when it is in the trans- 

configuration. The cyc7-H2-1 mutant was used for these studies because the . 

second-si'te mutation within the translated region of the gene prevents expression 

of the regulatory mutation in the cis-configuration. Diploid strains with the - 
mata-1/~ATa.:and matcrl,2/MATa genotypes were used for these tests to circumvent the 
__I\J-- ---- 
MATaIMATa effect on CYC7-H2 expression (Errede et al. 1980). Overproduction of v- 

iso-2-cytochrome 5 in CYC7i- mat_a-L/C~~7-~2 - MATa and inCYC7+rnataly2/CYC7-H2 -- - - - MATcr 

strains was equivalent to the level found by Roths.tein and Sherman (1980) for 



MATa/MATadiploid strains heterozygous at the CYC7 locus. By contrast, CYC~+ 
-4 -. 

mata-l/cyc7-H2-1 MATa and,CYC7+ matal,2/cyc7-H2-l~MATa diploid -strains have 
V- - ---- - 

amounts of iso-2-cytochrome .c - lower than diploid strains homozygous. for the 

normal CYC7+ allele. Thus the regulatory region of the cyc7-H2-1 allele cannot 

cause overproduction when it is'trans to the normal structural region of the 

CYC7+ gene and we'conclude the CYC7-H2 mutation is - cis-dominant. The - cis- 

+ h  
dominance of the duroh (Lemoines et al. 1978) and cargA 0 (Dubois et al. 1978) 

.mutations was also rigorously established by analogous experiments using 'diploid 

strains homozygo~s for either Allele at - MAT to circumvent the MATc/MATa effect 

h 
on expression of the - oh mutations. In the former study the (durl-1)0 allele 

h 
was employed in combination with DUR1,2 allele to demonstrate that the - 0 mu- 

- h' tation does not act in trans; the latter study.employed a cargA 0 allele in 

+ + 
combination with the car@ 0. allele for Chis demonstration. 

Physical Structure of the Cloned CYC7-H2 Gene 
v - m m r v v v v v L r v v V v v v L r v v v \ ,  

CYC7-H2 contains - a Tyl insertion. 

Recombinant DNA procedures were used to demonstrate that the overproduction 

of iso-2-cytochrome - c in the CYC7-H2 mutant was caused by an alteration in the 

vicinity of the CYC7 locus, a result that was anticipated from the genetic proper- 

ties. Initial experiments compared the sizes of the DNA fragments from E d 1 1 1  

digests of CYC7-H2 and CYC7+ genomic DNA that hybridize to the probe pAB32 con- 

taining the CYC7+ structural gene. The labeled CYC7+ probe hybridized to a 

single 3.5 kb fragment from the CYC7+ genomic DNA and a single 8.9 kb fragment 

from the CYC7-H2 genomic DNA, thereby suggesting that the mutant gene contains 

a gross alteration involving an extended region at or near the CYC7 locus 

(Errede et al. 1980). Subsequent restriction endonuclease mapping of a cloned 

CYC7-H2 fragment demonstrated that a segment of DNA approximately 5.5 kb in 

size was inserted, and that the insertion altered . the.Xho1 - site but ~ i o t  the - P s t I  

site (Errede et al. 1980) normally situated, respectively, 140 and approximately 

260 bp.in front of the AUG initiation codon (Montgomery et al. 1979). 



In contrast to the CYC7+ probe which only hybridized to a single genomic DNA - 
fragment containing the CYC7 structural . gene, the probe pAB35 containing the - 
CYC7-H2 cloned DNA hybridized to a multiplicity of different size - Hind111 frag- 

ments from both the CYC7+ and CYC7-H2 genomic DNA (~rrede et al. 1980). This 

observation indicated that.the CYC7-H2 fragment contains a sequence that is 

reiterated throughout the yeast genome. Recently, Cameron et al. (1979) identi- 

fied and characterized a family of dispersed.repetitive elements.-in yeast which 

they designated Tyl. The patterns resulting from hybridization of - Hind111 gen- 

omit DNA fragments to the CYC7-H2 fragment and to a fragment containing the central 

portion of a Tyl element were similar, suggesting that the reiterated sequence 

.in the CYC7-H2 cloned DNA is homologous to a Tyl sequence (Errede et al. - 1980) . 
Thus, restriction fragments generated from pAB35 were examined directly for hom- 

ology to the Tyl probe. Because the fragments of CYC7-H2 DNA containing the. seg- 

ment denoted c-d in Figure 1 hybridized to the Tyl probe, it was concluded that m 
at least some portion of the CYC7-H2 inserted segment is homologous to the central 

portion of a Tyl element. 

CYC7-H2 contains 6 sequences. 

The yeast reiterated segment, Tyl, typically consists of a 5.6 kb sequence 

that includes 0.25 kb segments of a sequence referred to as "6" at each end of 

the element. The haploid genome of yeast contains approximately 35 copies of Tyl 

elements and at least 100 copies of 6 elements; some of the 6 elements are not 

contiguous with Tyl elements (Cameron et al. 1979). The hybridization of the 

a b n o r m l  segment in the CYC7-H2 DNA to the central portion of the Tyl element, 

t~gether with the comparable size of the inserted segment and typical Tyl elements 

suggests that the abnormal region may be a complete Tyl sequence. An investigation 

was undertaken to determine whether or not 6 sequences are present in the terminal 

regions of the CYC7-H2 insertion segment because the presence of these elements 

would be taken as evidence that the inserted segment is, in fact, a complete Tyl 



element. The ends of the insertion fall within the two restriction fragments 

denoted a-b and e-f in Figure 1.. Radioactive probes,were prepared from these 

two fragments (a-b and .e-f) as well as to the 2.2 kb - EcoRI fragment containing 

the CYC7+ gene and to the 1.6 kb SalI-EcoRI fragment containing the central portion 
. . - -  

of the Tyl element. The patterns resulting from hybridization of these probes 

to the Hind111 fragments from genomic DNA of the standard CYC7+ strain D311-3A 

and of the CYC7-H2 strain D901-2B are presented in Figure 2. As expected, 

genomic DNA fragments that hybridize to the Tyl probe are all greater than 5 
1- / 

kb in size; the Tyl family of reiterated sequences does not contain.interna1 

Hind111 restriction endonuclease cleavage sites and the typical element is 5.6 - 
kb in size (Cameron et al. 1979). The hybridization pattern of the genomic DNA 

digests probed with the end fragments a-b and e-f and with the entire CYC7-H2 

fragment are similar to the Tyl patterns in the region of genomic fragments greater 

than 5 kb. However, these end fragments and the CYC7-H2 fragment also hybridize 

to a number of genomic DNA fragments considerably smaller than 5 kb. Thus the 

ends of the CYC7-H2 insertion contain sequences that hybridize not only to- the 

family of Tyl elements but also to another family of reiterated sequences. 

These observations are consistent with the suggested presence of 6 elements at the 

ends of the CYC7-H2 insertion. It is also evident in Figure 2 that the hybridi- 

zation pattern from the CYC7-H2 fragment a-b is similar but not identical to the 

pattern from the fragment e-f. This result suggests that the reiterated termini 

are homologous but that they may not be ~o~~letel~'identica1. 

Additional evidence for the presence of 6 sequences comes from the hybridi- 

zation of the end fragments a-b and e-f to X recombinants that contain 6 elements. 

Plaques prepared from the following phages and transferred to nitrocellulose 

sheets were shown to hybridizelto the end fragments: AS1 that contains 6 elements 

but not Tyl elements; XB1 that contains 6 elements and a part 'of a Tyl element 

(Cameron e~ al. 1379); AN335 that contains the entire CYC7-H2 gene (Erredc et sl. 

1980). However, no hybridization was observed with plaques prepared from the parent 



phage, XgtXB and X598. 

Heteroduplex analysis -- of the cloned CYC7-H2 fragments. 

Heteroduplex analysis was employed to confirm and further characterize the 

abnormal region in the cloned CYC7-H2 DNA. Heteroduplexes were formed between 

two recombinant phages, XU25 and XAB35, that contained, respectively, the CYC7+ 

and tEYC7-H2 - ~ind111 fragments .shown in F5gure 1. Because the two 'yeast fragments 

are in opposite orientation with respect to the X molecule, two heteroduplex 
. - . - - . - - .. -. . - - .. - -. . -. .. - -- . . . . . -  . - . ., 

structures were observed; in one configuration. only the homologous X sequences 
. . . -- -- . - - - - -- - - -  . - -. -. - . . . - . - - -.. --- . . . - . 

hybridized; in the other configuration, shown in Figure 3a, only the homologous /-, 
(,Fig. 3) 

yeast sequences hybridized. In the latter structure, the extra segment in the 

CYC7-H2 fragment formed a single stranded loop having a size and position ex- 

pected from the restz-iction map. Furthermore, equivalent loop structures were 

observed when the.XU25 phage, containing the CYC7+ gene, was hybridized to 

the CYC7-H2 fragment prepared by - Hind111 digestion of the plasmid pAB35. None 

of the heteroduplexes .revealed "hairpin" or "lollipop" structures which would 

be indicative of inverted repeat sequences. 

Additional heteroduplex experiments were performed with DNA from the isolated 

CYC7-HZ 1.1 kb fragment a-b and the 2.1 kb fragment e-f (Figure 1). Electron 

micrographs revealed an unusual structure, shown in Figure 4, that consists of a/-, 
Qig. 4) 

single duplex eye and two duplex tails. The contour lengths of the eye and. 

tail regions are consistent with a structure that would result from heteroduplex 

formation between homologous sequences in the fragment a-b and fragment e-f with 

subsequent homoduplex formation between the single stranded nonhomologous sequences 

of each fragment. Such a structure not only requires sequences in fragment a-b'and 

fragment f-h that are homologous but also requires that these sequences have the 

same orientation. Estimates from the contour length of the putative heteroduplex 

region in this structure suggest that the homologous region in the two CYC7-H2 

fragments is at least 570 bp. This region of homology is more extensive than 
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expected 'from the presence of only a 250 bp 6 element at each end of the inserted 

segment. 

In summary, results from both hybridization and heteroduplex. studies indicate 

the presence of homologous and reiterated sequences which are present in the same 

orientation in the CYC7-HZ fragment a-b and fragment e-f. These two fragments 

contain the distal aid proximal end points of the inserted segment in the C Y C ~ - ~ 2  

cloned DNA. In addition, these fragments hybridize to XB1 and AS1 DNA that con- 

tain yeast inserts having 6 sequences. The results from these investigations in 

toto strongly suggest the inserted segment in the CYC7-H2 fragment is a complete 

Tyl.element including 6 segments with the same orientation at each end. 

Proposed Role for the Yeast Transposable Element in Causing ROAM Mutations 
- m I v v \ , I v v \ , l v v v v L P - m ' V V V V \ / V L w I v v v v v v v v L  

The properties of ROAM mutations suggest that increased expression of ROAM 

alleles is a specific response to signals required for conjugation competence. 

Importantly, all ROAM mutants appear to respond to the same signal suggesting 

that the mutation at each ROAM locus involves a similar, if not identical alteration. 

Molecular characterization of the CYC7-H2 mutant has localized the alteration to 

a site within a region 140 to about 260 bp in front of the translated portion of 

this gene. Moreover, these investigations have identified the alteration as an 

inserted segment belonging to the Tyl family. \ 
. . 

As described above, Cameron et' al. c1979) identified and characterized the 

Tyl family of dispersed repetitive elements in yeast. The typical element con- 

sists of a 5.6 kb sequence that includes 0.25 kb segments denoted 6 at each end. 

Thus, the yeast element structurally resembles prokaryotic transposable elements 

(Kleckner 1977). The additional similarity of the transposable nature of the 

yeast element was demonstrated by the variable distribution of Tyl elements among 

related strains as well as for the same strain after prolonged culture. This 

characteristic property of the Tyl element, together with the well established 
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precedent from prokaryotic insertion mutations (Starlinger and Saedler 1976). 

naturally suggests that each ROAM mutation occurred by transposition of a Tyl 

element adjacent to the translated portion of the affected structural gene. 

The proposal accounting for the occurrence of ROAM mutations is further 

supported by the finding that another yeast mutation, his4-912, has been shown 

to contain an inserted Tyl.element adjacent to the HIS4 gene (D. Chaleff, 

S. Roeder and G. Fink, private communication). In contrast to the increased . , 

expression of ROAM mutations, the Tyl insertion at the HIS4 locus inactivates 
.... . . . . . . .  

expression of the gene. This distinction.:indicates' that increased expression of an 
. - . . - - - - . - - . - - - . .. 

adjacent structural gene may require a particular orientation or position of the 

Tyl element. Such may be the case, particularly if the 6 sequences of the yeast 

element are acting as promoters with properties analogous to those demonstrated 

for IS-elements present as terminal repeat sequences in bacterial transposons 

(Kleckner 1977; Starlinger and Saedler 1976). 

The occurrence and generality of insertion mutations extends to other 

eukaryotic systems. Indeed, the first evidence for the existence of transposable 

elements affecting gene expression has come from the well studied eukaryotic 

organisms maize (McClintock 1956) and Drosophila (Green 1977). Furthermore, 
/ 

several families of repetitive elements in Drosophila are remarkably similar to 
.... - .... - .... - . . . . .  . . . . . . . .  . . . .  . . . . .  . . . . . .  .- . -- -- . . 

the Tyl elements, both in their physical structure and in their ability to transpose 
. . , -" - - . .- -- - . - - -- - .- - . . ..-. - ....... - . . . . . . . . . .  - 

. - - - - . - - (.Finnegan ..... et al. 1977; Potter et al. 1979; ............ Strobe1 et . . . . . . . . . . . . . . . . . . . . . .  al. 1979). The role ....................... of two. , 

such elements, denoted copia and DM225, in unstable mutations at the yhite locus 
. . .  ..... .. - - .-...-... - . . -  . . - . .  . 0.. - -. , . . . . . . . . . . . . . . . .  .---. . .I. . _ _  

of Drosophila hasrecently been described (Green 1977; Rasmuson et al. 1.980; 
- . .  . . 

~ e h r h g  and Paro 1980). ,In addition, the controlling elements in maize have 

been attributed to insertion mutations analogous to those caused by insertion 

sequences in bacteria (Nevers and Saedler 1977). 

Hypothetical Model for Concomitant Regulation of Conjugation and Overproduction 
-YVvvLw--rvLrv\nnnnnnnnn,?/vL?nnnnnn/\nnnnnn, 

In ROAM Mutants 
rvL .vvv \ , .vvvvvvL 



The genet'ic, 'molecular and regulatory properties of the ROAM mutants can - 

be. interpret&d' according to the model presented in Fi'gure 5. The pertinent 

feature of the model is that ~ y l  elements normally' occur adjacent to some of 

the genes required for conjugation and that these Tyl elements act as receptors 

for the positive regulatory determinant (PRD) specifically controlling the mat- 

ing process. As we have proposed in the section, the ROAM mutants are' the 

result of the insertion of Tyl elements and thereby become members of the hy- 

pothetical Tyl gene. battery. This .group of genes, then, is coordinately acti- 

vated by the PRD controlling mating functions. 

According to this hypothesis both conjugation and overproduction in ROAM 

mutants requires the presence of PRD. The formation or expression of PRD occurs 

in MAT_a and - MATa haploid strains capable of mating. Inhibition of PRD occurs 

under conditions in whi'chboth of the codominant - MAT alleles are expressed, such 

as in normal MAT?/MATcr diploid strains incapable of mating. The inhibition of 

PRD also occurs in haploid strains incapable of mating because of mutations de- 

noted by the general symbol steA in Figure 5. - .  SteA mutations cduld either 

directly inactivate the PRD or could indirectly prevent its expression 'by 

establishing a regulatory condition equivalent to that of the MAT_~/MAT~ diploid 

cell. The absence of PRD would result in a nonmating, phenotype and in concomitant 

decreased expression of ROAM mutations. The results presented in fable 2 and 

summarized in Table 3 indicate that the ste4 ste7 stell and stel2 mutations are 
-3 -3 - 

representative of the steA class. In addition, evidence characterizing the 

marl-1 mutation (Klar and Fogel 1979) indicates that this mutation prevents con- 
- - . . - - . .. . - -. .-. .. ..-- . . . . .. . . .  . . . . . - . . .. . - . . .  

jugation because it allows expression of the normally silent gene and a gene infor- 

mation residing at the - HML and - HMR loci. Thus, -- marl-1 represents the hypothetical 

steA mutations that indirectly inhibit PRD by mimicking the MATa/MATa regulatory 

state in haploid ce1l.s.  The expected result is showri in Table 2; the amount of 

iso-2-cytochrome 5 in the CYC7-H2 mutant is depressed in -- marl-1 haploid strains. 



Other mutations of the general trpe denbted'.~fe~ and steC in Figure 5 inactivate 

mating capaci.ty but not the PRD. The mutations such as -- matal, - ste3 and - .  ste5 

which prevent conjugation but not overproduction of iso-2-cytochrome - c (Table 2 

and Table 3) could represent either general class. Conversely, mutations of the 
. . 

ROAM gene, such as the cyc7-H2-1 mutation, would prevent overproduction but not 

conjugation. Thus, analysis of - ste mutants illustrates the potential utility of 

the CYC7-H2 mutant in providing a basis 'for understanding the complex regulatory 

network controlling the mating competent cell type in yeast. 

Implications of the. Hypothetical Role of ~~1 in Coordinate Regulation of Gene 
~ ' V L ' V V L ' ~ ~ 2 / V \ f l , ' V \ r ' V \ n , ' V \ r l v v v v v v v v v L ~ r n ~  

Expression - 
The arrangement of repetitive sequence elements in eukaryotic genomes, together 

with their sequence length and repetition frequencies indicate that they do not 

resemble structural genes but indirectly sugges.t they,must provide some genomic 

function (Davidson et al. 1977). More recent studies have shown that transcripts 

of certain repetitive sequence families are present-at very different concentra- 

tions in the nuclear RNA of sea urchin embryos as compared with adult intestine 

cells (Scheller et al. 1978). In addition, physical studies of animal genomes 

have revealed repetitive sequences within regions containing developmentally 

regulated genes (Duncan et al. 1979; Lomedico et al. 1979; Dodgson et al. 1979; 

Jelinek et al. 1980; Shen and Maniatis 1980). These various lines of evidence 

have suggested elaborate models involving repetitive sequences for coordinate 

regulation of gene expression during cellular differentiation and development 

of eukaryotes (Davidson and Britten 1979). The results presented here provide 

direct evidence for the role of the yeast repetitive element, Tyl, in the 

replation of ROAM mutant expression. In addition, the regulatory properties ' of 

these mutants suggests a requirement for the Tyl element in coordinate regulation 

of gelles determining mating f'ttnctions in yeast. Thasc obsa~:vatj.nns suggest to 

us that a major function of repetitive DNA in all eukaryotes may be the regula- 

tion of gene expression. 
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Table 1. Expression of Overproducing Mutations in Strains with Different Mating Type Locus Compositions. 

Gene Product Mutation 

Relative amount of gene.product a .  

Haploid ~ i ~ l o i d ~ ,  Reference 

MATa MATa MAT$ 
MAT* or MATa 31 or 

MAT$ MATa MA T a  

Arginase 

Ornizhine transaminage 

Urea amidolyase 

30' Rothstein and Sherman 1980 

2 

Dubois et al. 1978 

cargs+o-- 1 200 
200 Deschamps and Wiame 1979 - 

carg8'oh- 1 500 520 6 5 

a 
The amount of each gene product produced was determined according to methods given in the corresponding references. 

The amounts are relative to the amounts in strains with the wild type allele for each of the structural genes. One 

unit of the normal values corresponds to the following: iso-2-cytochrome c, 10-20 mg (kg dry wt)-l (Sherman et al. 

1965; othzr numerous measurements); arginase, 7 pmoles of urea produced hr-l (mg  rotei in)-l; ornithine transaminase, 

0.0; pmoles of A pyrroline-5-carboxylic acid produced hr-I (mg protein)-1; urea amidolyase, 1 nmole C02 hr-1 (mg protein)-1. 

b ~ h e  diploid strains used are homozygous for the designated mutant alleles. 



Table 2. Average Amount of Iso-2-zytochrome c in CY77-H2 Segregants with and without Various Mating Type Mutations. 

Mutant segregants Control segregants 

Class of Class Average amount ofC Average amount ofC b 
Pertinent genotype Pertinent genotype 

mutation iso-2-cytochrome c iso-2-cytochrome c 

MAT: 

nonsporul. E375 6 E376  mat^-1 16 MATa 16 

a nonmater E322 motal-2 20 MAT* 22 

a nonmater . E323 mat.21-5 MAT: 

MATa E420 nonsporul. . . mahl,2 

a nonmater 
'I, 

MAT* STE2+ 

MAT$ STE~+ 

MAT* STE6+ 

a nonmater E347 MIITu ate3 17.5 MATa STE3+ 15 1 
MATa STZ13+ 

$ & a  nonmater El70 sta4  Its) 

E423 s&4 (t8) 

MAT* M4RI+ . , . 15 



a .  Crosses with e i t h e r  matal-2 and matal-5 mutants wqre made by s e l e c t i n g  

rare pro to t roph ic  d i p l o i d  strains (MacKay and Manney 1974). Crosses 

involving mutations . t h a t  a r e  expressed i n  only 8 m a t i n g  o r  only a mating 

s t r a i n s  were made using haploid  s t r a i n s  of . the  a l t e r n a t e  mating type i n  

which t h e  mutat ion has  no observable phenotype. Crosses involving the  

ts mutations w e r e  made a t  the  permissive temperature of 22OC which allows - 
mating and not  a t  the  r e s t r i c t i v e  temperature of 35OC which prevents 

mating. Crosses involving t h e  marl-1 mutation were made wi th  MATa marl-1 

m-1 HMLa haploid  s t r a i n s  which a r e  capable of mating wi th  a s t r a i n s  

due t o  t h e  mutation a t  t h e   locus (Klar and Fogel 1979). 

b ~ e g r e g a n t s  . . were obtained and per t inent ,  genotypes were i d e n t i f i e d  us ing 

procedures described by Errede e t  a l .  (1980): The mating type mutations 

were derived from t h e  fol lowing s t r a i n s :  17-15 (mat_a-L) provided by Y., 

Kass i r  (Hebrew Univers i ty)  ; VC2 (matal-2) , VN33 (matal-5) , VAB2 (s  t e 2  

a l l e l e  i n  E168), VZ4 ( s t e 4  a l l e l e  i n  E170) and VACl  ( s t 8 5  a l l e l e  i n  ~ 1 9 8 )  

provided by V. MacKay (Rutgers u n i v e r s i t y ) ;  381-11-1-50b ( s t e 2  a l l e l e  i n  

E194), 381.-11-1-2b ( s  te4 a l l e l e  i n  E423), 381-11-1-10d ( s t e 5  a l l e l e  i n  

E192), 381-11-1-26a ( s t e 7 ) ,  797-1-3 ( s t e 8 ) ,  762-4-3 ( s t e 9 )  - , 381-11-1-6a 

( s t e l l )  and 381-11-10a ( s t e l 2 )  provided by L. Hartwell ( u n i v e r s i t y  of 

Washington); G54-17d ( s t e3)  - provided by G. Sprague and I. Herskowitz 

(Univers i ty  of Oregon) ; a l f l -28  (mat 1 ,2 )  , RSA21 ( s t e 6 )  and A2S3 ( s t e l 3 1  

provided by J. Rine and I. Herskowitz (Univers i ty  of Oregon). 
. . .  

I 

C The s t r a i n s  used i n  t h i s  s tudy con ta in  one of s e v e r a l  c y c l  a l l e l e s  t h a t  

prevent  the  formation of iso-1-cytochrome 2 (Sherman e t  a l .  1974). 



Table 2. (cont. ),  . . . .  

Therefore, determination of the total cytochrome.~ - concentration provides 
a direct measure of. iso-2-cytochrome 2 .  Strains were grown on solid medium 
. . 

(Sherman et ,al. 1974) at 3S°C if.they were derived.from'pedigrees containing 

ts mutations; all other strains were grown at 30°C. The amounts of cyto- - 
chrome c were estimated.by low-temperature (-190°C) spectroscopic examination 
o f  intact cells; . . the'ra band intensities were visually compared to standard 

strains containing known amounts of cytochrome E? The avqrage value is 

determined from the.amounts.'of cytochrome - c in- all segregants having the 

same pertinent genotype. One unit of iso-2-cytochrome corresponds to 

10-20 mg (kg dry wt)-l, the amount in strains with the wild type CYC7+ allele 

(Sherman et al. 1965; and numerous other measurements.) 

. . . . . . .  . . . . . . . . . . . .  . . . . . .  - .. - - -. . -. . . . -  - .. 
d -l/MATa and matal,2/MATa diploid strains can mate - with MAT_a cells and 

. . .  . . .  . - - . . - . - . . .  . . .  . . . .  ' -  - .  

can not sporulate. 

The results shown for the effect of the ste5 mutations and the ste7 

mutations.. are summarized from results presented by Errede et al. (1980). 

Results shown for the effect of other mating.type mutations are summarized 

from Errede et al. (in preparatfon). 



a 
Table 3. Classification of Mating Type Mutations. , '# 

> 

Phenotype , steA . steB or steC Unclear 

a nonmater mat al-2 

a nonmater 
% 

ste2 

ste 6 

a and a nnnmater 
% 

ste 7 

stell 

a The classification according to the model presented in Figure 5 is based. 
--. ..."I-. .- .- _ _  __  . . _ _ _ __ .. - _. _ _  _. _ ._. _ - .. . .. . - 

on the results, presented in Table 2, iri which - steA mutatioris~diminisli the. . 
- -. . ---. - , - _ . 

CYC7-H2 overproduction while - steB and' - steC mutaions do not. 
- .  . -. - .. . . . .. . 



A. R e s t r i c t i o n  maps of t h e  CYC7+ and CYC7-HZ genomic regions .  

Cleavage s i t e s  i n  t h e  cloned segments conta in ing t h e  CYC7+ and t h e  CYC7-22 

genes were determined wi th  t h e  fol lowing r e s t r i c t i o n  endonucleases: Hind111 

(H) ; - EcoRI (E) ; - BamHI (B) ; XI (P) ; &I (X) ; BglII (G) ; and - S a l I  (S )  . 
The s o l i d  box dep ic t s  t h e  t r a n s l a t e d  por t ion  of t h e  CYC7 locus .  The open 

b a r  i n  t h e  CYC7-HZ sequence t h a t  i s  enclosed by t h e  do t t ed  l i n e s  des igna tes  

the  i n s e r t e d  Tyl element. The two gaps i n d i c a t e d  wi th  do t s  i n  the  CYC7-HZ 

fragment r e p r e s e n t . t h e  junc t ion  region and con ta in  sequences corresponding 

t o  e i t h e r  t h e  normal CYC7 region o r  t o  t h e  i n s e r t e d  segment. There may be 

a n  a d d i t i o n a l g a  s i t e  i n  t h e v i c i n i t y  of t h e  e R I  s i t e  designated c .  

(Adapted from Errede et  a l .  1980.) 

2. R e s t r i c t i o n  fragments from genomic DNA complementary t o  t h e  

CYC7-t gene, t h e  c e n t r a l  p o r t i o n  of a  51 element and t h e  regions encompassing - 
t 

t h e  Tyl i n s e r t i o n  junct ions .  Fragments from genomic DNA of t h e  CYC7+ s t r a i n ,  

D311-3A, and  of ' t h e '  CYC7-HZ s t r a i n ,  ~901-ZB,  were prepared by d iges t ion  

with 'fIindII1, were separa ted  by e lec t rophores i s  i n  0.8% ,agarose g e l s ,  

t r a n s f e r r e d  t o  n i t r o c e i l u l o s e  s h e e t s  and hybr id ized t o  n ick- t rans la ted  

fragments corresponding t o  t h e  fol lowing sequences described i n  Figure 1': 

t h e  2.2 kb g R 1 , f r a g m e n t  conta in ing the  CYC7+ gene; t h e  c e n t r a l  p o r t i o n  of 

a Tyl element equivalent  t o  t h e  CYC7-H2 fragment c-d; t h e  CYC7-HZ fragment 

a-b ; and the  SyC7-H2 f ragmen,t .e-f . The p a t t e r n  of genomic fragments 

hybr id iz ing t o  the  probe a-b, t h e  .probe c-d, and t h e  probe e-f i n d i c a t e s  

t h a t  genomic DNA conta ins  more copies of r e i t e r a t e d  sequences which a r e  

homologous t o  the  teminal  por t ions  than t o  the  c e n t r a l  por t ions  of the  

of t h e  i n s e r t e d  segment.' I n  add i t ion ,  t h e  r e s t r i c t i o n  p a t t e r n s  suggest  



t h a t  the  fragmentscornplementary t o  each of t h e  end fragments a-b and e-f 

r epresen t  two f a m i l i e s . o f  r e i t e r a t e d  sequences t h a t  a r e  s i m i l a r  t o  each 

o t h e r  b u t  a r e  not  i d e n t i c a l .  

2. Heteroduplexes between. CYC72 and CYC7.-H2 fragments. A micrograph 

(a) and t r a c i n g  (b) of a heteroduple% b e t w e e n , : ~ ~ ~ 2 5  and )18835 a r e  s h o w .  The 
_,___ _ , . _  . . . . . .. - . . - .  

two bacteriophage . . A, s t r a i n s  conta in ,  r e s p e c t i v e l y ,  t h e  CYC7+ and .CYC7-HZ 

Hind111 fragments represented i n  Figure  1. The, por t ions  of t h e  molecule - 
a r e  unpaired because t h e  CYC7+ and CYC7-H2 fragments a r e  i n  oppos i t e  

o r i e n t a t i o n s .  The s i n g l e s  tranded 'loop, ind ica ted  by t h e  arrow, is the  

5.6 kb Tyl i n s e r t i o n s  of the  CYC7-H2 fragment. The double. s t randed c i r c u l a r  

molecu1e"in the'.upper r i g h t  corner of (a)  is a s i z e  standard99X174 RF DNA. 
... . - . 

A micrograph (c)  and t r a c i n g  (d) of a heteroduplexbetween,! AM25 and 
. - 

t h e  CYC7-H2 Hind111 r . e s t r i c t i o n  fragment from pAB35 a r e  shown.. The s i n g l e  

s t randed Tyl i n s e r t i o n  from t h e  CYC7-H2 fragment, which is i n d i c a t e d  by t h e  

arrow, and the  single-stranded por t ions  of the  X molecule can b e  seen.  

The DNA heteroduplexes w e r e  formed and spread f o r  e l e c t r o n  microscopy 

using t h e  formamide-Klein~chmid~ procedure of Davis e t  a l .  (1971). 

.m $- A hetesoduplex between fragments conta in ing t h e  ends of t h e  

segment . i n s e r t e d  i n t o  CYC7-H2. The f i g u r e  shows a micrograph (a)  ' and 

t r a c i n g  (b) of a heteroduplex between t h e  two r e s t r i c t i o n  fragments denoted 

a-b and e-f i n  Figure 1; each fr.agment encompasses a d i f f e r e n t  end of the  

Tyl i n s e r t i o n .  The double-stranded eye-structur.e i n d i c a t e s  t h a t  t h e  

opposi te  ends of the  i n s e r t e d  segment a r e  homologous. The i n t e r p r e t a t i o n  , 

of t h e  heteroduplex is  c o n s i s t a n t  wi th  t h e  determinations of the  fragment 

lengths  corresponding t o  1.1 and 2.1 'kb whether measurements a r e  made on 



he teroduplex o r  homoduplex s t r u c t u r e s  . 

. The model f o r  the  coordinate  r e g u l a t i o n  of ROAM mutations and 

genes c o n t r o l l i n g  conjugation func t ions .  An. undefined and hypo t h e t i c a l  

PRD ( p o s i t i v e  regula tory  determinant) a c t i v a t e s  t h e  t r a n s c r i p t i o n  o f  genes 

t h a t  a r e  contiguous. wfth Tyl elements (open r e c t a n g l e s ) .  Although normally 

Tyl elements are contiguous wi th  genes that bnly c o n t r o l  conj,ugat.ion func t ions ,  

Tyl elements can be. i n s e r t e d  adjacent ' .  t o  o the r  genes, r e s u l t i n g  i n  t h e  

so-cal led ROAM mutations. The 'PRD i s : l a c k i n g  i n  /=a d i p l o i d  s t r a i n s  

and i n  haploid s t r a i n s  wi th  =A mutations. The E B  and Z C  genes a r e  

required  f o r  conjugation funct ions ;  haploid  s t r a i n s  wi th  mutations of these  

genes a r e  unable t o  conjugate b u t  t h e  PRD i s  not, a f  f ec ted  and the  ROAM 

gene product is s t i l l  overproduced. (Modified from Errede e t  a l .  1980.) 
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