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Current v1ews ‘/’f“ DNA repair and mtagpnems in the yeast. Saccharo-yces
|
- cerevisrae are discu;sed in the llght of recent data and u1th emphasis on

the isolation and charactenznt'lon of gewehcal‘ly well-defined mutations

that affect DNA netabohsn in general (leudiqg rephcatmn and reconbmation)
Vanous “pathways" of repur are descnbeh parhcuhﬂy in relation to

;helr “involvement m -utq‘gemc ne;l}anisns. !n add1t1on \to genet1c control,-
certain pﬁysiologjital fattor;g Such as "cﬁll age. DNA replicahon. and, the

regulatory state of the nting-type locus are shown to also play a role in

“ r‘epn r and llutagenens

Y



Intraductien S,
" Since the realization that DNA repair and mutagenesis in E. coli are closely '

related, enzymaticeliy controllez cellular processes [8, 59, 178, 177],}

B pvon]

there has beena great deal of interest in determinfng whether ' repair
mechanisms proposed for prokaryotes m1ght a]so apply -to eukaryotic cells.
The ax1omat1c be]ief held by many that these more h1gh1y evolved cei]s

would prove to be. more comp]ex in every way no doubt 1nf1uenced many

investigators to focus attent1on upon the un1ce11u1ar uninucleate buddxng ‘

yeast Saccharomyce; cerevisiae. This organism is amqng the simplest of
an eukaryotes and offers several ad&qpfeges_pver not only simpler
prokaryotic systems but also more comple; edkaryotic systems. . These
include: (1) ease of handling;end low cost; (2) sophisticated genetic

. ‘manipulation; .(3) well-defined mitotic cell cycle in stable haploid, |
diploid, and polyploid strains; (4) re]at1ve]y h1gh tolerance of " certa1n
aneuploidies; (5) conJugat1on and meiotic development (6) a nucleosome-
dependent chromosomal organization; (7) a wealth of genetic and biochemical
. infe?mq;ion concerning Both nuc}ear-specific and>mitoehohdria1-specific
cellular processes [3, 5, 20, 51, 54, 118, 125, 151, 152, 156].

‘Attempts to explain the phenotypic traxts of uvr, lex,rec, and other-

Jmutants‘of Escherichia coli, mostynptable of which is enhanced mutagen
cytotoxicity, led inescapab]y to the hypothesis that this increased lethality
is caused by the failure to repair DNA damage, provided that the genomes suffer
the same number of initial lesfons [68; 174]. Moreover, the propcsal by
Evelyn Witkin in 1967 [175] that different pathways of repair could represent
either an accurate“(error-proo? or error-free) or an inaccurate (error-prone
or mutagenic)molecularﬁfestoration of genetic information proved to be an

important turning point in the way geneticists interpreted experiments
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concerning repair effects on induced mutageneSis 7 Today, errér-prone repair
7 ‘
‘of UV damage in, bacteria is belived to have an 1nduc1b1e component

# involving alteration or 1nh1b1tion of the editing (nuc]eo]ytic) function

«l . i

|
!
In spite of efforts to extend the concept of error- prone repair to

of 'a DNA polymerase [78, 178] G .

eukaryotic organisms, we st111 know very litt]e about the qature of this
repair, much less how the errors are made. Thus, it should\be emphasized
that w1thout direct error frequency assays 1nvo]v1ng defined damaged DNA
cubstrates and purified repair enzymes, the error prone repanr concept
represents on]y a descriptive a]beit usefu] construct, just as it did in
1967. The ev1dence for error-prone repair depends upon the identification
of one or more mutant genes conferring both increasedrmutagen sensitivity
and defective induced mutability, comparedmwith a wi]d type.. Similarly,
error-free repair in wi]detype strains is inferred by virtue of its
apparehttabsence‘in‘weli-defined n}persensitive'mutants that are also
‘hypermutabie“(presumably because more lesions are repaired by error-prone
repair). Obviously, these concepts cannot app]y when chemical mutagens

are subject to ge]lu]ar metabolism unless numbers of DNA lesions are
dﬂantita;ed in both"nutant and wild-type cells. This is one reason physical
aéents. particularly UV Tight andqto a lesser extent ionizind‘radiations,
gave been so useful fdruquantitative studies of repair and mutagenesis.

There now exists a considerable body of information on repair and

mutagene51s in Saccharomyces cerevisiae. Although certain aspects of

this subject have been rev1ewed in the past [19 56 121, 166], the present
summary attempts to broadenMour current understanding not only by including

- more.recent genetic data, but a]so”bybemphasizing the interre]ationdbetween



ceTlular processes that involve DNA metabolism, name]y'nepair mutagenesis,
/
recomb1nat1on and rep11cat1on, also 1nc1uded are- deve]opmenta] systems

regulat1ng the sexua] cycle wh1ch affect chromatin 1nd1rect1y
7 .

: Iso1 tion of mutants with EREEQm@HmES%mm%%Q&m&lXNmx

In 1967 Nakai and Matsumoto [122] were the first to describe
rad1osens1t1ve mutants in yeast They identified two separate mutant loci,
now called rad] and rad2 [38], that caused a s1gn1f1cant lToss of UV \
res1stance, another. now/ca]]ed rad51 [37, 42], led pr1mar11y to X-ray
sensitivity with only a sllght effect on UV sens1t1v1ty Snow [159] then
’reported 6 UV-sens1t1ve/mutants. each carry1ng d1fferent mutant loci, 4 of
‘wh1ch were also hypersén51t1ve ‘to NA (but with a difféerent rank order).
Snow hypothes1zed that although repa1r of lesions inflicted by UV and NA
~would 11ke1y occur by non- 1dent1ca] enzymatic reactions, the d1fferent
repa1r enzymes might mepresent components of one genera1 repair system.
Cox ‘and Parry [22] then de11berate1y atfempted to "saturate" the yeast
genome with. mutatlons conferring UV sensitivity in an effort to estimate
the tota] number of 1noependent genes respons1b]e Genetic analysis of
96 isolates revealeé 22bseparate mutant loci, 5 of which were also
responsible for 1ncreased/X-ray sens1t1v1ty Subsequent isolations (Table 1) T-1
- have revealed a 1arge number of genet1c loci controlling mutagen sensitivity,
“‘1nc1ud1ng 22 new genes detected in mutants selected for MMS sensitivity by
Prakash and Praka;h [137]. Of these, only 5 conferred MMS sensitivity alone,
while others cahsed either uv (6) or\}-ray (5) sensftivity as well, and 6

others led to crdés-sensitivity to both radiations.
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Ananthaswamy et al. [1]qrecent1y attempted to "saturate" the yeast

genome with mutations controiling X-ray sensitivity and found ]5 new

complementation groups, eeeP complementing the" existing rad set. Among

such x-ray-sensitiveqmdtants\éli but 4 were cross-sensitive to MMS,

while none was cross-sensi#ive“to uv. A]thoughgelielism tests to mms

strains have not been perf%rmed, it is 1ikely that several new unique

genes are represented betadse the combined X-ray~ and MMS- sensitivity

phenotype of these 11 is expressed by oniy 5 of 22 mms loci.

To summarize thus far,‘UV sen51t1ve mutants comprise at 1east 19

comprise 5 loci (nnm] g_g_§_22) Since meny but not all-of the above 65-70
 mutations have been shown to reCQMbine with one another in meiosis, it is
important to bear in mind the distinction between allelism and genetic
complementation in estimating nﬁmbers of éenetic ]oci. On the other hand,
complementing repair-deficientfmutants'at the same cnromosoma] locus have not
been reported.

Does this very large number of genes represent a reasonably accurate
estimate for all possible mutants of this type? A]thougn the answer to
this question 1s not. known, 1t does not seem likely to be a resounding
"yes" for severa]lreasons. On statistical grounds (based on the distribution
of allelic.repeats observed at 22 loci), Cox and Parry [22] estimated an
additional 8-15 undetected mutable rad loci. With respect to the 22 new

mms loci, Prakash and Prakash [137] have calculated a maximum 1ikelihood
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: estimate of‘48 i‘15 (S.D.). loci responsihle for MMS sensitivity. Table 1
shows that mutants at some 1oc1 (e.g. rad1;or rad2) have been more readily
detectable than others Doubt]ess, this results“from many factors, including
the original strain employed (genet1c background) the dose and type.of
mutagen used to enr1ch the mutant popu1at1on prior to screening, the dose

and type of mutagen used for screening hypersens1t1ve stra1ns, the conditions

of treatment, and the Tevel of effect arb1trar11y rhosen as a criterion

for 1so]at1on,‘ For example, the extreme UV sens1t1y1ty or radl and rad2
strains, a result of defective pyr1m1d1ne d1mer exclsfon repair (131, 164,

’ 168], is probab]y a“major reason such mutants have been repeatedly reisolated.
‘ Moreover, Prakash and Prakash [137]pscreened for the 1nab111ty to grow in .
the continual presence of 0.5% MMS and found 3 loci [(mms2,10,22) that did not

confer_MMS hypersensitivity when cells were expOSEd to brief MMS treatments

rains may be different

in buffer. Thus, the permeability of MMS in such s
under d1fferent cond1t1ons and in different genet1c backgrounds. Since

h
mms10 a]so enhances UV sens1t1v1ty, repair processes may be involved. Since

mms2 and mms22 confer only enhanced MMS sens1t1y1ty:(under certain conditions),

MMS-specific repair processes may exist, or, alternatively, genetically altered

MMS transport'into the cell nucleus may be invoﬁved‘ again underscoring the

need to compare strains having the same initial DNA damage.
i
I

LeRlationef mm&smmmmmmm
\

Early recognition of the 1nterre1at1on between DWA repa1r, mutagenesis,

L \

recomb1nat1on and replication in bacteria [68 176]hst1mu1ated a number of

yeast genet1c1sts to ask whether these processes have anything in common
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in eukaryotic organisms. “In particu]ar (1) Are mutagenes1s and recomb1nat1on

~ in yéast genetically éontro]led? (2) If <o, how many genes are involved?

3

(3) Do any of these genes function in repa1r—assqc1ated mechanisms? Table 2
shows that a numbéf of genes have been identified in mutants selected for

various genetic end points'dfher than enhanced mutagen sensitivity. These

include spohtaneous and inguced mutation as well as spontaneous and induced

. ifm1tot1c recomb1nat1on

UV reversion-defective mutants .

 Using the vigé?ous UV-1induced revertibility of the argd-17 ochre allele

to monitor 1nducedkmutab111ty, Lemontt [933 screened clones (derived

“from ce11s surv1v1ng EMS treatment) for defective wv revers1on Upon

genet1c ana1y51s 20 such isolates were found to comprise single recessive

‘alleles of only 3 genes, ca11ed reV], rev2 and rev3; rev? was subsequently

found to be a]jeiiC‘wiph Uv-sensitive mutants isolated by Snow [159] and

by Cox and Parry [22] and has since been renamed 5§g§ [38]. Mutations at

any one of these 3 loci cause varying degree§ of enhanced sensitivity to

uv, X-ra&s, and EMS, implicating.their involvement in some form of DNA
repair. This suggests that uv mutagene§is in yeast is genetica]ﬁy controlied

by an error-prone repair process, as had a]Féady been proposed for E. coli
,/ . " 7 v

by Witkin [177].

The revl and rev3 genes were shown to cause large reductions in UV

myutation %reguencies compared with the wild type, not only for reversion

,of arg4-17 (bchre), lysl-1 (ochre), and arg4-6 (putative m{ssense) {931,

but also for forward mutation at biosynthetic loci across the genome leading

to auxotrophic requirements“aﬁh for forward mutation at 2 specific ADE loci

T-2




(adel or ade2) [150] causing red-pigmented clones f9s1]. Conversely rev2

\
had much smaller effects at arg4-17 and lysl-1 and at b1osynthet1c loc1

- yet had no significant effect at all on UV’ revers1on of a rg4 or on forward
\

mutation. at‘the ADE Toci [93, 95]. Moreover, the average effect of rev]

across the genome (4% of the wild-type response) was much greater thanwat

. the 2 se]ected ade genes (19A of wild type), whereas the effect of rev3
was large in both cases (4 and 2% of wild type, respect1ve1y) [95]. Th1s
was one of the first 1nd1cat1ons that UV mutagenes1s m1ght not be act1ng
un1form1y at all genetic sites, i.e. a hot-spotting effect or a specificity
of interaction between certain mutagenic (error-prone repair) enzymes and
particular genoth'regions or particu1ar types of DNA damage. It was a]so
suggested that the rev2 b]ock is h1gh1y spec1f1c, perhaps affect1ng onTy
uv revers1on of ochre a11e1es |

More recently, ‘extensive data of Lawrence and Chrlstensen concern1ng
the effect of rev genes on uy rervers1ons of well def1ned _xgl_(1so - cytochrome
c) alleles has for the most- part conf1remed these earlier suggestions of
spec1f1c1ty and non-randomness-of UV mutagenesis [88, 89 91]. In addition,

they have 1dent1f1ed several other mutant rad loci that reduce UV mutagenes1s

[87]J;- rad6é, rad8, rad9, and rgglg. " These all cause enhanced sens1t1v1ty
to both UV and X-rays, 1ike the rev genes and like recA and 1g£ genes of |
E. coli [177]. Uunlike lexA, however, wh1ch is dom1nant over the wild-type
allele [119], rad and rev genes 1nvo1ved 4n UV- mutagenes1s are all recessive
in their effects on surv1va1 andvnnduced mutation, suggesting the loss of

requ1red enzymatic steps in the mutagenic mechan1sm
|
1

il
i



7

P - ) Tl : Do ]]

Forward mutation at the CANI‘Iocus

Unlike revers1on, recessive forward mutation .usually resu1ts in the Toss
" of an essent1a1 cellular function and, in principle, can der1ve from

various mutational alterat1ons Many systems used to quantitate foryarq)
mutat1on (e.qg. auxotrophy, p1gmented c]ones, ]etha(s) have limited utility
ma1n1y because they are non-selective and therefore relatively 1nconven1ent
Many systems measure mutation at any one of a large number of genetic

Toci. Forward mutation at CAN1, however, represents a convenient, se1ect1vei
drug-resistance system that is sensitive to many phys1ca1 and ‘chemical
mutagens [11, 45, 49, 83, 84, 99, 100, 141, 170].

Reeessive canl mutants become resistant tohthe highly toxic arginine
ana]ogoe oanavanine by mutational afteration of CAh1 on_chromosome V, V
believed to be the structural gene for the arginine~- spec1f1c permease
enzyme [49, 170]. S1nce this .permease transports v1rtua11y all exogenous
arginine (and canavan1ne) into the ce]] under normal cond1t1ons of ammon1a
repression when genera] amino-acid permeases are 1nact1ve all such
canavanine- res1stant mutants map at this one genetic 1ocus [47—49]. ,
Intragen1c (1ntera]]e11c) comp]ementat1on has not been observed even
- among a ]arge number of uniqne dihybrids, suggesting that‘arginine\permease

is fnnctional as a single polypeptide [170]. Fine-structure mapping of
“alleles yie]ding’the greatest recombination is suogestive of enough DNA
to code for a protein as 1arge as 260, 000 daItons [170]. The molecular
e1ght of arginine permease is not known. but ‘it could be cansiderably less
if (]) the correspondence between gene and protein for this maoptng nethod

(81, 110, ]24] is unre]iah]e for CAN1 (the largest gene presumeq‘to exist\
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in yeast), as appears to be''the case for -very sma]] genome 1ntervals [115,
1161, or.if (2) certa1n port1ons of the gene are non—structura] and are
subject to post-transcr1pt1ona] or post- trans1ﬁt1ona] process1ng cr1t1ca] ;
;,~for funct1ona1 1ntegrat10n of the pernease 1nto the cell membrane Thus, :d
mutatlons in non- cod1ng but critical sequences oou]d a]so resu]t in :‘i
1nact1ve permease; and unlike most mutable genes used’ in mutat1on stud1es,
which usually affect solub]e enzyme act1v1t1es, CAN1 asarespons1b1e for O
the act1v1ty of an 1mportant membrane prote1n that must be synthes1zed
(presumab]y on cytop]asm1c r1bosomes) and subsegeutnly -transported’ ‘and
integrated into the cell enve]ope in some speoific Way,” - 7 J

bIn wild-type yeast grown to statignary phase in a YEPD“comp]ex‘broth

it is ‘observed that many mutagens, 1nc1ud1ng UV cause v1gorous 1nduct1on

S

of canl mutants and that thes\\a re read1]y expressed on: se]ect1ve agar
contaitning the drug, presumably before canavanine‘toxicity becomes t003.
great [45 99-101]. These findings are be11eved to be due in part to a ®
re]at1ve1y high turnover rate of the permease such that mutat1ona1 E
expression is strong]y 1nf1uenced by the cellular level of endogenous'free
arginine (dependent upon type of growth medium) rather than by the ability
to undergo residual divisions on the plate [45]. This is cons1stent with,
the genera] observation that canavan1ne cytotox1c1ty is dependent upon

the exogenous rat1o of canavan1ne to arginine such that defective
canavanyl proteins are eventua]Jy’synthes1zed. Thus, for pre- growth in
YEPD .broth -media the free arginine pool is presumably high enough to prevent

s1gn1f1cant toxicity during a period when the permease act1v1ty is’ decay1ng

rapidly. v‘ﬁy o | ‘ .
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YY forward mutation- defective:mutants'

In an effort to identify new genes contro1]1ng uv mutagene51< or 1ts
expression at CANI Lemontt screened for clones {YEPD pre-growth) with
Tess than wild-type levels of UV mutat1qn to canavanine resistance [96].
Such ultraviolet gptation-ggsistant‘fsolates were subsequently characterized
and found to:carry 0né:9f77 non-]inked recessive umr alleles [100]. The
umr loci did not cause canavanine resiétancé:aﬁd wére not linked to gégl,
nor could they pe explaiﬁed E; an extra‘(disomié) copy of chromosome V.

| Unlike rev or ng mutants, 4 of these genes (umr4, umrS, umr6, umr?) had no

significant effect on either the UV sensitivity or the UV revertibi¥ity of

3 ochre mutations, hi55-2,“1y51-]: and urad-1.. Diploids homozygous for

umr5, umré, or umr? all fai]ed,td”sporulate, suggésiing a meiotic deféct

, {100]. The umr7 locus, known to be allelic with and mapping in the same

region”as tub] and cyc9 on chromosome III, has an eiceeding]y rich pleiotropic

phenotybe with effects on conjugation (g-specific poor mating ability), the
ce]] sufface (extreme flocculence or cell clumping and "self-shmooing”),

‘and hembrane-associéted functions (dTMP uptake and unusually high levels

of iso-2-cytochrome ¢) -[100, 104, 105, 153, 171]. The UMR4, UMRS, UMR6 and
UMR7 genes may be more concerned with expression of canl mutations rather
than with mechanisms of mutagenesis directly [101]. On the other hand,

umrl, umr2 and umr3 mutants were slightly more UV-sensitive than the

wild type and were affected to varying degrees in UV revertibility of one
or another of the 3 ochre alleles [100]. This is consi;tent with the idea
that one or more of these latter 3 UMR genes are concernéd with highly

specific branchos of mutagenic pathways, those contributing verv little to

the overall repair potential of the cell. Homozygotes of umr2 and umr3
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failed tdﬁsporulate However Since all umr loci except umrl-aiso Zed t2

1ncreased canavan1ne tox1c1ty, and srnce Uv-lnduced canl mutat1on

. frequenc*es may be boosted 1f select1on 1s delayed and preceded bv a peri od

o ;iof ceN d1v1s!on in growth med1um [1011, 1t is possible that there has been

pathuays remains more tentat1ve

o

a genetic a]terat1on e1ther in the arg1n1pe pool size or in the rate or
g quiT1tj of arg1n1ne penmease turnover processes. Thus, UMR] seems most

“,ﬁilkely be involved in mutagen1c repair pathways, this is further supported

by the’ f1nd1ng that umrl rad? and umrl radé- doub]e-mutant hap1o1ds are

‘ much more JV sensitive (synerg1st1c) than th&/respect1ve s1ngle rad strains

:[103] On the other ‘hand, the tnvolvement of Uﬁ\‘\aud dMR3 in mutagen1c

I

Hypo-rec, hyper-rec, and mutator strains

In 1964 Holliday [621 proposed a molecu]ar modeT for gene conversion
in fungi 1mp]1cat1ng a role for repair enzymes ﬁuch a8s nucleases, po]ymerases,

and ‘ligases. The model 1nvo]ves breakage and reannealxng of complementary .
DNA strands of homo]ogous chromatids to éenerate a "hybr1d“ region. ' If

the region includes a heterozygous mutat1on this hybr1d DNA w111 contain
one or more mispaireq bases (mismatched or heteroduplex DNA), a substrate
for‘repair. Recombinatfon-deftcient mutants of E. coli were fouhd to be

radiation‘sensitite (18]. Radiation-sensitiee mutants of Ustilaoo maydis’

[63] were recombwnatIOn-ﬂ/?1c1ent [64] Further, post-rep]1cat1on reparr
of daughter-strand gaps. in DNA [154] appeared to requxre recA -dependent
recombination ab111tyu[158]. All these fwndrngs had the effect of
intensifying the search for genes affecting recombination in yeast. It

should be emphasized that recessive rec mutants are not easily selected .
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by conventional geretic means,since,single mutational events in one chromosome
are not expresSed in heterozygous dipioids. Instead, radiation-sensitive
mutants were routinely eramined (in homozygous condition] for effects on
either me1ot1c or mitetic recombination. Ear]y indications were that many
rad genes - had no ef‘ect 1n me1os1s, where@s rad/rad m1tot1c celis generally
expressed h1gher ievels of rad1at1on 1nduced recombination than comparable
RAD/RAD or RAD/rad d1p101ds at equai exposures, suggestnng that unrepaired
95rad1at1on damage to DNA is recombinogenic [94 160j
In a more direct approach Rodarte Ramon and Mortimer [148, 149] selected
] rne mutants dxrectlﬂ oh the basis of defective X-ray-induced mitotic gene
conversqon‘at‘_ggi They constructed a strain d1som1c (n+1) and
heteroallelic for _ggg on chromosome VIII, thereby perm1tt1ng expression
of rec genes on any of the other haplo1d chromosomes Seven genes were
1dent1f1ed two of wh1ch conferred X-ray sensitivity, one of which caused
UV and X-ray sens1t1v1ty. and four of whlch had no effect on radiation
survival; rec2 (X-ray sensitive) was later found tpoe all~lic with radS2
. [&31f It was suggested that enzymatic steps required for induced
recombination\in yeast might also be shared by certain repair pathways.

With a similar systemxhaloney and Fogel [108} screened heteroallelic
arg4 disomics for enhanced spontaneous mitotic géne conversion. Several
genes have been identified and are believed to be affected in a regulatory
ilmecham‘sm that normally keebs mitotic recombinaﬂiontat a low level. ({There
exjsts genetic evidenice for such repressfon of mitotic intragenic
reoombination [33]). Some of these mutants exhibit enhanced sensitivity to

nni, UV, or X-rays, implicating a role of DNA repair in the regulation of

i
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spontanegus Titotic recpmbination. This s supported by the resui“s
Prakash and Prakash [138) who found that ncrozygotes of mms®, mwsd, —~ "3 cor
mms2 exhibit a ayper-rec phenctype 'increased spontaneous nitotic seurecation

from CAN1,/canl tc cani/canl); radl8 aisg shows the hyper-rec ohenot.ce [T,

AS summarized in a review by Resnmick [131], it should be emrnasired that
mitotic recombination of alleles within a gene is observed %0 be oredeminantl:
a non-recép}ccal process {i.e. geneycanversion) rather than a result of
keciprqcal crossing-over events, whereas the reverse is generajiy frue cf
intergenic fecombfnation, particularly after the frequency has been raised
by exposure to external agents [123]; and, most mutagens are cood
recombinaogens. In either case.;mutationa],a]teratioh of one homolog occurs
much too infrequently to account for ﬁitotic recombination in yeast and
other fungi. The implications for mammalian somatic cell mutagenesis should
be clear: The ihduction of autosomal recessive “mutants" in cell lines
believed to be already hétergzygous [16] may in fact be induction of mitotic
crossing-over anywhere betweén:the genetic Tocus and its centromere, or, to
a lesser extent, gene conversion (assuming that chromosome loss, deletion,
and non-disjunction can be excluded).

Probing the potential relation between ONA repair and spontaneous mutability,

von Borstel and his co-workers found that the spontaneous mutation rate is

increased by several rad genes — radl8, radS52, xs3 [165], and, more recently,

rad3, rad6, rad51 [55]. In direct screening for such mutators [167],

a minimum of 8 genetic loci have been identified [55]; one, MUT6, is dominant
and without effect on UV, X-ray, or MMS sensitivity; arong the other 7

recessive mut loci, all but one {mutl) sensitize cells to one or more of
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these mutagens; mut5 ha;sﬂeen reported to be allelic with radS1. These
authors believe that spontaneous DNA lesions (including replication errors)
are susceptible to repair by systems having several steps in commoh with
systems that repair mutagen-induced DNA damage; The isolation of antimutator
strains has also been reported [140]. In addition, rev3 has antimutator
activity;[139]..‘

Previous work with bacteriophage T4 mutator [161] and antimutator [28]
Strains has suggested that the exonucleolytic activity associated with the
polymerase has é“proofreading or editing function that normally corrects
(repairs)} spontaneous replicative errors, presumably mismatched bases [58,
155]. The inducible component of UV-induced mutagenesis in E. coli also
appears to be associated thh some process‘that permits the replicase (DNA
polymerase ' III) to make errors at higher than normal frequency [9]. Whether
yeast and higher eukaryotic cells have the same or a similar mechanism
is not known. It does seem clear, hoﬁever, that spontaneous mutability is
genetically controlled in a_complex way that is not entirely independent
of repair mech;nisms.

There is evidence that spontaheous mutagenesis and mitotic recombination
are under joint genetic control in yeast. Using a procedure to select
dominant or recessive mutations affecting spontaneous forward mutability
at CAN1, Golin and Esposito [46] have described a semi-dominant mutation,
reml-1, that elevates the spontaneous rates of both mutagenesis and mitotic
recombination. Meiotic recombination is not affected by this mutation even
when homozygous, but ascopore viability is reduced, suggesting a meiotic

defect in chromosomal integrity or disjunction. These authors feel that
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spontaneous mutation and recombinatﬁon‘are enhanced as a result of an increase
in specific DNA strUcturés\sudh as mfsmatched base pairs or single-stranded
regions. A previously selected meiotic hutation, spo7-1, isalated as
sporulation deficient has been shown to bé responsible for both antimutator
activity (mitotic) and defective pre-meiotic DNA synthesis [31]. There is

now 2 good correlation between meiotic deficiencies and certain X-ray-sensitive

rad mutants [42, 44]; sporulative ability is reduced in homozygotes of rads]

and rad55; radSD,'radSZ,"and rad57 homozygotes do sporulate, but nearly all
meiotic products are inviable, analogous to mei mutants of Drosophila [4] and

rec mutants of Ustitago f66, 67]. Sporulatioh is completely abolished by radé-1.

Recent results by Game et al. [44] show that RAD50, RAD52, and RAD57 are not
required for early and late meiotic events (namelyfpfe-meiotic DNA synthesis
and sporulation, respectively) but are required for successful neiotic
recombination. | |

To suhmarize, there are noQ a large number of genes in yeast believed
to control various asbgcts of DNA‘repair, mutagenesis, and recombination.
Mutants seleéted on the basis of one altered property often turn out to be
pleiotropic with respgét to another phenotypic trait. To this extent certain
yeast mutants appear analogous to bacterial mutants affected in sdme aspect
of DNA metaﬁo]iim. élear]y, not all of these genes may be concerned with
DNA repair directly, as discussed by previous authors [22, 56, 137]. The
challenge tb define in md]écular terms cellular functions gone‘awry in
nearly 100 (and potentially more) mutants underscores and provides evidence
for the enormous complexity of eukaryotic DNA-related metabolism. The

existence of dominant and semi-dominant mutations that jointly affect repair,
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mutagenesis, and recombination in yeast raises the possibility that induction
of such mutations in SOmati; tissues of mammals, for example, might also
serve to increase (by récombination) the overall rate of homozygosis of
deleterious heterozygous recessive loci. In this way, induction of hyper-rec

mutants might increase the cancer risk.

"P thways" of Rgpaw

RrnFAND

It has been bossib]e to characterize presumed repair-deficient mutations
by thefr interactions in multiply-mutant haploid strains, as developed by
Game and Cox T39, 40] and by Haynes [56]. Howard-Flanders et al. [69] were
among the fifst to demonstrate the utility of this apwroach for understanding
DNA repair. mechanlsms by constructing a double mutant of E. coli carrying

both uvrA and recA and show1ng that the two mutations interacted synergistically

with regardito UV sens1t1v1ty. That is, UV survival of this double mutant

was very mdhh less than what would have been expected on the basis of an
additive qffect of fhe two single mutants; further the UV dose yielding an
average of ‘one lethal event (37% surina1) corresponded to approximately

one pyrimidine dimer per cell. This result suggested two important hypotheses:
(1) that uvrA and recA each block very different repair pathways acting on
UV-damaged DNA; (2) that these two major pathways could account for virtually
all of the UV resistance exhibited by thé wild type. This agreed with the
finding that uvrA mutants lacked excision repair but recA mutants did not [68].
Two or more mutations blocking DNA repair along the same linear pathway are

expected to interact epistatically such that the multiple mutant is no

more sensitive to the mutagen than the most sensitive single mutant.
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Despite some inherent limitations of multiple mutant analysis, as
discussed in detail elsewhere [39, 40, 87], it Has been possible to gaiﬁ a
certain amount of information concerning mechahismé of repair in yeést
from this kind of approach in conjunction with other phenotypic traits
éxpressed by repair-deficient mutants. On this basis, there exists 3
so-called "epistasis groups" of rad loci such that a strain carrying multiple
mQtations’within a group exhibits‘epistasis whereas a strain with mutations
iﬁidifferent groups exhibits either an additive or synergistic interaction.

The epistasis groups are suggestive of metabolic pathways [21].

Excision repair of UV damage

The epistasis group defined by radl, rad2, rad3, rad4, radl0, and

radl6 consists of mutants with a biochemical defect in excision repair of
UV-induced py;imidine dimers [39, 131, 134, 135, 146, 147, 164, 168];
furthermore, rad22 is epistatic to radl with respect to UV survival [87].
Thus, at least 7 genes appear to be required for excision repair in yeast.
Excisionvkepaif‘aéts only on nuc1e§r DNA and is not able to remove pyrimidine
dimers from mitochondrial DNA (131, 169]. In genéral, mutations  in this
pathway do not lead to X-ray sencitivity, nor do they have any effect on
recombinatior, meiosis, or sporu]at{on. Additionally, like uvr mutznts

of E. coli [177], most if not a11‘bf these mutants exhibit enhanced
frequencies of UV mutagenesis compared with the wild type at equal UV

doﬁes, and a significant fraction of the induced mutabi1ity is photoreversible
in both mutant and wild-type strains [2, 87, 92, 143, 179]. At équa]

survival levels induced mutabilities are approximately the same in RAD and
rad2 strains [30]. Moreover, with respect to the observed spectrum of base-

pair changes inferred from amino-acid replacements in iso-1-cytochrome ¢
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among UV revertants of ochre cycl alleles [92], and radl response is the same
as that produced by the wild type. All these findings have suggested that
UV mutations are produced predominantly from unexcised pyrihidine dimers
in DNA by a mutagenic process different from the excision repair pathway

~which is considered to be essentially error-free.

Error-prone repair of UV damage

The epistasis group defined by radé6, rad8, radd, radl3, revi, rev2
(i.e. rggg),.and rev3 consists of mutanﬁé with varying dégfees of both
w aﬁd X-ray sensitivity [21, 22, 40, 87, 93]. None except rad9
significantly reduces mitotic recombination [(82]; rad6 prevents sporulation
[22]; and the others do not apparently affect meiosis. The radl8 gene is

synergisfic with radl, rad2, or rad3 but epfstatic with rad6 [40]. A11 7

mutants of this group are ebistatic With radé, suggesting that all are

involved in one major pathway concerned with repair of UV damage [87].

Mutants carrying radé or rad9 are proficient in carrying out pyrimidine

dimer excision [135]; the others are also excision-proficient (see ref. [19]).
The most interesting property of mutants in this group is defective UV

mutagenesis, suggesting, by analogy to recA and lexA mutants of E. coli

[87, 96], that thiS'STﬁQTE repair pathway is error-prone for UV damage.
From this point on, the analogy to prokaryofic mechénisms of mutagenesis
begins toubreak down. Lawrence and Christensen [88, 90] have pointed
out how many of the observations in yeast are at best difficult to explain
with the one-step unitary model proposed for E. coli [12, 178], according
to which suppression of fhe editing function of DNA polymerase permits

replication past a pyrimidine dimer while two random, often incorrect
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bases are inserted opposite the lesion. Thus, ﬁeEA an@ lexA mutations should
prevent induction of mutations of all types and 1ét all genetic sites, and
mutations induced in the wild type should involve. double base-pair

changes [88, 90].

Lawrence et al. [92] have demonstrated that radt and radl8 affect UV

mutaggnesis nbt on}y quantitatively but also qualitatively by altering the
spectfum of base changes observed among induced reverfants of cycl nonsense
alleles. Not all mutants defining error-prone repair in yeast block UV-
iﬁduced mutational changes of all types and at all genetic sites; and,

double base-pair changes are rare in yeast [90]. While rev3 and rad6 are

non-specific and prevent normal levels of UV mutagenesis at every genetic
site tested, the remaining mutants of this pathway have strong allele-specific
effects with respect to UV reversion (for examples see Tab]é 3).

The REV2 gene product appeérs to be concerned cnly with UV reversion
of ochre alleles, yet, this clearly is not the case for all such alleles.
Although the REV] product may not be required for frameshift mutagenesis
by UV, it is reguired for many but not all base-pair transitions and
transver;ions. By inspection of fhe nearly complete base sequence information
in the region of many cycl alleles and of their revertants, it has been
pqssib1e to test the idea that the allele specificity of UV reversion (as
typified by revl) may be based upon one or more of the following factors:
(1) position within the gene, (2) kind of DNA triplet altered, (3) type of
base-pair change (e.g. transition vs transversion, or AT to GC vs GC to AT),
(4) variable recovery of reversions (5) non-random formation of dimers in

regions rich in adjacent pyrimidines,(6) unusual kinds of premutational

T-3
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lesions, or (7) different ratios of mutagenic to non-mutagenic repair at
different genetic sites. Lawrence.and Christensen have concluded that
none of these factors a1one can satisfactorialy account for the non-randomness
of UV reversion [88, 90]. Even. in a wild-type strain the same ochre |
triplet occuring at dﬁfferent‘sftes reverts with entirely different patterns
of base-pair change, suggestive of some form of site (or sequence) specificity
[157]. Moreover, UV reversion of the cyc1-131 allele by GC to AT transition,
which does not require REVI but which is nonetheless photoreversible, occurs
wifhin an alternating purine-pyrimidine nucleotide sequence, obviously a
region where intrastrand pyrimidine dimers cannot be induced [88, 90]. Thus,
we also need to understand how DNA damage at one site results in mutation
at another.

~ Thus far, the best exp]anation for sife-specific mutagenests is a presumed
non-random interaction between certain gene products (of error-prone repair)
and DNA damage in particuiaf genomic regions [90]. It is not known whether
this surprising level of complexity is unique to yeast or to eykaryotes in
general. Bacterial studies in the past HaVe for the most part not been
concerned with this‘questidn of specificity. Not until very recently have

mutation-resistant ("rev-like") mutants of E. coli been selected directly

[74]. If such apparent site-specific regulation of mutagenesis is found
to be unique to eukaryotes, the molecular environment of the chromatin is

likely to play a role.
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Minor repair pathWay for UV damage
" A third "minor pathWay" for repair of UV damage appears to involve

enzymatic steps whose major ostensible function is to repair ionizing

radiation-damagedﬂDNA: “The rad50 and rad51 genes each COnfer slight UV
sensitivity and are epistatic ‘to one another, yet rad51 interacts

synergistically with both rad3 and radl8 with respect~to UV survival.

One lethal event: (37% survivé]) in rad3 rad18 double mutants corresponds

to apbro*imate]y 6 pyrimidine dimers per cell, whereas in rad3 radl8 rad51
triple mutants only 1 or 2 are needed to produce the same effect. This
suggests that unrepaired dimers are lethal and thaf virtually all, of the UV
resistance expressed by the wilq typé can be accounted for by the;actidn

of these 3 pathweys [21,40]. The ;gggg locus also acts in this mﬁnor
pathway, but has 1ittle or no effect on UV reversion. In excisioh-defective
strains, however, a rgﬁég_gggl strain is nearly 10-fold more UV .hypermutable

than a .radl strain, suggesting that this minor pathway is essentielly error-

free for repair of UV démage [87].

Repair of ionizing radiation damage

The major pathway for repair of ionizing radiation damage is controlled
by RAD50, RADS1, . . ., RAD57; rad52 contributes the greatest gamma-ray
hypersensitivity, which is also exhibited by all double mutants with rad52
[113]. Frequencies of gamma-ray reversion in mutants of this group are
similar to that expressed by the wild type, suggesting an error=free mode
of repair [112]. Since rad52 strains are defective in gamma-ray-induced
mitotic gene conversion [148, 149] and are also‘unable to repair double-

strahd DNA breaks [60, 145], this RAD52 pathway may involve recombinational
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repair; rad52 strains also have increased X=ray-induced dominanf lethality,
suggestive of a defect fn tﬁe'repafr of‘chromosome breaksv[Gl].

With respect te ionizing radiation survival and mutagenesis, McKee ‘and
Lawrence [112 113] have found that the s1ng1e mutagenic repair system
for UV is a1so retpons1b1e for mutagenic repair of 1on1z1ng radiation damage

and requires the functions of‘the RAD6, RADS, REV],—REVZH and REV3 genes.

A]though both radiations produce'veny4different kinds of pre-mutational DNA
damage, gamma-ray mutagenesis is efficiently blocked by mutations of these
loci, all of which comprise a "rad6 epistasis group" for gamma-ray survival;

rad9 and radl8 also belongs to this group but do noﬁ block gamma-ray

mutagenesis significantly, suggesting that this‘gﬂgﬁ_pathwey consists of
both error-free and error-prone fepair phﬁtesses. In addition, McKee and
Lawrence [114] have observed 1in rev strains a]lele-specific gamma-ray
reversion patterns that are veﬁy similar’to these expressed after UV
exposure, These authors have argued that the simple idea of an enzymatic
pathway for mutagenic repair consisting of sequential gene-controlled steps,
witH separate branch points leading to mutational specificity,,does not
adequately explain the distinctiveret/partia]ly overlapping mutational
phenotypes expressed by mutants of this "pathway".

Mutagenesis by several chemical agents also requires a fuﬂctionai

repair system, specifically the RAD6 and RAD9 gene products [1%0, 132, 133].
McKee and Lawrenee [114] argUe that mutations of different kinds or at
different sites that arise from potentially very different‘preﬁutational

lesions are produced by the coordinate action of a 1arge number of partially

independent sets of gene functions.
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Early stud1es on the recovery of yeast from rad1at1on and chem1ca1
damage showed that the degree of liquid=holding recovery, an 1nd1catcr
of. repa1r act1v1ty, cou]d be: mod1f1ed by d1fferent phys1o1og1ca1 cond1t1ons
[128, 129]. More recenttstud1es [127] not only have emphas1zed the-
importance -of genet1ca11y contr011ed repair processes “but-also have,

expanded our view of the d1vers1ty of ce]]u]ar factors that can affect

26

" repair. These incTude "cell age," DNA‘rep11cat1on, and the mat1ng-type- Jw

dependent regulatory system.

Cell age ., y

The term cell age, as deve]opeduby'Eanry and co:wofkehsvflzsj,
encompasses two different phenomeha -- either the position in the mitotic
ce]] cycle of synchron0us cu]tures or the transition of exponent1a11y .

growing (log- phase) asynchronous. cu]tures to a nutrient-limited stat1onary

phase. The increased: rad1at1on resistance of the budding cell fraction®of

yeast cu]tures observed in early studies [6] is now understood to be a:

reflection of the hypersensitive 6, ‘and early S (DNA replication) stages,

compared with the more resistant late S and G, per1ods [15, 26,27]. In

general, this pattern is similar to that f1rst observed 1n mammalian cells

[163]. The var1at1ons in UV res1stance cou]d be due to d1fferent amounts
of/init1a1 DNA damage induced at different_times .in the cell oyc]e or to )
varying efficiencies of repair mechanisms throughout the eycle."'Althodgh
S-phase cells suffer 30% fewer pyrimidineudimers per unit UV dose than. |

do cells having minimal resistance‘[14], this factor is notﬁldke1y to be

)
v
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responsible for the bulk of the observed variations in UV sensitivity [25].

An excision repair-deficient (radl) strain exhibits cyc]ic“variations‘in
UV sensitivity very eimilar to those found in wild type, suggesting that
excision repair acts efficiently and uniformly throuahout the cell cyc]e
-{13]. In contrast a recS strain, defective in UV- 1nduced\§\tot1c
recombination, exhibits the same UV sen51t1v1ty 1n G] and GZ’ a level
comparable to the wild- type G] level. This suagests, that the increased
Gz (over G]) UV resistance expressed by tne wild type is due to a h
recombinational repeir process that requires the RECS gene product [13].
Davis et al. [25] used a zonal rotor centrifugation method to isofgte
large yeast populations on the basis of bud(size (correlated with progress
in the céll cycle),‘an obvious impnoiement over-the use ot perturbing
treatments that induce cell synchronony. Their results confirm earTier
obsérvations that, ip the wild type, UV resistance is minimalpin G] and
maximum in S and 92; yields of UV-induced mitotie recombination {intergenic
and intragenic) were maximum in Gi and minimum‘in S and Gy, again suggesting
a re]ationship between cell survival and recombination Fabre {32] has
- shown that UV-induced intragenic mitotic recombination can occur in G]
before chromosome repiication confirming earlier results [172] and
suggesting that homologous "‘chromosomal pairing ‘does’ not require duplicated.
chromatids. In contrast to uy surVival,,nitrous acid survival exhibited a
minimum during on]y one period, that'of DNA replication, while induced mitotic
recombination occurred at all stages but was maximum during S [25].
Radiation and chemica1 mutagen senSit1v1ty have also been compared in
1og-phase vs stationary-phase cultures [126]. As asynchronous 1qg-phase,

cultures enter a transition period before entering stationery phase, cells
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tend to complete their cycles and begin arresting as. unbudded cells {in

G1 or more properly GO) [54]. Stationary-phase cells are observed to be

more sensitive to UY and X-rays than lob-phaée cells, whereas just the

reverse is true of sensﬂtjv1ty to severa] chemical mutagens. ODuring the

transition per1od UV res1stance begins to decrease in cultures that have

already begun to show a significant reduction in the frequency of budded

:cells. While excision repair-defective {radl or rad2) strains also become

more UY seﬁsitiye,'a rad50 strain failed to exhibit this effect, suggesting
a requirement for the gﬁg§g_gene product. In contrast to UV survival,

cell survival following treatment with NA, mitomycin C, and EMS increases
in cu!tures beginning to show loss of budded cells. ‘A significant
fract1on of this d1fferent1al chemical mutagen sensitivity appears to be
due to dlfferent numbers of initial DNA lesions inflicted, since cellular

uptake of tritium-labeled EMS is 7-fold less in stationary cells compared

with log-phase cells [125].

DMA replication

Until recently very‘iittle information has been available on the role of
DMA replication in repa1r and mutagenesis of yeas% The main reason for
this has been that only a few tenperature-sen51t1ve mutants have been
described [52, 53, 72]  that haverlarge effects in turninag off DNA synthesis
specifically and rapidly after temperature shift. Some mutants alsg affect
RNA synthesis; the gene products of‘maqy”well-defined mutations are not
knoun;‘ It has been suggested that a *replication complex" with one
defective protein component might undergo slight conformational changes

and still‘have”sb-e polymerizing'activity [72]. Another reﬁson concerns
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the fact that most’in vivo studies eventually depend upon the conventional
end‘point of colony {or mutant colony) formation, which in turn is dependent
upon genome, replication an¢ cell division.

Yeast strains carrying sggg_are defective in DNA replication (elongation,
not initiation) at 360C but not at 230C [52]. Prakash et al. [136] have

reported recently that cdc8 reducas frequencies of UY reversion (at 250C),

even in radl or rad51 strains; they argue that COC8 plays a role in error-
prone repair.

There now exists evidence that the temperature-sensitive cdc9-1 mutant
[24] is defective in DMA ligase activity [73]. At the restrictive
températdre thfsﬁmutant (1) accumulates mary single-strand breaks in DNA,
(2) exhibits enhanced UY sensitivity, and (3) produces enhanced frequencies
of spontaneous mitotic recombination (hyper-rec phenotype) [41]. These
recgnt findings un&erscore the multiple role of this enzyme in DNA
replication, repair, and recdh?inatioﬁ in yeast. It is suggested [41]
that the exéess'single-st?éwﬂfbaps in DNA are themselves recombinogenic, either
dfrectiy or by means of the induction ofra recombination-nepair system,

An im;ottant question concerns the kinetics of induced mutagenesis:
Does it occur before, during, or after DNA replication? One aoproach
might fnvolve the use of a probe that can mpnitor‘the appearance of mutant
(or recombinant) gene product as soon as it becomes expressed, rather than
the ﬁhenotypic scoring of mutanty(or recombinant) clones many generations

" removed from the initial mutagenic (or recombinogenic) event. Such a

system has been previously used in Ustilggo maydis to allow in vivo

enzymatic méq;uremeht of radiation-induced mutation [97, 98] or mitotic
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recombination [65]. Another approach involves unambiguous detection of

the “strandedness" of induced mutations. That is, fixation of pre-mutational
damage in one strand of unreplicated (GT-phasé) DNA is expected to aive

rise to a mosaic colony because after completion of the first cell cycle
there will be one mutant and one non-mutant cell. Damace fixed as mutation
in both strands prior to replication should lead to a pure mutant clone.
Pre-mutational damage not fixed as mutation until after the first round of
replication will 'also produce mosaic clones.

James and Kilbey [70] observed UV induction of recessive lethal
mutations in mitotic pedigrees of irradiated G] diploid yeast cells. With
this technique they found that after low exposures to UV, induced mutations
- were produced in an excision repair-proficient strain prior to the first

round of post-irradiation DNA replication,‘and most mutations were Z2-stranded.
In an excision repair-defective (radl) strain, induced mutations affecting
both strands were not observed; moreover, mosaics arose as frequently in

the second post-UV generation as in the first [71]. In radl strains

unexcised pyrimidine dimers were shown to be responsible for UV mutagenesis
even after passing through several DNA replication cycles [76], as Bridges

and Munson had shown many years ago for E. coli [10]. Hannan et al. [50]

had previously shown that G] RAD haploid cells producedyexclusive]y pure
mutant clones after a UV exposure 1eading to high survival (63%, on the
survival curve “shouider“).‘ Mosaics, houevet, were produced with increasing
- frequency for UV doses corresponding fo exponentially decreasing survival, and

they could not be explained by first-division lethal sectoring. These
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findings support the idea that pure mutant clones are associated with efficient
‘heterodupiex repair activity such that loss of efficiency at higher UV doses

leads to the induction of mosaics.

Kilbey et al. [75] have proposed a dimer/gap model to account for the

different kinetics of UV mutagenesis in RAD and radl strains. According

to the model, mutation fixation by error-prone repair is presumed to be

initiated in both strains by a structure consisting of a single-stranded

gap opposite a pyrimidine dimer, although this structure is produced in

different ways by the two strains. In RAD strains after UV exposure
~sufficient to induce dimers close together on opposite complementary strands,
the excision of one may often leave a gap that exposes the other. Since
pre-rep]icétive mutagenesis (presumably an error-prone gap-filling process)
eventually affects both DNA strands [70], excision repair musf remove the

dimer oryheteroduplex repair must recognize and repair the mismatched site.

In radl strains excision cannot occur, and replication presumably generates
daughter-strand gaps opposite pyrimidine dimers, folloyed by gap-filling and
heteroduplex repair. This model is consistent with the observation that

UV mutagenesis in RAD strains exhibits dose-squared dependence (2 dimers required)
[75, 89, 100] compared with a linear dependence at low doses in radl [75]

or rad2 [29] strains. Yef, there exists at least 6ne case of Tinear induction

in RAD strain [30]. It is not altogether clear just how gap-filling generates
single base-pair changes, which are responsible for the‘majority of UV mutations

in-yeast [90] rather than double base substitutions, as presumed in the
bacterial mode] [12, 178]. An error-prone gap-filling model must also
accommodate in some way the observations of non-random action (site

_ specificity of repair) and "mutation at a distance" [90].
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Recent studies by Lemontt [99] have suggested that exposure of YEPD-
grown stationary-phase yeast to HZ (a carcinogen and mutagen in other
organisms [77]) results in pre-mutational DNA damage that becomes fixed
as mutation at the time of DNA replication, as appears to be the case in
Haemophilus [79, 80]. Unlike several other mutagens, HZ mutability at
CAN1 is entirely dependent upon post-treatment DNA replication and occurs
over a dose range that leaves cell viability unaffected. HZ exposure
does not extend the 3- to 4-h growth lag normally observed in post-treatment
medium. Prokaryotic studies have suggested that N4-aminocytosine may
represent an important pre-mutational DNA 1esi$n to HZ-exposed cells [77].
Thus, unlike non-pairable pyrimidine dimers, this cytosine analogue might
be considered a pairable lesion (with perhaps less than complete fidelity)
produced in situ. N4-aminocytosine is known to be mutagenic in lambda
phage and in E. coli when used as a precursor for DNA replication [171.
Thus, HZ may inducemytations in yeast by a mechanism of base mispairing
at replication in the absence of any ostensible inhibitory effect on the
replicative process itself, as proposed for Haemophilus. Kimball has
sﬁggested that N4-aminocytosine may be an intrinsically more efficient
base-analogue mutagen than 5-bromouracil because the hydrazino ("NHZNHZ)
substitution for the 4-amino group occurs at a base-pairing position on
the pyrimidine ring, while the bromine substitution does not [78].

It has also been possible to obtain indirect evidence for pre-replicative
error-free repair of HZ-induced pre-mutational damage [102]. As observed
in Haemophilus [80], if post-treatment DNA rep]fcation or its initiation

is delayed in growthfmedium (in yeast with hydroxyurea or cycloheximide,
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respectively), the maximum level of replication-dependent mutagenesis attain-
able after removal of inhibitors decreases (Table 4).. Excision repair- T-4
defective rad2-1 strains also exhibit such loss of HZ mutability. These
findings have suggested that pre-mutationé] lesions are being removed by some
error-free process different from excision repair of pyrimidine dimers. Since
cycloheximide blocks protein synthesis (which is required for initiation of
DNA replication in yeast [57, 173]), this repair process must be constitutive.
It is possible to speculate that some form of mismatch repair may be operating.
If it is assumed that N4-aminocytosine is a major pre-mutational Tesion,

the duplex distortion (presumed to occur by virtue of a hydrazino rather than an
amino proton donor in hydrogen bonding to guanine) might also be correctable

by specific cleavage of the tgrmina] amino group, restoring normal base

pairing without the need for strand breaks in the backbone. Examining HZ-
treated Haemophilus, Kimball and Hirsch [80] failed to detect single-strand

breaks (or alkali-labile sites) in unreplicated DNA, nor did they observe

gaps in newly synthesized DNA.

Mating-type locus-dependént regulation

Normal conjugation in yeast occurs between cells of opposite mating type,
either g orao, These two mating phenotypes segregate in meiosis as
different alleles of the same ldcus, called the mating-type locus (MAT). There
are now many lines of evidence supporting the idea that the genetic informa-
tion at MAT has a regulatory function that plays a central role in controlling
whether a cell may undergo sexual conjugation or pursue meiotic development.
Diploids exhibit one of three possible functional states at MAT -- a/a, o/q or

a/a. Like g or a haploids, homozygous 2/a or o/a diploids (selected by




34

mitotic crossing-over) are able to mate normally (and produce and resnond to
mating pheromones), exhibit medial bud initiation in mitosis, but canﬁot
initiate mejosis and sporulation when challenged to do so in the appropriate
medium. Such homozygotes exhibit a-specific or a-specific functions expressed
by haploids. Diploids heterozygous (g/a) at !5I are repressed in mating ability
(and fail to produce or respond to mating pheromones), exhibit ﬁo]ar bud
initiation, and have gained meiotic and sporulative capnacity. The g/a

state appears not only to turn off certain haploid functions, but also to

turn on certain new diploid furctions. Moreover, the expression of these g-specific
a-specific, and g/a-specific functions may be altered by various mutations in
several genes unlinked to MAT (for recent reviews of mating-tvpe-specific
functions, see refs. [23, 107, 1179]). Thus, in mitotic cells the existence

of phenotypic differences expressed by MAT homozyaotes compared with tﬁé
"normal" (after normal axa mating) MAT heterozygotes constitutes evidence

for MAT regulation.

DNA repair, mitotic recombination, and mutagenesis all appear to be
modulated to some degree by MAT. Althcugh diploids are much more X-ray-
resistant thanhaploids (the ploidy effect [117]), MAT homozyaotes are
more sensitive than a/u cells [85, 117], sugoestinag that a fraction of
the extra diploid resistance is due to MAT heterozygosity. Liquid-holding
recovery in buffer after X-ray exposure (which does not occur in haploids)
is believed to be controlled in part by a MAT-dependent process (Hunnable
and Cox, cited in ref. [23]). Moreover, Game and Mortimer [43] have found
that some mutants (rad50, rad57) in the RAD52 pathway for repair of
ionizing radiation damage exhibit a MAT effect (g/a more resistant than a/a or

a/a), while others (rad52, rad54) do not. Thus, RAD52 and RAD54 may act

prior to MAT-dependent repair steps, whereas RADSQ and_RAD57 may control subsequent

MAT-independent steps [43]. A MAT effect for MMS sensitivity has

also been reported [106].
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Although UV survival does not show the MAT effect [86], UV-induced
mitotic recombination does [36]. Frequencies of induced mitotic gene
conversion in g/g or ofa dip]oids'were as much as 100-fold lower than in
@/« strains, again suggesting that the 3/ regulatory state is required for
maximal expression of induced mitotic recombination.

There is evidence that MAT regulation can affect UV mutagenesis.
Martin, et al. [111] have found that although mms3 causes UV sensitivity in
haploids and diploids, g/a mms3/mms3 diploids exhibit defective UV reversion

of arg4-17 or lys2-1, compared with g/a mms 3/MMS and %/“ MMS/MMS diploids;

mms3 haploids have wild-type UV revertibility. In addition, g/g or a/a
derivatives of the a/a mms3/mms3 strain were restored to normal UV mutability.
This shows that the a/x genetic configuration is responsible for the diploid-
specific defective UV mutability.

Finally, o umr7-1 haploids fail to express several a-specific haploid

functions (such as mating ability, «-factor production, a-factor response),
while at the same time they have apparently turned on some Qespecific functions
("shmoo" morphology, a-factor proteolysis [34, 35]); on the other hand,
2 umr? haploids express normal a-specific functions [104, 105]. Both types
of umr? strains are enormously flocculent (clumpy) but can be dispersed by
distilled-water washing [100]. Although these strains are defective in UV
mutagenesis at CAN1 [100], it seems likely that this is due to an aberrant
cell envelope which interferes in some way with normal expression of mutant
arginine permease. This is supported by the observation that non-clumpy

revertant derivatives exhibit wild-type levels of UV mutability at CAN1 [104].
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TABLE 1
YEAST MUTANTS SELECTED FOR HYPERSENSITIVITY TO MUTAGENS

Author, year [ref.] Enrichment Isolation Genetic loci@ Cumulative
(pre-screen) (screen) total

(new loci)
Nakai and Matsumoto, 1967 uv b radl 1
[122] Uy uv rad2,rad5]1 3
Snow, 1967 [159 and EMS uv radl,...,5,10,14 8
unpublished]
Cox and Parry, 1968 [22] EMS, UV uv radl,...,17,19,..22,50 23
Resnick, 1969 [142] NA uv,x° rad1,2,18,52,53,xs3 27
Moustacchi, 1969 [120] v uv rad] 27
Zakharov et al., 1970 Ly uv rad2,rad4,uvs?2 28
[179]
SusTova and Zakharov, - X rad50,51,54,xrs2,xrs4 31
1970 [162]
Averbeck et al., 1970 [2] MNNG uv rad2,rad9,r;s 32
Snow [unpublished]; - X rad5,9,18,50,52,...,57 35

Mortimer [unpublished];
Game and Mortimer, 1974

[42] ,

Prakash and Prakash, 1977 UV MMS rad],4,6,52,55,57, 57
[137] ‘ mms1,...,22

Ananthaswamy et al., 1978  MNNG X rad5,17,50,53,54, + 15

(1] : o new new isolates 61-72

3standardized rad locus ass1gnments are based upon interlaboratory allelism tests [37, 38
39]; rad50 and higher confer only ionizing radiation sensitivity; radl,..., rad49 have
been reserved for those that confer only UV sensitivity or sensitivity to both UV and
ionizing radiation; others have not been tested for comp]ementat1on or assigned to rad
loci; ellipses (...) refer to consecutive locus numbers implied by the series.

Drdentified in a survey of auxotrophicﬁyeast stocks.

cScrgened‘f0r~sgnsitivity FOTﬁV or X-rays or both.

o
J



TABLE 2

YEAST MUTANTS SELECTED FOR ALTERED MUTAGENESIS OR MITGTIC RECOMBINATION

Author, year [ref.]

Selection phenotype

Genetic loci

Lemontt, 1971 [93]

Lemontt,. 1973 [96]s
1977 [100]

Rodarte-Ramon and
Mortimer, 1972 {149]

von Borstel et al.,
- 1973[167]; Hastings
et al., 1976 [55]

Maloney and Fogel, 1976
(108]

Golin and Esposito,1977
f46]

Quah et al., 1977 [140]

Decreased UV reversion of
argd-17 (i.e. UV hypo-mutabie)

Decreased UV forward mutation
of CAN1 (UV hypo-mutable)

Decreased X-ray-induced gene
conversion at arad (X-ray
hypo-rec) -

Increased spontaneous reversion
of 1ys1-1 (mutator)

Increased spontaneous gene
conversion at arg4 (hyper-rec)

Increased spontaneous mutation
of CAN1 (mutator)

Decreased spontaneous reversion
of 1ys1-1 (antimutator)

revl, rev2, rev3

umrl,...,umr?

recl,...,rech, 2011,
2C16

mutl,...,mutb5,MUT6,
mut9,mutl10

reml

05
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TABLE 3
ALLELE-SPECIFIC CONTROL OF UV MUTAGENESIS BY REV GENES®

Type Allele Codon UV Revertibility
Mutant  Normal Position REV revl revZ rev3
Ochre .cycl-9  UAA GAA 2 + - - -
-2 UAA CAA 21 + - +
-72  UAA GAA 66 + - +
Amber cycl-179 UAG AAG 9 + - + -
-84  UAG UGG 64 + - +
-76  UAG GAG 71 + - +
Initiation c¢ycl-131 GUG AUG -1 + + + (-)
-133 AGG AUG -1 + - + -
-13  AUPy AUG -1 + - -
-6T  CuG AUG -1 + - -
Frameshift cycl-183 +A AAA 10 + + + -
_ -239 -G AAG 4 + + + -
-337T -A GAA 2 + + -
Proline cycl-115 CCPy CUPy 14 + + + (-)
missense -6 CCU GCU 12 + - -

%pata from Lawrence and Christensen [87 — 89, 91].




TABLE 4

PRE-REPLICATIVE REPAIR OF HZ-INDUCED PRE-MUTATIONAL DAMAGE
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a

Post-treatment

mediumb
(time at 30°C)

Mutation_frequency
(can1/107 viable cells)

Controlt HLC

None

Y (3 h)
YCH (3 h)

Y (1 day)
YCH (1 day)

Y (3 h) +Y (1 day)
YCH (3 h) + Y (1 day)

Y (1 day) + Y {1 day)
YCH (1 day) + Y (1 day)

13.2 15.2
24.0 32.0
9.5 14.5
9.6 159
12.5 24.7
12.1 160
15.5 88.0
12.8 174
14.0 22.3

%pata from Lemontt [102].

by (YEPD) or YCH (YEPD + 1 wg/ml cycloheximide).

CContro] or HZ treatment in neutral buffer; 0.2 M, 1 h.



