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Mechanisms available to eukaryotic orgahisms 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

¢ in the yeast Saccharomyces cerevisiae. The CYC7-H2 mutation causes approxi- .

vmately a twenty fold'overproduction of iso-2-cytochrome c¢ (Sherman et al. 1978)
in-haploidAstrains but only a one to four fold overproduction in EAZ%[gézg
diploid strgins (Rothstein and'Qherman 1980). 'This reguiatioﬁ of ovérproduétion
has been chgracterized as a response to.signals cong;;iii;;_;;;;;é;;;;;“i§“§;;;t?”*w‘"mm”
Fufthermore, the abnormal contfolling region has been identified as an insertion

of a tragsposable and reiterated Tyl_eleﬁent adjacent to the structural gene

(Errede et al. 1980). Theréfore, 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 general ‘mechanism of coordinate regulation .in eukaryotes.

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

occurring:at the cargA, cargB and DUR1L,2 loci which are the structural genes
bfor’argiﬁase (Wiame 1971; Dubois et al. 1978), ornithine transaminase (Wiame 1971;
Dubois et al.vl978; Deschamps and Wiame 1979) and urea amidolyase (Lemoine

et al. 1978), respectively. Similar to the CYC7-H2 mutafion, the mutations
designated cargA+Oh (Dubbis et al. 1978), cargB+Oh (Deschamps and Wiame 1979)
»and QEEdi {Lemoine et al. 19785 cause constitutive production of their respective
gene products at much lower levels in Mézg/ﬂé29 diploid strains than in the cor-
responding haploid strains. A comnsistent relatiohship between conjugatidn com~-
petence and the level of overproduction in all four mutants has been established
(Errede et al. 1980). This correlation has suggésted that overproduction in all
four mutaﬁté is a response to signals normally controiling conjugation in yeast.

Therefore, we have referred polléctively to the CYC7—H2,‘cargA+Oh] éargB+OH ana

h
durQ0" mutant alleles by the acronym ROAM (Eegulated gverproducing alleles
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responding to gating signals).. Observations characteriging the regulation of
overproduction in the CYC7-H2 mutant are presented with the additional and
parallel observations for the'gﬁ_mutants;‘ Together these results provide a
demonstration of the specificity and equivalence of regulatory contrblvexhibited
by ROAM mutants.

Mutants Overproducing Iso-2-cytochrome [

ANV ANAANNN NN NN NN AN
: /

The total complement of cytochrome ¢ in yeast normally consists. of 95%
iso-l-cytochrome ¢ which is encoded by the CYCl gene (Sherman et al..l974) and
5% iso-2<cytochrome ¢ which is encoded by the CYC7 gene (Downie et al. 1977a).
Although either iso—éytochrqmelg can carry out thebeléccron transport reactions
necessary for utilization of lactate, a certain minimum amount is requiréd for

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

fore, mutants overproducing iso~2-cytochrome ¢ have. been conveniently isolated on

lactate medium by reverting cycl‘%trains which completely lack iso-l-cytochrome c

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

genic rng;tanFstaP be obtained frqm EXEl strains by this selection. However,. if the
cycl allele is not revertable or suppressible, the revertants cqntain increased
amounts of'equusively iso-2-cytochrome s, Overproduction of iso-2-cytochrome c

can be due to ﬁutations at the CYC7 locus or to mutations at any number of loci
~unlinked to CYC/. The mutations at the CYC7 locus are dominant and involve gross
chr;mosomal 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-cytochtome 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 c.
The CYC7-Hl mutation is a reciprocal translocation which fuses an abnormal

controlling region adjacent to the CYC7 gene (Shcrman and Helms 1978). The
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" CYC7-H3 mutation is a delétion of a segment immediately adjacent to the CYc7 |
locus thus creating a new regulatory region (McKnight et al. in ﬁreparation).
The CYC7-H2 mutation, which is the main'topic of this paper, is an insertion
of a Tyl element at the CYC7 locus but outside of the translaﬁed portion of
the gene.

-Other Overproducing Mutants

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

: . . . . + - +
of arginine catabolism and urea utilization. - Numerous cargB O and cargB Oh»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

- + = . Pq - .. + -
argR cargB 0 strains utilize ornithine but not arginine; cargA O and

cargA+Qh mutants constitutive for arginase were selected from grgR- cargB+O_
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
urea, Lemoine et al. (1978) were able to isolate faster growing mutants, durOh,
with high constitutiyity of urea amidolyase. The mutations causing'overprodUCtion
were shown to be within or closely linked to thg-loci determining the respectivel
gene products.

ROAM Mutants: Overproduction Diminished by MATa/MATa
’_V\N\a RVAVAVAVLTV V4T LULANANNANANANNN, VUV N VSN NN

The ROAM mutations, CYC7-H2, cargA+Oh, cargB+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
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mutants is substantially lower in yég%/yézgvdiploid strains homozygous fpr the
.ROAM allele than in the corresponding haploid strains.> ﬁowever,'fhere is no
difference in the lével of overproduction observed in haploid or diploid strains

containing the CYC7-H1, CYC7-H3, cargA+O- or éarg§+o— mutations. Results in

‘Table 1 also show that equivalent amounts of the corresponding gene products are.
prodpced in ROAM mutant haploid strains and ﬂézﬁ/ﬂézﬁ or MATa/MATa diploid strains.
Therefore, the response of ROAM mutants to the yélg/yézq 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 caﬁse constitutiveAprodUC-
tién.of acid phosphatase in MATa and MATo diploid strains but not iﬁ-ﬂégé/yélq
diploid strains. This observation suggests Ehat mutations at yet another locus

méy belong to the ROAM clags}

. The functional role of the mating type locus essentially is to'cpntrol thé
expression of two phenotypes that are normally exclusive of one another; yég%/yégg
diploid strains are capable of meiosis but not conjugation while Mé!% and MATa hap-
loid sﬁrains as well as diploid strains homozygous for either MAT allele are cap-
éble of conjugation but not meiosis. In‘order to relate MAT lécus control of ROAM
expression to one or the other éhenotype, 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 mata-1/MATo (Kasir and
Simchin 1976) or matal,2/MATa (Strathern et al..l979) genotype are capable of mat-
ing witﬁ EAI% rcells but these strains are defective in sporulation ability. In-
corporation of the dominant SAD1 éllele 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 corresponding to

each ROAM mutation in both mata-1/MATaSAD] . and matal,2/MATaSADl was equivalent
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to the high amounts generally found in strains with ooly mating competence (Errede
et al. 1980). Thus, overproduction is not limited b& 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 yégg/gégg diploid strains. The p  deriva-
tives cannot sporulate because they are respiratory deficient. Equivalent ano
low amounts of iso—Z—cytochrOme ¢ were observed in the p+ Mé!g/ﬂéig strains and -
their o~ 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 bctween conjugation ability and overproduction in ROAM
mutants. 'Although thcse observations do not eliminate any number of poosible
regolatory relationsbips accounting for Mézg[gézc‘concrol of conjugatioo ano
meiosis, fheyvdo suggest that overproduction is caused by signals required for
conjugation competence.

ROAM Overproduction Is Diminished by Certain ste Mutations
AN ANAANAANNAVVVL VU AANAANNANN AN ANANANNA AN, LAVAVAVAVAVAVAVAVAY

The proposed mechanism for the diﬁinution of overproduction in yég%/gégg
strains suggests that certain mutations preventing the formation of the mating
gignal would concomitantly prevent conjugation in_haploid'cells and overproduc-
tion in ROAM mutants. Therefore, we are systematically investigating matiﬁg
mutations for their oossible effect on the level of iso-2-cytochrome ¢ in
CYC7-H2 ;trains. The results for the mutations that we have tested are suﬁ—
marized in Table 2. 1In contrést.to ste mutations, certain mdtacions at. the CigEEE:}E)
mating type locus (MAT) do hot prevent matiog; che EEE%‘l (Kassir and Simchen

, .

1976) and the matal,2 (Strathern et al. 1979) mutants are able to mate with

MATo 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 .



represent the average amounts ;f iso-2-éytochrome ¢ in all segregants with the
specifigd genoﬁype.deriQed'from each cross. We have found genetic variation
causes differences in the amount of iso-2-cytochrome ¢ among strains containing
identical EXEZ markers. These variations have a particularly pronounced effect
on the amount of iso-2-cytochrome ¢ in CYC7—H2 strains. Therefore, the effect

on CYC7-ﬁ2 expression is assessed on the basis of the amounts of iso-2-cytochrome

¢ 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 ¢ .in ste7 CYC7-H2, stell CYC7-H2 and stel2 CYC7-H2
strains that cannot mate is appreciably lower than the amount in the corresbond—
ing control strains. We have previously shown that the ste7 mutation has no

effect on the amount of iso~2-cytochrome ¢ 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, thg mat mutations and

other ste mutations such as ste5 have no discernible effect on'the amount of
iso-2-cytochrome c. In additionm, parailel experiments have shown that‘gi strains
with the ste7 mutation have amounts of their respective gene products equivalent
to the depressed amounts in each of the‘QE gézi/gézg diploid strains (Errede et al.
1980). Also in keeping with the results from the CYC7-H2 mutants (Table 2), the
mata-1 and gégqitg.mutaﬁions have no effect on the expression of any of the QE
alieles nér does‘the §£§2 mutation have.an effect on the expression of the
cargA+0h mutation' (Errede et al. 1980). These results‘establish that fhe diminu-
tion of ROAM expression is specific for mutation 6f only'certain ste loci. There-
fare, the observed overproduction in ROAM mutants is not ﬁerely 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 Mutations Occur Adjacent to Structural Genes and Are cis-Dominant
UV AUV AN, ANNAANAAT AN AN ANANL YUY VWL VNNV AAAA
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Genetic characterization of the ROAM mutations has been presented in
previous publications (Sherman and Helms.1978; Sherman et al. 1978;.Wiame
1971; Lémoine et al. 1978). The normal spore viability and the Meﬁdelian
segregation-observed for each ROAM mutation indicate that they behave ;s
single site mutations 'at the structural gene. Moreover, the normal amino acid
sequence of iso-2-cytochrome ¢ in the CYC7-H2 mutant and the normal catalytic
activity of the gene products of the QE_mutants indicates that the mutations
occur in a regulatory region whiéh is outside of the translated p§rtion of each
vgene; In fact, these two distinct regions of the QXQZ locus were ﬁefined in
sgudies qhéraéterizing the:czc7-H2—1_§utation derived from a CYC7-H2 strain. The
cyc7-H2-1 mutant lacking iso—2—cytdchrome E_was'caused by a second-site mutation.
in the translated region of the geﬁe correéponding to ﬁryptophan 68 in the protein
(Sherman et al. 1978).

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

gene products observed in MAI%/MAI% or MATa/MATa diploid strains which are hetero-
zygous for the corresponding ROAM allele established that each of these regulatory
mutations is dominant (seé references cited in Table 1). In addition, we have
constructed diploid strains that demonstrate overproduction of iso~2-cytochrome c
occurs when the dominant CYC7-ﬁ2 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-site mutation within the translated region of the gene prevents expression
of the fegulatory mutation in the{EEE-configuration. Diploid strains with the
Eégé—l/yézg;and EéE?lng/EéIq genotypes were used for these tests go circumvent the
Mé!g/ﬂéla effect on CYC7-H2 ekpression (Errede et al. 1980). Overproduction of

iso-2-cytochrome ¢ in CYC7+ matg—i/CYC?—HZ MATa -and in CYC7+matal,2/CYC7-H2 MAI&

- strains was equivalent to the level found by Rothstein and Sherman (1980) for
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MATa/MATa diploid strains heterozygous at the CYC7 locus. By contrast, CYC7+
—\y —ry N A ‘ —_— . .

mat%jl/gz§7-ﬂ2?l MATo andiCYC7+ matal,2/cyc7-H2-1 ‘MATa diploid ‘strains have

amounts of iso-2-cytochrome ¢ lower than diploid strains homozygous for the
normal CYC7+ allele. Thus the regulatory roéion of the cyc7-H2-1 allele caonot
cause overproduction when it ishgzégg to the normal structural region of the
CYC7+ gene and we conclude the CYC7-H2 mutation is cis-dominant. Tho cis-
dominance of the QEEQE (Lemoines et -al. 1978) and cargA+Oh(Dubois etol. 1978)
mutations wésAaléo rigorously established by analogous experiments using diploid
strains homozygous for oithér allele at ﬁéz to oircumvent the'yéi%/ﬂézq'effect
on expression of the QE mutations. In the former study the (durl-l)Oh allele-
was employed in combination with DUR1,2 allele to demonstrate that the gf_mu—

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

; ; . + + . .
combination with the cargA O - allele for this demonstration.

Physical Structure of the Cloned CYC7-H2 Gene
ANNANNANYLY VAN YL VYV VDAY VYL NN

CYC7-H2 contains a Tyl insertionm.

Recombinant DNA procedures were used to demonstrate that the overproduction
of iso-2-cytochrome ¢ in the CYC7-H2 mutant was caused by an alteration in tho
vicinity of the CYC7 locus, a result that was anticipated from thé genetic propef—
ties. ini;ial experiments compared the sizes of the DNA fragments from HindIII

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 groés alteration involving an extendedlregioo at or near the CYC7 locus
(Errede et al. 1980). Subsequent resoriction énooouclease 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 .XhoI site but aot the PstI
site (Errede et al. 1980) normally situated, respectively, 140 and approximately

260 bp.in front of the AUG initiation codon (Montgomery et al. 1979).
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In contrast to the CYC7+ probe which only hybridized to a single genomic DNA
fragment containing the CYC? structural gene, the probe pAB35 cbntaining the

"CYC7-H2 cloned DNA hybri&ized to a multiplicity of different size HindIII frag-

ments from both the CYC7+ ana CYC7-H2 genomic DNA (Errede 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 éf HindIII gen-
omic DNA fragments to the CYC7-H2 fragment and to a fragment containing the central
portion of a Tyl élement were similar, suggesting that the rei;erated sequence

in the CYC7-H2 cloned DNA is homologous to a Tyl sequence (Errede et ;l.-l980).
Thus, restriction fragménts generated from pAB35 were examined directly for hom-
ology to the Tyl probe. Because fhe fragments of CYC7-H2 DNA coﬁtaining the seg-
ment denoted c~d in Figure 1 hybridized to the Tyl probe, it was .concluded that Fig. 1

‘at least some portion of the CYC7-H2 inserted'segment is homologous to the central

portion of a Tyl element.

CYC7-H2 contains § 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 "8" at each end of
the element. The'haploid genome of yeast contains approximately 35 copies of Tyl
elements and at least 100 cépies of & elements; some of the § elements are not
contiguous with Tyl elements (Cameron et al. 1979). The hybridization of the
abnormal segment in the-CYC7—H2 DNA to the cenﬁral portion of the Tyl element,
together with the comparable size of the inserted segment and typical Tyl elements
suggests that the abnormal region may be a complete Tyl sequence. An.inQestigation
was undertaken to determine whether or not & sequences are present in the terminal
regions of the CYC7-H2 insertionhsegment because.the pfesence of these elements

would be taken as evidence that the inserted segment is, in fact, a complete Tyl
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element. The ends of the insertion fall within the two restriction fragments
denoted a-b and e-f in Figure 1. Radioactive probes.wefe prepared from these
two fragmgnts (a-b and ‘e-f) as well as to the 2.2 kb EcoRI fragment containing
the‘QXQZi geﬁe aﬁd to the 1.6 kb §é£lf§ggBI_fragment conﬁaining_the'centfal portion
of the Tyl element. The pafterns resulting from hyBridization of these probes
t§ the HindIII fragments from genomic'DNA of the standard CYC7+ strain D311-3A
and éf the CYC7-H2 strain D901-2B are presented in Figure 2. As expected, i ‘
genomic DNA fragments th-at:.hybridize to the Tyl probe are -all greater than 5
kB in size; the Tyl family of reiterated sequences does ﬁot contain ‘internal
EigﬁIII restrictionAéndqnuclease<cleévage sites and the'typical.elemént is 5.6
kb in size (Cameron et al. 1979). Thebhybridization pattern of the genoﬁic DNA
digests probed with the end fragments a-b and e?f'ahd.with the entire CYC7-H2
fragment are similar to the Tyl patterns in thevregion_of genomic fragments greater
than 5 kb. Howeﬁer, these end fragments-and the CYC7-H2 fragment also hybridize
to. a number of genomic DNA fragmeﬁts considerably smaller than 5 kﬁ: Thus the
endsvof 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 § elements at the
ends of the CYC7-H2 insertion. It is also evident in Figure 2 that the.hybridif
zation_pattérn from the CYC7-H27fragmen£ a-b is similar but not identical to the
p;ttern from the fragment e-~-f. This result suggests that the reiterated termini
are homologoué but that they ma& not be coﬁpletely'identical.

Additional'eyidence for the presence of § sequehces comes from the hybridi-
zation of the end fragments a-b and e-~f to A recombinants that contain § elements.
Plaques prepared from the following phages and transferred to nitrocellulose
sheets were shown to hybridizerto the end frégments: AS1l that contains § elements
but not Tyl elements; ABlL that contéins.d elements and a part of a Tyl element
(Cameron eL al. 1979); MAB35 that contains the éntire CYC7-H2 gene (Efredé et al.

1980). However, no hybridization was observed with plaques prepared from the parent
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phage, AgtAB and A598.

Heteroduplex analysis gidthe cloned CYC7-H2 fragments.

Heteroduplex analysis was employed'to confirm and further cheracterize the
abnormallregion in the cloned CYC7-H2 DNA. Heteroduplexes were formed between
two recombinant phages, AAB25 and AAB35, that contained, respectively, the CYC7+
and .CYC7-H2 EingIi fragments shown in Figure 1. Because the tuo'yeast fragments

are in opp051te orientation with respect to the A molecule, two heteroduplex

structures were observed in one conflguratlon only the homologous A sequences

hyb_rldlzed; in the other configuratlon, shown in Figure 3a, only the homologous _
yeast sequences hybridized. In the latser structure, the extra segment in the e
CYC7-H2 fragment formed. a single stranded loop having a size and position ex-
pected from the restriction map. Furthermore, equivalenc loop structures were
observed whenlthe~AABZS phage, containing the QZQZi_gene, was hybridized to
the CYC7-H2 fragment prepared by HindIIT 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-H2 1.1 kb fragment a-b and theAZ.l kb fragment e-f. (Figure 1). Electron
micrographs re\}ealed an‘unusuel structure, shown in Figure ‘4,V that consists of a

s )
single duplex eye and two duplex tails. The contour lengths of the eye and. e o
tail regions are consistent with a structure that would result f;om heterodupleu
formation between homologous sequences in the fragment a-b and fragment e-f with
suhsequent homoduplex formation between hhe 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 pfesence of only a 250 bp § element atwéach gnd of the inserted
segmént; '

In summary, results from both hybridization and heteroduplex'studies.indica;e
~ the presence of homologous and reitexéted sequences which are present in the same
orientation in the CYC7-H2 fragment a-b and fragment e-f. These two fragments
contain the distal and proximal end points of the inserted segment in the CYC7-H2
cloned DNA. 1Imn addition, these fragments hybridize to ABl1 and AS1l DNA that con-
tain yeast inserts haviﬁg ) seqﬁences. The results from these investigations jin
" toto étrongly suggest the inserted segment in the CYC7;H2 fragment is a complete
Tyl element including § segments with tﬁe same orientation at each end..

Proposed Role for the Yeast Transposable Element in Causing ROAM Mutations

The properties of ROAM mutations'suggest that increased expression of ROAM
alleles is a specific response to signals required for conjugation competence. .
Importantly, ali ROAM mutants appear to reséond to the same signal suggesting
that the mutétion at each ROAM locus involves a similar, if not identiéal alteration.
Molecular characterization of the CYC7-H2 mutant has localized the alteration to
a sife within a region 140‘to about 260 bp in front of the translated po?;ioﬁ of
this gene. Moreover, these investigations have identified the alteration as an
inserted segment belonging to the Tyl family. \

As described above, Cameron ei'él. (1979) identified and characterized the
Tyl family of dispersed repetitive elements in yeast. The typical element éon—
sists of a 5.6 kb sequence that includes 0.25 kb éegments denoted § at each end.
Thus, tﬁe 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 snggests 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 inactirates

expression of the gene. This distinction. indicates that 1ncreased 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 &§ 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 Drosoghila are remarkably similar to

the Tyl elements both in their physical structure and in their ability to transpose

(Finneganwet al. 1977; Potter et al. 1979; Strobel et al 1979) The role of two‘ )

such elements, denoted cogia and DMZZS, 1n unstable mutations at the y hite locus

of Drosoghila has recently been described (Green 1977; Rasmuson et al. 1980
Gehring and Paro 1980). In addition, the controlling elements in maize have
been attrihuted 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

ANNAAANNANNY VAPVL VA AAANVANY AAANAANNAN VY ANAAAAAAAN AN AN
In ROAM Mutants

LA VA VIR VA VAV VIRV VT VAV Ve P)
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The genetic, molecular and regulatory p:opefties of the ROAM mutants can
be interpreted according to the model présentéd in Figure 5. The pertinent

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

feature of the model is that Tyl elements normally occur adjacent to some of

fér the positive regulatory determiﬁaht (PRD) specifically controlling the mat-
ing process. As we have propéséd in the previous section, the ROAM mutants are the
result of the insertion of Tyl elements and theréby become members of the hy~
pothetical Tyl gene battery. This-group of genes, then, is coordinately acti-
vated by the ?RD éontrolling mating functions.

Accofding to this hypothesis both conjugation and overproduction in ROAM
mutants requires the presence of PRD. The formation or expfession of PRD occurs
in yég% and MATo haploid strains capable of mating. Inhibition of PRD occurs
under éonditions in which both of the codominant MAT alleles are expressed, such
as in normal Még%/yégg diploid strains incapable of mating. The inhibition of
PRD also occuré iﬁ haploid strains incapable of ﬁating because of mutations de-
noted by the general symbol steA in Figure 5. SteA mutations ;duld either
directly inactivate the PRD or could indirectly prevent its expression‘by
establishing a regulatory céqditidn equivalent to that of the yégglﬁézg diploid
cell. - The absence of PRD would result in a nonmating phenotype and in concomitant
decreased expression of ROAM mutations. The re;ults presented 1in Table 2 and
summarized in Table 3 indicate‘that:the s£e4, ste7, stell and stel2 mutations are

: .y . - - (Table 3
representative of the steA class. In addition, evidence characterizing the

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

jugation because it allows expression of the hormally silent a gene and o gene infor-
mation residing at the HML and HMR loci. Thus, marl-l represents the hypothetical
steA mutations that indirectly inhibit PRD by mimicking the MATa/MATa regulatory

state in haploid cells. The expected result is shown in Table 2; the amount of

iso-2-cytochrome c¢ in the CYC7-H2 mutant is depressed in marl-1l haploid strains.
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Other mutations of the general type denbted §£g§ and steC in Figure 5 inactivate
- mating capacity but not the.PRD; The mutations such as EEE#E) Eéii and ste>
which prevent conjugation but not overproduction of iso-2-cytochrome ¢ (Table 2
and Table 3) could represent either general class. Conversely, mutations of the
ROAM gene, such as the cyc7-H2-1 mutatidn; would prevent overproduction but not
conjugation. Thus, analysis of ggg_ﬁutants illustrates the potential utility of
the CYC7-H2 mutant in providing a basis for understanding the complex regulatory
ﬁetwork controlling the mating éﬁmpeteﬁt cell type in yeast.’
Implications of the Hypothetical Role df Tyi in Coordinate Regulation of Gene
Expression
ANAANNNNNN

TheAérrangement 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 suggest 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 wi;h 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 évidence
have suggésted elaborate models involving réﬁetitive sequences for coordinate
regulation of gené 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 repétitive element, Tyl, in the
regulation of ROAM mutant expression. In addition,the regulatory properties of
these mutants suggests a requirement for the Tyl element in coordinate regulation
of geues determining mating Function§ in yeast.’ Thesc observatinns sﬁggest to
us that a major funcéion 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.

Relative amount of gene.producta‘

Gene Product Mutation Haploid | 4 Diploidb" Reference
MAT@ or MATa MAT& or MATo : MATQ
| MATa ~ MATa  MAT
Iso-Z-cytochrome c CYC7-HI ‘ 30 — o 30  Rothstein and Sherman 1980
CYC7-H2 20 20 | 2
CYC?-H3 20 — 20
Arginase . cargato -1 20 19 22’ Dubois et al. 1978
carga™o-1 3% 34 9
Ornizhine transaminase cargB+0—-1 200 — 200 S Deschamps and Wiame 1379
cargs*o"-1 500 520 . 65
Urea amidolyase A durOh-l 275 e 2200 e e e ~20~-_*~ ~  Lemoine et al. 1978

%The amount of each gene product produced was determiped accbrding to methods given in the corresponding references.

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

unit of the normal values corresponds to the following: isé—Z—cytochrome ¢, 10-20 mg (kg dry we) ! (Sherman et al.

.19€5; othar numerous méasuremeﬁts); arginase, 7 umoles of uréa produced hr™! (mg pfqtein)-l; ornithine transaminase,
0.02‘umolé§ of A pyrroline-5-carboxylic acid produced hr™! (mg protein)”!; urea 9midolyase, 1 nmolé €O, hr_¥ (mg pfotéin)-l.

bThe diploid strains used are homozygous for the desigﬁéted<mutant alleles.
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vTable 2. Average Amount of Iso-2-:zytochrome ¢ in CYC7-H2 Segregants .with and without Various Mating Type Mutations.

- Mutant segregants ' Control segregants

Class of ZTlass Average amount of® . ) Average amount of©
: Pertinent genotype T Pertinent genotype '

mutation ‘1so-2-cytochrome ¢ iso-2-cytochrome ¢

MAT: ‘

nonsporul.? 375 & E376 mata-1 = TR . | 16

o nonmater E322 . matu1‘—2 c 20 MATQ 22

o nonmater - E323 A matal-5 20 MAT% 20

nornsporul.d . E420 . mat:-:1,2 ' ‘15 . MATa 7

a nonmater ) E168 _ MAT% ste2 12 . MAT% STE2+ . ' 7
E194 MATg ste2 (ts) 9 MATR STE2+ 20

. E254 MATg ste6 (ts) 9 - MATg STEG+ 17.5

& nonmater E347 . MATq sted v 175 h MATa STE3+ 15
§279 MATo stel3 15 . : MATq STE13+ . 19

2 & o nonmatet  E170 sted (ts) ‘ 12 . STE4+ ‘ , ' Y
E423 st24 (ts) 4 ‘ 8  stEer : ' 22
E192 C steS (ts) K 11 » ' STES+ : 15
E198 | ste5 (ts) ‘ 17 stEs+ A 14
E238 ste? (ts) - .1 A STE7+ ©18
"E296 " ste8 (ts) 9’ : : STES+ 9
E299 sved (ts) o STE9+ _ 20
E320 stell (ts) 2.5 sTE11+ 15
E3L1 stel1? (ts) o 2.5 stB12+ 20

E309 MTg marl-1 ' 5 . MATp MARI+ . 15




_Table 2. (cont.) *

8Crosses with either gggqltg and matal-5 mutants were méde by selecting
rare prototrophic diploid straing (MagKay‘and‘Ménney 1974). Crosses
involving mutations that are expfessed,in only a2 mating or only a mating
strains were made using hap;oid strains of the alternate mating type in
which the mutation has no'observable bhenotype. Crosses involving tﬁe

Ei mutations were made at thé permissive temperature of 22°C which allows
matingkand not at the réstrictive température df 35fC which pre&énts
maﬁing. Crosses invol§ing the.marl—l.muﬁation.Weré gade'with‘yézg marl-1 .
ggga:l_gmga‘haploid strains which are capabie of mating with MATa Astré;ns

due to the mutation at the HMR3Iocﬁs (Klar and Fogel 1979).

bS_egregants were obtained and pertinent genotypes were identified using -
prdcedureé described by Errede et al. (1980).' The mating‘type mutations.
were derived from the following strainé: 17-15 (Eégé-;) provided by Y.
Kassir- (Hebrew University); VéZ (matol-2), VN33 (matal-5), VAB2 (ste2
allele: in E168), VZ4 (ste4 allele in E170) and VACl (steS allele in E198) .
provided by V. MacKay (Rutgers. University); 381-11-1-50b (§$gg allele in
‘E194), 381-11-1-2b (ste4 allele in E423), 381?11—1-10d (ste5 allele in
E192), 381-11-1=26a (ste?), 797-1;3 (ste8), 762-4-3 (ste9), 381-11-1-6a
(g;gl;) and 381-11-10a (stel2) provided by L. Hartwell (University of
Washington); G54-17d nggg) provided by G.'SpragueAand I. Herskowitz

(University of Oregom); alfl-28 (mat 1,2); RSA21 (ste6) and A2S3 (stel3)

provided by J. Rine and I. Herskowitz (University of Oregon).

“The strains used in this study contain one of several cycl alleles that

prévent the formation of iso-l-cytochrome ¢ (Sherman et al. 1974).
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Table 2. (cont.)

" Therefore, determination of the total cytochrome.g_concentrétion provides

a d;rect measuré of iso-2-cytochrome c. Strains were grown on solid medium
(Sherﬁan et al. 1974) at 35°C if. they &ere derived from pedigrees containing
ts mutations; all other strains were grown at 30°d. The amoﬁﬁts of cyto-
chromé.g were estimated.by low-temperature (-190°C) spectroscopic examination
of.intact'cells;..the'sqx ban& infensities were visually compared to standard
étrains containing'known amounts of cytochrome c. Thé average value is
determined from the‘amountsfof‘cy;ochrome E_1n all segregants having the -
same pertinent genotype. Oné unit of'iSOPchytochrome ¢ corresponds to

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

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

dmata 1/ Ta and matal Z/MATa dlplold strains can mate- w1th MATa 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 preparatiomn).
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Table 3. Classification of Mating Type Mutations.?

Phenotype . . steA . steB or steC Unclear
o nonmater ‘ » . matoel-2
“matal-5
sted
stell
2 nonmater ' , : stel .
steéb
2 and o nonmater ste? stes  ste8
stell . sted
stell
| sted
marl-1

4The classification'according to the model presented in Figure 5 is based

[— MU O PN © e e e e s mae e e e e - -

on the results, presented in Table 2, in which steA mutations diminish the

CYC7-H2 overproduction while steB and steC mutaions do not.
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Figixe 1. Restriction maps of the CYC7+ and CYC7-H2 genomic regiohs.
Cleavage sites in the cloned.segments containing the CYC/+ and the CYC7-H2

: geneé_wefe determiﬁed withvthe following restriction endonucleases: gigﬁill
(H); EcoRI (E); BamHI (B); Pstl (P); Xhol (X); BglIT (G); and Sall (S).
TheAsolid box depicts the trapslated portion of the CYC7 locus. ' The open
bar in the CYC7-H2. sequeﬁce that is enclosed by the dotted lines designates
the inserted Tyl element. The two gaps indicatéd‘with dots in the CYC?-HZ
fragment represegt.the junétion::egionuand contain sequences.corresponding
to either the normal QXQZ‘;egioh or to the inserted segment. There may be
an additidﬁal EEQBI.site in the vicinity of the EEQRI site designated c.

(Adapted from Errede et al. 1980.)"

EE%Exﬁ %. ARestriction f:agments from genomic DNA complementary to the
CYIC7+ gene, the central po:tién of a Tyl element and the regions encompassing -
the Tyl insertién junctions. F%agments'from genomic DNA of the CYC7+ s;rain,.
D311-34A, and»of'the‘CYC7fH2 strain, D90l~2B, were prepared by digestion
with HindIII, werg.separéted by-electrophorésis in 0.8% agarose gels,
transferred to nitrocellulose sheets and hybridized to nick-translated
fragments corresponding to the following seqﬁences descriﬁed in Figure 1:
the 2.2 kﬁ EcoRI fragment contéining the CYC7+ gene; the central portion of
a Tyl element equiyalent ﬁo the CYC7-H2 fragment e~d; the CYC7-H2 f:agment
a-b; and the CYC7-H2 f:agmeﬁtle—f. The pattern of‘genomic fragments
hybridizing to the probe a-b, the probe c-d, and the probe e~f indicates
that genomic DNA contains more copies of reiterated sequences which are
homologous to the teminal portioms than to the central portioﬁs of the

of the inserted segment. In'addition, the restriction patterns suggest
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that the fragments complementary to each of the .end fragments a-b and e-f -

represent two families of reiterated sequences that are s1milar to each

other but are not identical.

E%%R{% %. Heteroduplexes between. CYC7+ andACYCZ—HZ fragments. 'A micrograph
(a) and tracing (b) of a heteroduplex betWeen:AABZS and AAB35 are shoon. Thev
two bacteriophage A strains contaln, respectlvely, the CYC7+ and CYC7-H2
.HlndIII fragments represented in Figure 1. The A portlons of the molecule
are unpaired because ‘the gzgli’and'CYC7—H2 fragments are in opposite
orientations. Ihe single*strandedeloop, indicated by the arrow, is the

5 6 kb Tyi insertions of the CYC7—H2 fragment. The double. stranoed circular
~ molecule ‘in the. upper right corner of (a) is a size standard ¢Xl74 RF DNA.

A mlcrograph (c) and trac1ng (d) of a heteroduplex between XABZS and
the CYC7-H2 HindIII restrict;on fragment from pAB35 are shown.. The—single
stranded Tyl insertion from the CYC7-H2 fragment,which is indicated by the
arrow, and the single-stranded portions of the A molecule can be seen.

The DNA heteroduplexes were formed and spread for electron nicroscopy

using the formamide—Kleinschmidt-procedure of Davis et al. (1971).

'E%%EEE £.. A heteroduplex between fragments containing the ends of the
segmentlinserted into CYC7-H2. 'The figure shows a micrograph (a) and
tracing (b) of a heteroduplex between the two restriction fragments denoted
a-b and e-f in Figure 1; each fragment encompasses a different end of the
Tyl'insertion. The double-stranded eye-structure indicates that the
'opposite ends of the inserted segment are homologous. The interpretation
of the heteroduplex is consistant with the determinations of the fragment

lengths corresponding to 1.1 and 2.1 kb whether measurements are made on
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heteroduplex or homoduplex structures.

Figure o+ The model for the coordinate regulation of ROAM mutations and

genes controlling conjugation functions. An-undefined and hypothetical.
PRD.(positivé regulatory determinant) acti?ates éhe transc;iption of genes

that are‘cohqiguouS‘with Tyl elements (open rectangles). Although norﬁally
Tyl elements are contiguous wiph genes that bnl? contr§1 conjugation functiomns,
Tyl eléments can be inserted édjacentfto other genes, resulting.in thg
so-called ROAM mutations. The‘PRD is;lacking injyézg[yégp,diploid-strains

and in haploid strains with gggA'mutatioﬁs. The STEB and STEC genes afe
rgquired for conjugation quCtioﬁs; hapioid strains with mutations of these .
genes are unable to coniugate‘bﬁt the PRD is not. affected and ghe‘ROAM .

gene product is still overproduced. (Modified from Errede et al. 1980.)
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