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Genetic control of mutation induction in Saccharomyces cerevisiae
Jeffrey Fielding Lemontt
ABSTRACT

Twenty mutants of Saccharomyces cerevisiae were selected

for reduced ultraviolet light (UV)-mutability as measured by locus
reversion of the highly UV-revertible ochre-suppressible arg4-17
allele. These mutants represent only three unlinked recessive loci

denoted by revl, rev2 and rev3, The rev2 locus is on chromosome

XII at a distance of 4,0 centimorgans distal to asp5. Neither revl

nor rev3 is centromere-linked. Strains carrying revli-1, rev2-1

and rev3-1 are moderately UV-sensitive with Dose Reduction

Factors (DRF) of 3.7, 4.3, and 8.5 in the respective haploids and

"2 in the three homozygous rev diploids compared to wild-type;

revl-1, rev2-1 and rev3-1 also confer X-ray sensitivity (DRF's of

2.4, 1.5, and 1. 8 at 10% survival in respective homozygous rev

diploids) and ethylmethanesulfonate (EMS)-sensitivity (DRF's at

1% survival of 1.1, 2.7, and 2.7 in res.pecti\}e rev haploids).

Mutation induction controlled by a small number of genes is thought

viii
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to be féiated to the repair of lethal DNA damage..

| | UV-induced locus reversion of arg4-17 is i'éduccd from tiﬁe
wild-type level about 35-fold at 265 erg/mm2 in revl-1 and rev3-1 strains,
.while 1n rev2-1 strains it is only reduced about 3.5-fold. At the

same dose in the same straiﬁs, UV -induced lolcus reversio'n of thé
oéh_re-suppressible lysl-1 allele is also sevérely reduced in the

i(_e_y_}_—_l' and rev3-1 strains (about 10 times), but to a lesser degree .

in the i‘g_\z-i strain (two-fold). UV-induced reversion of ._aigi-é_ is

also reduced by 36_\:_1_—_1_ and {E_\L3_-_l_(ébout 5 times), but doubled by

rev2-1,. At lower UV doses rev2-1 exerts no effect. The average

frequency of UV-induced forward mutation to adel or ade2 in all

rev strains is reduced almost four-fold, while the frequencies of

mutation induced by EMS are between two and three times greater

in rev strains than in wild-type. UV-induction of respiratory

deficiency in rev3-1 strains was between three and seven times the

f_requehc:ies observed in wild-type strains, in revZ-i strains it was -

reduced, and in revl-1 strains it was un.af.f.eéted. The revl and
rev3 genes are thought to have a nonspecific action in reducing
UV -mutation, while _re_vZ_ may bel specific for reversion of nonsense
alleles.

The effect of homozygous rev genes on recomBina.tion in
diploids was studied for both intergenic and intragenic systems.
Meiotic recombination between leul and trp5 and between arg4-6 and

arg4-lz was unaffected. The frequencies of UV and X-ray induced




‘rnitotic recombination, measured for both the ade2-centromere

i) . > —

region and the arg4-6 - afg4-_l_l region, increased at greater rates
' witjh incrcas'ing fadiation dose in _:;g/_/_r_e_v_ diploids than in wild-type;
When homozygous in diploids, rev2-1 was least effective in both
enhancing UV and X-—fa.y induced intrage'hic recombi'né.tio'n and reduc-
ing U\}-induced locus reversion of arg4-17 vo-r _l_z_s__l_-l 'Alihough
stimulated by ﬁnrepaifed recombiriogenic lesions, rcva‘comb.inati'on'of.
- the types studied herein was not consider'ed‘essential' for U.V- |
mutagenesis.

Strain.s carrying two or more UV-sensitive genes were con-
stlructed.l "The UV-sﬁrvivgl and UV-reversion phenotypés of multiple

rev haploid strains irdicate that REV genes do not act in a single

*linear péthway. The phenotypes of double mutants 'Qf_x_'_e_\i and uvs9
suggest that m pathwa&s are ;10t blocked by uvs9, but rather act
on intermediates in DNA repair, one of which is "prbduced eaArl'ier
bylthe ’U_Vgi)_pathway'.

| The re.sults of this. sfudy are consistent with a m;)del already
proéosed for ‘UV-muta.genesis in E. coli. 'Iﬁe similarities‘and

agifferences of rev mutants in yeast to exr and rec mutants in

bacteria are-discussed.



1.

INTRODUCTION

Mutations are ''sudden, heritable changes in the structure of
the génetic Amateria.l (96). " These ch;nges represent important
sources of geﬁetic variability among living organisms. There are at
least three factors that can influence observed mutation frequencies.
They are: 1) the number of initial lesions produced in the DNA,
determined by mutagen dose; 2) the removal or modification of
these lesions, known as repair; and 3) the probability that a muta-
tion will result in a phenotype distinguishable from wild-type. In -
diploid organisms, for example, a recessive mutation induced in
one chromosome will go undetected since it is masked by £he :
horﬁqlogous wild-type allele. Base-pair substitiitions do not always
lead'to amino acid substitutions because the genetic code is
degenerate (96). Amiﬁo acid substitutions at positions nonessential
to protein conformation will also go undetected.

Since the discovery by Muller (65) and Stadler (97) that muta-
tionsv‘cogld be induced artificially, considefable researciq has been
directed towards elucidating the nature 4of i-nduced‘chemical altera-

tions of DNA (15). Surprisingly. little information, however, is



~available on how these alterations are translated by the cell into

" mutations. Evidence reviewed by Bridges (7) indicates that most
mutatiqns are not induced solely because damage exists in the DNA,
but ratfxer arise as a result of metabolic repair processes acting on
thig damage. ‘These processes are genetically controlled (7, 107).
Studies 1n£ coli have revealed an intimate relationship between
repaif of lethal ultraviolet light (UV) damage in DNA and the pro-
duction of UV-induced mutations (107). This has been possible
becat;se: 1) A major component of UV damage in nucleic acids was
ide.ntiﬁed as cyclobutane pyrimidine dimers (101, 85). 2) The repair
of such damage:has 'beén observed directly by biochemical assays
independenf of colony-i'orming ability (82, 73{ 83). 3) Mutalnts exist
that are known to be aeficient in one or another of these repair
proces'ses' (32, 33). It is possible that during a repair process
_errors are generated that may be thé sour'ce of mutations.

4) ﬁV-induced mutation has been studied.in paii's of strains, one
possessing and one lacking repair 4bility; The accuracy of various
repair mechanisms has been inferred.

Photoreactivation (PR) (42, 43, 36, 46, 24), observed in a

broad range of organisms, monomerizes pyrimidine dimers .in DNA

in the _pi_-esence -of both visible light and an intracellular enzyme (84).
The phr mutants of E. coli (25) lack enzyme activity and are unable

to efféct repair. In these strains, it has been shown (109, 104, 44, 45)

that at doses below 900 erg/mm?, pyrimidine dimers are
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‘responsible for more than 90% of the mutations induced by UV in

the wild-type. Not all dimers are split by PR: Other non-dimer
damage is also known to occur (9.];). Mutation studies 1n£h_r strains
have alsg shoWn that PR itself does not generate the errors leading to
the r.najo'rity of UV-induced mutations. Witkin (107) has concluded
that "if the splitting of a pyrimidine dimer can cause a mutation, an
unsplit pyrimidine dimer is at least ten times more likely to cause
one. "

Since the first observation that UV-induced thymine dimers were
re“leas'ed from the DNA of UV—‘irradiated E. coli (87, 6), impressive

evidence (86) has been gathered to support an excision repair model.

In such a model, short-single-stranded regions of DNA containing

uv dai'nage are recognized and removed enzymatically (41), followed

. by repair replication (73) and the eventual joining of strands (69, 21).

Mutants of E. coli denoted as uvr or hcr are deféctive in the initial

exciéio'n step (32). In studies using these mutants, it has b‘eeﬁ shown
that at low UV doses mutations are induced with much higher frequencies
in eXcision-defective strains coméared to wild-type (105, 29). Witkin
(107) has concluded that a mutation is SFOO times more likely to arise
from an .unexcised pyrimidine dimer than from an excised dimer.
Unexcised pyrimidine dirhers are thought to cause virtually all of the
UV-jnduced mutations in an excision-defective strain of E. coli.

The excision repair mechanism has been estirnated’ (107) to cause

less than oné mutation per million pyrimidine dimers excised. Thus,



it seems improbable that UV-induced mutations 'inE coli are caused
by errors introduced into the DNA during excision repair.

Rupp and Howard-Flanders (83) found that in excision-defec-
tive E. coli pyrimidine dimers are not permanent blocks to normal
DNA replication., The newly synthesized daughter strands in the first

DNA fe'plication after UV exposure were found to contain single-~

strand breaks opposite each pyrimidine dimer in the parental strands.

The molecular weight of the daughter strands increased during the
hour following‘ the first post-irradiation DNA replication. This

phenomenon was interpreted as a new kind of repair process,

post-replication repair. Strains carrying recA are not only uv-
sensitive, X-ray sensitive and highly recombination deficient (32,
13), but are also unable to effect post-replication repair (93). T‘he
recA+ gene is thought to act in a post-replication repair mechanizm
dependent upon gcnetic recombinatiou (35, <§2) and operating
indeb_enaently of excision repair (35). Strains carrying recA
pfoduce no UV-induced muytations (58, 108). The recB, recC and
exr loci in E. coli also cause UV and X-ray sensitivity and
recombination deficiency, but to a much lesser degree than recA
(32, 16). Like recA, exr blocks UV-induced mutation (106), while
L";&B and recC reduce it significantly (108). Witkin (107) hés
interpreted such evidence in terms of a post-replication

recombinational repair model: Most UV-induced mutations arise as

errors introduced into the DNA during recombimtional repair of

*f



daughter strand breaks. The exr gene rﬁay interfere with the
error-generating feature of this repair, whiie i'_e_c_'A prevents any
repairat all. The roles of recB+ and recC+ in U\}-mutagenesis is’
unknown.

Very litfle is known from direct studies about the molecular
basis.ofii_ndu'ced mutations in fungi. The main obstacle in this direc-
tion ha’s Been the inability to observe molecular changes in the DNA's
of mutants blocked in mutation induction, since specific labeling of
the DNA in many fungi including yeast is difficult to attain at

present (22). An indirect approach to the problem of UV-mutagenesis

in fungi has involved the possibility that such a process may be

related to repair'of lethal DNA dal;nage,. as in _E_ coli. Evidence that
dark rep'aierf lethal DNA damage occurs in yeast was first
presented by Patrick et al. (70, 71). Attempts to recover mutants
deficient in one or é.nother DNA repair step have been mainly re-
stricted”‘co isolating radiation-sensitive strains (10, 14, 23, 30, 47,
50, 66, 78, 111, 77).

If UV-induced mutation in fungi occurs by a mechanism
similar to that in bacteria, then some UV-sensitive mutants are ex-
pected‘to exhibit enhanced frequencies of UV mutation, while others
should exhibit reduced frequencies compared to wild-type. Many
UV-sensitive strains do exhibit enhanced UV mutation frequencies
(2, 79, 111) like the excision-defective strains in E. coli. Others

exhibit reduced frequencies (11, 68, 110) like the rec and exr strain




in E. coli. In addition, some of these mutants might be expected to

affect recombination in varying degrees like the rec and exr strains

in bacteria. In fungi, meiotic recombination in diploids is unaffected
by horﬁozy.gous mutations causing UV -sensitivity (10, 31, 47, ’95).
UV-sen_sitive genes have also been testéd for their effect on
indu‘ced‘mitotic recombination (64, 95, 111). At equal UV
doses, i"nduced mitotic recombination in diploids‘ homozygous for these
genes occurred at frequenciés greater than in wild-type strains.
_The mechanism of mutation induction iﬁ yeast is evidently
compiex. The molecular hature of the deficiencies associated
with UV-sensitive m;ltants is unknown. A more straightforward
analysis of mutation induction would be to isolate mutants that are
defective in induced mutation. These might have interesting proper-
ties. If mutagenesis is dependent upon repair of lethal DNA aamage,
as in bacteria (107), then one would expect to find some that have '
propevrties of rec strains and some that have p'roperties of exr
strains. If mutagenesis cén also proceed indepepdently of the .
steps involved in the repair of DNA, one would also expect to find
some mutants that have the full complement of repair functions. In
In addition to those UV-sensitive genes in funéi that also reduLce
UV-mutation, new genes controlling mutation induction may be . '
found. If mutation inductiqn is found to depend upon DNA repair,
then new mechanisms of repair might eventually be uncovered by this

tactic,



In the present study, mutants of Saccharomyces cerevisiae

were selected (49) directly for:reduced ability to undergo UV-induced
revers_idn with the aim of answering the following quéstions:

1) Are there any similarities between UV—induced mutation
in &east and’in ba"cteria?

2) 'ADoes UV-mutagenesis in yeast depend upon the repair of
lethal DNA damage ?

3) How many genes are involved in the control of UV-mutagenesis
in yeast?

4)  Can such genes reduce;all types of UV-induced mutation?

"‘Mutants characterized by a reversionless phenotype (rev)

were tested for a variety of phenotypié attributes. Complementation
tests were performed among segregants; The specificity of the in-
~duced mutation phenotype of these genés was studied. Thé dependence
of induced mutation on the repair of lethal DNA damage was investi-
gated by testing mutants for the followipg: UV -sensitivity,
X-ray sensitivity, EMS-sensitivity, and both UV-sensitivity and
UV-induced reversion in multiple mutént strains. The role of
recombination in UV-mutagenesis was also studied. Based on these
results, the genetic control of mutation induction in yeast is

discussed in relation to the model proposed for E. coli.




1.
MATERIALS AND METHODS

A. Teast dtraing

The following three strains were obtained from Professor

R. K. Mortimer: X1687-16C (a arg4-17 his5-2 trp5-48 lysl-1

ade2-1 leul-12 metl-1), X1687-12B ( & arg4-17 his5-2 trp5-48

lysl-1 ade2-1), and S288C (standard wild-type strain with ¢ mating
type). Reversionless rﬁxi;cants wete induced in X1687—16C. Such
mutant‘s were denoted by a number suffix, e.g., X1687-16C-235. |
Strainé S.2.88C'and X1687-12B were used in genétic testing of
putative reversionless mutants. All strains denoted by a prefix

"XY'" were derived mainly from these three strains. Other strains

studieéf,

Genetic :syr:nbols used are those proposed at the Osaka Yeast
Genetics Cél;xference, Osaka, Japan (62). A three-letter abbrevia-
tion indicates phenotype or growth requirement. This is followed
by a number to indicate the gene controlling that phenotype. This
nurﬁber is followed by a dash and ~anothe.r number which specifies

the particular mutant allele of that gene, e.g., arg4-17.



B. Media

YEPD: 1% Yeast extract (Difco); 2% Bacto-peptone (Difco),
2% dextrose, and 2% agar (Difco). Liquid YEPD growth mediufn
contained no agar.

- Synthetic complete (C): 0.67% Yeast Nitrogen Base without

amino a._éids (Difco),- 2% agar (Difco), 2% dextrose, and the follbwing
supplements added before autoclaving: 20 mg/1 L-arginine (AR),

20 mg/l L-hi\stidine (HI), 20 mg/1 L-tryptophan (TR), 20 mg/! adenine
(AD)‘,‘A 26 mg/1l L-methionine (ME), 20 mg/1 'u',.r‘acil (UR), 30 mg/1
L-leucine (LE), and 30 mg/1 L-lysine (LY). Filter-sterilized
L-threonine (THR) was added at 100 mg/1 after autoclaving.

Omission mediag Same as synthetic compl.ete except for one.

or more metabolites omitted, e.g., C-AR, C-HI-TR.

Petite medium (PET): 3% glyce;ol, 0.025% dextrose, 1%
yeast extract, 2% Bacto-peptone,v and 2% agar. Thé petite phenotype
was scored as the inability to utilize glyéeroi as a carbon source for
growfh. -

 '. Pre-sporulation medium (GNAP): 5% dextrose, 1% Yeast

extract, 2.3% nutrient agar, 2% Bacto-peptone, and 0. 5% agar.

Sporulation medium: 1% potassium acetate, 0. 1% d~xtrose,

0.25% Yeast extract, and 2% agar.
Slant agar (YEPAD): 1% Yeast extract, 2% Bacto-peptone,
Z%VIdAextrose, 2% agar, 40 mg/l ad~nine. Many strains carried ade2.

.Occasionally, spontaneous mutation to a second adenine



requirement results in a growth rate greater than in the strain
carrying ade2 alone (80). Adenine was added to slant agar to
minimize secondary mutant accumulation.

Sorenson's buffer;KH,POy4 and Na,HPO,, 0.067 M, pH 8.

The pH :is' determined by the relative proportions of the two salts.

C. Radiation Bources

The X-ray source was a beryllium-window X-ray tube
(Machiett OEG 60). The exposure dose rate to cells on agar was
250 roengten per second at 50 KVp and 25 milliamperes (unfiltered).
The ultraviolet light source consisted' of three 8-watt General
Electric lamps (G8T5; 90% intensity at 2537 &). The dose rate
to celis on agar was 26,5 erg/mmz/sec; On certain occasions, the
UV dose rate was reduced to one-third this value using only one

lamp.

D. Genetic analysis

1 Mating and sporulation. Diploid strains were routinely

constructed by mating .two haploid strains of different mating type.
Small quantities of o.vern.ight, rapidly growing haploid cultures were
mixed on a YEPD plate. Mating occurr.ed usually after 3-4 hours.
The fusing haploid cells could be observed microscopically. Using
a gia.;s ﬁee‘dle micromanipulator, these zygotes were isolated from
other ceils and allowed to grow on YEPD agar’. Upon incubation, a

pure colony of diploid cells resulted, after which part of this colony

10.



was cultﬁr«ed on slant agar, while the.re'st was t;arisferred to GNAP
for pre-sporulation. After overnight grdwth, the GNAP plate was
replic.a-‘plated onto sporulation agar. Sporulation usually occurred
after 244 days;' as evidenced by the presence of aéci. A~‘srna11
porti(A)‘n of this culture was suspended in 0.2 ml of a 1:40 solution of
Glusulase (Endo Laboratories, Garden City, New York), an extract

from the crop of Helix pomatia which contains an enzyme mixture

that digests ascus walls but not spore capsules (37). After incuba-
tion af: 30°C for 10-20 minutes, the suspension was centrifuged at
high speed in a clinical bench top centrifuge for about 5 minutes. The
supernatant was then pippetted off and the sediment resuspended in
about ‘0. 2 ml of distilled water. T(his suspension was used for

genefic analysis as described below.

2. Tetrad analysis. This procedure involved the use of a

glass needle and micromanipulation to separate the four spores from
each é,écus, followed by subsequent phénotypic analysis of all four
ascospofal clones. Spores were separated 'in a rectangular array

6n a YE?D agar slab (37). Then the slab was placed onto a YEPD _
plate and incubated at 30°C for about ZA days to allow the spores to
gerfninate and form spore clones. Photographs 'taken of the spore
clon_es pzfovide a permanent record of spore viability. Portions of
these clones were then transferred to a YEPD master plate and
incubated for 1-2 days. The master plate was then replica-plated

to various omission agar or other media to score various phenotypes.

The master plate was reincubated for 1-2 days to allow spore

11.
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cultures to grow up again and was subsequently refrigerated for
storage and retrieval.

3. Random spore analysis. This procedure involved the use of

high frequency sound to disrupt and separate épore tetrads into

single spores. The Glusulas.e—treated suspension was added to 10 ml
A'of distilled water and was sonicated (100 watt Ultrasonic Disintegra-
tor, Measuring and Scientific, | Ltd., London) for 3 minutes at 21
kilocycles per second. The suspension was then diluted and plated on
YEPD to yield about 50-100 colonies per plate. After incubation,
random spore clones were replica-plated to various media to score
the var;10us phenotypes.

4. Genetic mapping. Mortimer and Hawthorne (61) and

Hawthorne and Mortimer (27) have described methods for the analysis
ot gene-gene and gene-centromere linkage. Ina cross involving two
genetic markers. e.g., AR xah, three classes of agci can be .
di’sti-g'guished after sporulation. They are Parental Ditype (PD) in
which the four spore: genotypes AB, AB, ab, ab reflect the configura-
tion of two parental marker genes; “NonParental Ditype (NPD) in which
the distribution is Ab, _A_b‘, aB, aB; and Tetratype (T) in which there
are four different spore genotypes AB, Ab, aB, ab. Gene-gene
linkage was detected by observing a PD : NPD ratio significantly
greater than unity. Similarly, for unlinked gene pairs. the ratios

of PD :‘NPD : T asci are expected to be 1 :'1 : 4_}(61). Gene-centromere

linkage was detected by the observation of a second division
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segreg‘a‘ti.on frequency (SDS) frequency signi'ﬁcant.ly 1e’sAs than 2/3.
This fre'quency ca.n‘b.e determined by obsérving' the frequency of T
"asci when one of the two genes is known to be centromere-linked
and its- SDS frequency is:aiso known. The relation‘ship of these
quar;tif.ies can be expr.essédf in the equation (72) T = x+ y - % Xy,
where x eéuals the SDS frequency of the g_erie in question, y equals
the SDS frequency of a'known cen‘tromere‘-lin‘ked gene, and T equals
the frequency of tetratype asci resulting from a cross in which both
genes are segregating. When y is very close to zero, which is the
case foxl' the gene trpl having én SDS frequency. equai to 0. 94% (61),
then X.is very nearly equal to T. These mapping procedures are
usually carried out with éomplete tetrads. Random spore analysis
may also be used in mapping.

. 5. Detection of rev genes in tetrads. = The segregation of

génes bldéking UV-induced reversion could be detected at first only

in strains-also carryinghighly revertible ma.rkers, such as arg4-17,

his5-2 and lys1-1. Hthe diploid was homozygous for any or all of these

markers, then all four spores in each ascus could be analyzed for
their revertibility. The procedure involved replica—platir;g the
YEPD master plate containing the tetrads onto two plates of the
appfobriéte omission media, e. g , onto two C-AR plates. One
plate received the Optimum Inducing Dose for UV-resistant haploids
(see Materials and Methodvs, Part H), while the other served as a

control for spontaneous reversion. After about 4 days of incubation
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at 3OQC, spore clone imprints in which reversion had taken place
could be identified by revertant colonies grow';ng on the irradiated
replica. Observation of revertants indicated that these spores were
not UV-sensitive and had full reversion ability; By contrast,
strains carrying genes blocking reyersion or conferring UV-
sensitivity produced no induced revertant clones on the background

replica.

E. Doce #coponac Ifcasurciueuls

1. Growth conditions. A small number of cells was sireaked

out onto YEPD to yield single coionies. The plate was incubatewd
until single colony isolates appeared.. Then as much of the antire
single célony as possible wa;s transferred into a test tube containing
10 ml of liquid YEPD. This inoculum was then shaken at 30° C for
abhout '4-5 dayc: Thec remaining Cellg in the colony were trans-
ferred to another YEPD plate and allowed to grow up. After 1-2 days
of incubation; this plate was replica-plated to omission media and
other plates to test the phenotype of the culture. Thus, the pheno-
type of each strain cultured in this way was verified b'ef01;e the
aclual quantitative experiment was performed. Inoculation of the
liquid YEPD with cells from a single clone assured thét the inoculum
contained a pure population of cells and not a heterogenequs popula-
tion that may have arisen on the slant. This could occur, for

example, by mutation to prototrophy conferring a sclective growth




advanfage, by suppression or secondary ade mutation.

The liquid YEPD culture was harvested in the following
manner. The cells were.centrifuge‘d for ten minutes at medium
speed (about 1500 rpm) in a centrifuge (International Centrifuge,

Size 2, _3/4 H.P., International Equipment Co., Boston) capé.ble of
holding four 2 mm x 18mm culture tubes. The medium was decanted
and the cells washed twice with 20 ml of distilled water. . The cells |
were t'herl1. resuspended in a small volume of distilled water, the
actual .volume depending on the required céll concentration. After
4-5 days of growth in YEPD, adding about 2 ml of distilled water in
this last e;,tep usually resulted in titres between 6 X 108 and 107
cells/ml. These suspensions were then placed on ice and plated at
various dilutions for the determination of survival and induced
mutation as described below.

2. Survival. The survival curve for a strain after exposure
to a lethal agent is operationé.lly defined as the fraction of cells
compétént_ to form a colony after treatment as a function of the treat-

ment dose. For UV and X-ray survival, the cells were first diluted

and plated onto YEPD agar and then exposed to various radiation doses.

When washed cell suspensions contained on the order 'of 109 cells/ml,
controls were diluted usually by a factor of 106 and plated s0 that
about 100 coloniés would arise. For more extensive treatment, a
larger number of cells was plated dependiﬁg upon the degree of

killing, so that a similar number of surviving clones would also arise

15,
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on the irradiated plates.

3. Induction of evertants. Cells carrying auxotrophic

ma;rkers were tested for UV induction of revertants. by plating large
numbers (107 - 108) of cells 'onto the corresponding omission medium,
exposing the plate to UV, incubating the plate for 4-7 days, and

then counting the number of revertant clones. Control (zero dose)
reversion frequerfcies were always assayed by’ plating sifnilar
numbers of cells, but without subsequent radiation treatment.
Usually, duplicate plates at two different plating densities, about

107 and 108 c;ells/plate, were employed to achieve reliable; counts
over a wide range of reversiam frequencies.

4. Complementation tests. Pairwise complementation tests

for the reversion function were performed in the following manner:
Meiotic segregants of .reversionless mutants were chosen in both
mating types. All strains also carried the ﬂ—_l_? allele. Every
strain in the a mating type was crossed toevery other in the oC mating
type using the usual square array technique. Instead of isolating
singile zygotes as described in Genetic Analysis, maés matings of
parental strains were used. That is, small portions of fresh cul-
tures of the parental strains were fnixed together on YEPD and the
plate incubated overnight at 30°C. Since diploids gro.w faster than
haploids, such overnight growth served to enrich the diploid fraction
in the total population. To further enrich the proportion of diplo-ic’s,

small portions of these overnight cultures were transferred to a new




Y"EPD grid and again incubated for 1-2 days. This procedure
resulted 1n an almost entirely diploid population. Haploid cells
which had not mated durirg‘this incubation period were strongly
selecfed against on the basis of growth rate.

The YEPD plate containing the grid of enr_iéhed‘ diploid éulture's
was then replica-plated onto two C-AR plates. One plate received
20 seconds of UV while fhe other ((_:ontrol) received none. In UV-
resistant ldiploids this dose ind#cés arginine .revertants approximately
100-fold over the spc;ntaneous frequency, while‘s-ur'vival remains
nearly 100%. Diploidé in which complementationAof the revgrs{on
function had occurred were identified by the presenc'e of UV-induced
arginine revertants after incubation for about 3 days. Absence of
induced revertants was considered as evidence for nopcofnplementa-

tion of the reversion function.

F. Detection of locus and suppressor revertants

.When ochre-suppressible alleles such as arg4-17 and lysl1-1
are induced to revert to prototrophy, each pro.totr'oph may represent
either an induced external suppressor or a wild-type gene, resulting
from an"alteration at the mutant allele site, Revertants of ELg‘L'H’
for exa.‘mple, were tested to determine whether or not the reversion
was due to suppressor induction. Plates containing revertant clones
on the selective medium, C-AR, were replica-plated to other

omission media corresp/ondirg to the other ochre-suppressible alleles



present, e.g., C-LY if l}f_l.'l waé also carl;ied in the strain. If the
revertant grew on at 1;3ast one other omission plate, it was scored

as a suppressor. Revertants not s;ored as sﬁppressors by this
method were considered as site revertants (53). Classification ‘of the
suppressors was not attempted. Since revertants were generally
tested for suppressors on only one or two other omission plates,
some sSUuppressors in.other classes may have gone undetected (60).

Thus, the estimate of site revertants represents an upper limit.

G. Measurement ofjinduced ndutation.

The induced mutation frequericy is expressed in units of muta-
tions per survivor. That is, mutations are observed only in cells
which survive the mutagen and érow to form a colony. The procedure
empioyed’in calculatihg induced reversion frequencies was as follows:
Cells were plated an& irradiatcd as described previously., The proto-
trophic colonies growing on the omission medium after incubation :
were considered to be revertants. In the case of induced reversion
of ochre-suppressible alleles, plates with revertant clones were
tested for the presence of suppfessors as vdescribe‘d previously. ILet r

eyual the total number of revertants (locus and suppressor), N equal
the number of cells plated, S equal the surviving fractién, and f equal
the fraction of total revertants carrying suppressors. Suppressor
reversion frequencies were calculated as rf/NS and locus reversion

frequencies as r(1-f)/NS.

18.




In the case of forward mutation indu_ction; a different procedur.e
was efnplqyed. Siﬁc_e auxotrophic mutants cannot i)e selected on the
appropriate media, a large number of surviving clones on no.n_re‘stric-
tive médium (YEPD) must be examined separately for the detection
of forward mutants. The total number of mutants observed divided
by thé total number of clones examined represents the forward muta-
- tion frequency. Since a.ll_cglls not surviving the rhutagen treatment

are not examined for mutations, the per survivor basis of this frequency

is implicit in the scoring procedure.

H. Determination of the Optimum Inducing Dose of UV

A given UV dose will increase the reversion frequency (per
survivor) abox;e the spontaneous level, but it will also inhibit colony
forming ébility in a fraction of the population. Thus, depending upon
the relatlive rates of inactivation and reversioﬁ induction, the frequency
of Arevertants (per ce11>p1ated) may decrease, remain constant or
increase with UV dose. In the latter case, a maximum value is
usually reached. The UV dose producing this maximum is ;alled
the O'ptimum Inducing Dose (OID). After the OID is determined for
a parficular strain, all derivatives of that straiﬁ obtained by mutagen
treatmen;c can be initially screened for induced reversion ability by
observing the reversion response after exposure to the OID. Lack
of revel;Sion after the OID indicates that the given strain may be

blocked in reversion induction, It may be only UV-sensitive, however,
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and a quantitative test is required to distinguish between these
alternatives.

Since arg4-17 exhibits a high UV-revertibility (76), reversion to

prototrophy in arg4-17 strains provided a convenient system for
detecting mutants unable to undergo reversion. For maximal
discrimination of putative reversionless mutants from wild-type,
the OID of strain X1687-16C was rﬁeasured for arginine reversion.
- Approximately 2 x 106 cells were plat.ed onto each of a number of
C-AR plates. The plates were then exposed to varyivng doses of UV
and incubatéd. The number of é.rginine revertants per plate was
determined. The data are shown in Figure 1. On the basis of this

experiment, 345 erg/rn,m2 was chosen as the OID,

I. Induction and gelection of teversionless njutants

Cells of the strain X1687-16C were treated with 3% ethylme;‘.hane-
sulfonate (EMS) for one hour according to a similar method 2mployed
by Lindegren et al. (51). Cells from an ovérnight culture on YEPD
agar were suspended in 9.2 ml of 0. 067-_1\£ Sorenson's buffer (pH 8)
at approximately 107 cells/ml. Then 0.5 ml of 4,0% dextroge solu-
tion and 0.3 ml of "MS were added Lu Lhe sucpenscion and s}mkeﬁ
gently' a‘t 30°C for one hour, after which 0.2 ml was removed and
putAinto 9. 8 ml of 6% sodium thiosulfate solution to inactivate the EMS.
After at least 10 minutes in sodium thiosulfate, the cells were diluted

further and platcd onto YEPD to yield 50-100 clones per plate.
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Figure 1. --Reversion frequency of arg4-17 as a function
of UV dose in X1687-16C.



Each YEPD plate was replica-plated onto two C-AR plates,
after about 4-5 days of incubation. One of the replicas received the -
‘OID, while the other served as a control for spontaneous reversion.

- After a;bout 4 days of incubation in the dark at 30°C, between 10 and
20 r.evgrtant clones per colony replica were observed on the UV-
trea@ed plate, but none or very few were formed on the control plate.

. Most colony replicas exhibited these UV-induced revertants, but
some failed to show any or only a very few. The clones on the
YEPD master plate corresponding "to these nonreverters were
identified and portions tfansferred to a new YEPb master plate for

further testing.

J. Exclusion ’..'éests

initially, a rev mutation could only be detected by observing
its effect on the reversion of another mutant alliele‘, e.g., :_3._1_'_5:4_-_}1.
However, several other alterations could simulate the phenotype
expected of a rev mutation. Such false rev mutations could includ:e
mutation at another arginine gene, at a gene controlling the synthesis
of afpr.oduct not in the synthetic medium, at another allele in arg4,
and a im}tation to UV-sensilivity, The following tests were carried
out on putative rev mutants to evaluate these possibilities:

1. Preliminary ccrccning. Reversionless mutants were re-

tested twice for the reversionless phenotype. In the first test, the

YEPD master was also replica-plated onto synthetic complete agar

22.



in addition to C-AR. Those mutants unable to grow on complete “
" were excluded from further study. .Such mutants Would not be expected
to produ;:e revertants of 3_1&%-_11 on C-AR. In this case, lack of
revers'i-oﬁ was attributed t,o this new seéondary é;‘owth rlequiremen’c.‘
Also excluded were mutants exhibiting reversion on retesting.
Presumably, these represent phenétypic overlaps due to sampling
error, In the second test, the remaining mutants we're retested

‘ for the capacity to produce UV-revértants to arginine independence.
Those isolates producing hqne or very few revertants were retained
for fﬁrther testing.

2. Suppressibility test. As a second screening procedure, .

suppréssor mutations were selected on C-HI-TR medium in reversion-
less strains. These suppressors were then tested for growth on
C-AR. The procedure involved plating a large number of cells
(greater than 108 cells) onto C-HI-TR agar and incubating until protb-
trophic colonies arose. These colonies weré_considered to cérry
ochre-suppressors, arAising spontaneously, since two ochre-

suppressible markers, his5-2 and trp5-48, had apparently reverted

simultaneoulsy. Plates containing these suppressor-bearing
colonies were replica-plated onto C-AR. Lack of growth on C-AR
indicated the probable existence of another defective arginine locus

or another defective arg4 allele. Such reversionless strains were

excluded.

23.
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3. Cross to wild-type. To conclusively determine the arginine

genotype of reversionless strains, crosses were made to the wild-

type S288C. After tetrad analysis a ratio of two spores growing to

two spores not growing on C'-AR in all asci indicated that the

arginine requiremeﬁt was confined to the arg4 locus. The reversion- ‘
less phenotype was scored in tetrads as described previously. Random
segregation of the r;aversiohless phenotype relative to the arginine
requiremént indicated that UV-reversion was blocked by a gene that

was not linked to the arg4 locus.

4. _Sin‘gle gene segrega.tion. The remaining strains were.
crossed to strain X1687-12B. In these diploids 3_1;_g_£—_1_7_ was homozy-
gous and UV-induced reversion of this allele was examined in
every segregant. Observation of a 2 : 2 segregation pattern of
reversion : no reversion in all asci after UV exposure to the OID pro-
vided evidence that a single nuclear gene difference was responsible
for lack of reversion. The SDS frequenc.y was also estimated for the
reversionless gene relative to a heterozygous, centromere-linked
~nrnrker, leul-12. A value significantly less than 2/3 indicated that
the locus preventing reversion was linked to a centromere (27).

5. Quantitative reversion induction. The entire isolation pro-

cedure was considered complete only when each tentative reversionless
mutant was shown to exhibit a reversion frequency lower than wild-

type, on a per survivor basis, for every UV dose. A UV-sensitive

strain may produce many revertants, but a large fraction would be




inviable after receiving the OID for resistant strains. The OID for

‘ UV-sensﬁive strains would be considerably sma'ller, since the OID is
a ftinction"of UV-sensitivity. Resnick (76) isolated a number of UV-
sensitive mutants in yeast é.nd found that revéré.ion induction curves
for a number of known alléles rose faster than control in these
strains. Tentative revérsionless strains were grown on YEPD and
tested for UV survival ana ipduced reversion of arg4-17, according
to the procedures described in Dosé—response measurements.
Strair_ié showing a locus reversion frequency equal to or greater than
control (X1687-16C) at ever;r dose werve excluded. This includes those
for which the apparent reversionless phenotype is due only to greater
UV-s;,ensitivity. Those exhibiting lower locus reversion than con-

trol were considered to be defective in UV-induced mutation.
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10 ‘ .
RESULTS

A. Isolation and &llelism of reversionless nmjutants

Reversionless mutants were isolated in two separate
experiments. In the first experiment, approximately 28, 000 élones
surviving the EMS treatment were tested for UV-induced reversion.
The EMS survival was about 50%. There were 262 clones that
exhibited the reversionless phenotype. After all. false mutants were
exch‘lded,‘ five remained. As mentioned previously, the overall
selection procedure included genctic testing of ‘i-.’éx'/ersionless
mutants to determine that the reversionless character in every
mutant was due to the presence o.f a single locus. Such loci exhibited
the' expected 2 : 2 ségregation pattern when heterozygous in diploids.
The five mutants isolated were given identification numbers ref_erringr
to the order in which they were sglected: X1687-16C-235, -63, -.1.84, '
-255’, and -10. The notation -63, for example, is an abbreviated
form of X1687~16C-63.

To determine whether any of the reversionless str'ains.n}ight be
allelic, complementation fests were performed. The resuits for the

first group are shown in Figure 2. Mutants -184, -255, and -10 do not
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XY6-2C | XY2-1B | XV19-6D | XY82-78 XY84-3C
(—235) | . (—63) (—184) (f255) (—10)
xve-8 | — | + | o+ | o+
(—235) ..
Xy22c | _ + + +
(—63)
XY19-4C _ _ _
(—184) + +
XY82-1C _ . .
(—255) | + +
XY84-50D _ _ _
(—10) + +

DBL 708 5851

Figure 2. --Complementation tests for reversionless strains, The
numbers in parentheses identify the original mutants isolated. Strains
used here are gmeiotic segregants of these mutants. . Minus sign
indicates lack of arg+ revertants in diploid cultures after UV exposure

of 20 seconds (530 erg/mm?). Plus sign indicates presence of
UV-induced revertants.
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coniplement one another but do complemeﬂt ~-235and -63. Each of
theAse two complement all of the other four. Thus, the five mutants
fall into three complementation groups. Mutants -235 and -63 each
i‘epresent the first two groups, while mutants -184, >-255 and -10 form
the third group. |

To determine whether these fchree complementation groups
correspond to three separate genes, diploids involving all pairwise
combina,t:ions of the five=mutants were sporula.te'd. In Table la, random
spore analysis of homoallelic diploids indicates that the frequencies of
spores exhibiting wild-’tﬁrpe reversion 1s very small, Diploids
exhibiting vcomplemeﬁtation for the reversion function produce revert-
ing spores at frequencies significantly greater than zero. Some of
these are significantly different from the expected value of 0. 25.
Since the spore clones were not selected to exclﬁde diploids,
conté.mination of the random spore sampie with unsporulated diploids
pr‘ob’ab'ly occurred. If this contamination was appreciable, the
frequency c;f reverting clones would be higher than 0, 25, since these
diploids undergo complementation and therefofe do exhibit reversion.
Also, variations in the PD : NPD ratio would increase or decrease
the frequéncy of reverting clones from the expected 0.25 as discussed
below. | |

Let a and b be reversionless genes in crosses a xb. After '
sporulation, PD, NPD and T asci would be produced with the follow-

ing phenotype s:




Table la. --Random spore analysis of diploids from the Complementa-
tion tests

Total No.

No.

Rev+

No. Rev+/Total

Diploid |of Spores| Observed|Expected¥| Observed|{Expected 'XZ* P(XZ)
235x235 209 0 0 0 0
63x 63 316 2 0 0.0064 0
184x184 216 4 0 0.019 0
255x255 336 6 0 0.018 0
10x 10 809 2 0 0.0025 0
23.5x 63 648 98 162 0.15 0.25 33.7 £0.01
235x184 139 27 35 0. 19 0.25 2.4 >0.10
235x255 151 52 38 0.34 0.25 6.9 0.01
235x 10 786 100 197 0.13 -1 0.25 63.8 «0.01
63x184' 268 54 67 0.20 0.25 3.4 )0.05
63x255 | 392 37 98 0.09 0.25 50.7 £0.01
iSee text.

Table 1lb. --Tetrad amalysis of diploids from the complementation

"fests
Diploid No. of asci PD ' NPD T %T
63x10 8 3 0 5 .63
184x255 11 11 0 0
184x10 10 10 0 0
255x10 6 6 0 0
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" PD|UV-reversion NPD|UV-reversion T [UV-reversion

a+t - ab - ab -
a+t - ab - - a+ -
+b - =+ + Y
+b - 4+ + : +7 +

The number of spore clones exhibit‘ing UV-re<version in the PD,

NPD, and T asci are 0, 2 anci'l, respectively. Two unlinked genles
are expeétéd to yield ratios of PD : NPD : T equalto 1:1: 4. Thus,
1/4 of all raﬁdom spores revert. An increase in the PD : NPD ratio
because of linké.ge, however, can also aecrease the frequency of
reverting spores from the expected 0.25. Thus, -235, -63 and -184
were ail concidered to carry single, unlinked reversionless loci.

In Table 1b diploids not exhibiting'cpmplementa.tion were found to
produce iny PD asci when analyzed by tetrad analysis and were
therefore considered to be allelic. O.n the basis of these results,

the genes responsible for the reversionless phenotype in mutants

-235, -63, -184, -255 and -10 were denoted as revl-1, rev2-1,

rev3-1, Arev3-‘_2! and rev3-3, respectively.

A second group of mutants was then isolated. In the second
experiment, a slightly different procedure was employed to facili-
tate the isolation of new r;mtant loci. About 9000 clones were
screened for reversion as described previously. The EMS-survival
was -about 30%. There were 330 clones that exhibited the reversion-
less 'pl"xenotype. These mutants were subjected to preliminary

screening tests (see Materials and Methods: preliminary screening




and suppressibility tests) to excludelmost false i'nlitants. There were
300 mﬁtants excluded from further consideration"b.y 'these tests. The
remaining 30 reversionless mutants were tested for ability to comple-
ment three strains each carryingb one of the following alleles:

_ i, ' .
revl-i, revZ-_}_ and rev3-1. Of these 30, two did not complement

revl-_l_, two did not complement r'eVZ—i and 11 did not complement

rev3-1l. Such noncomplementation was considered to be due to

allelibsm of the strains involved. The remaining 15 complemented
all three testers and were. subjected t.o furtﬁer testing.

'Each of these 415 mutants was crossed to the wild-type étrain
S288C. After sporulation, the spore clones were analyzed by tetrad
analysis. Three of these mutants failed to exhibit a 2 : 2 segregation

pattern for the arginine requirement. This indicated that the arg4-17

allele was not the only arginine locus controlling 'arginine biosynthe-
sis in.t‘he mutant. Since this probably accounted for the reversion-
less phenotype, these three mutants were excluded from further
study. The ‘remaining 12 reversionless mutants, however, did
-exhibit a. 2 : 2 segregation pattern among the sp;)re clones in
each tetrad. The reversionless character was not linked to the
arginirie- requirement, i.e., _al,r_giL’in these tetrads.

Meiotic segregants of these 12 mutants were isolated in both
mating-types and pairwise complementation tests for .the UV-rever-
sion function were carried out to determine if any of these 12

mutants were allelic. There were only two mutants that did not

31.



complement, i. é. , failed to produce UV-revertants of arg4-17 in
tﬁe diploid. Thus, of 12 putative reversionless mutants, there were
11 complementation groups, each group being' different from the.
three groups separately defined by revl, rev2 and rev3.

Eight of these 12 mutants (including the two allelic mutants)
were later foun& to be UV-sensitive and exhibited Optimum Inducing
Doses much lower than the wild—type strain. Thé.se were excluded
since they had reversion ability. Sincec they were also UV-sensitive,
however, UV-induced revertants were inviable after the Optimum
Inducing Dose for the wild-type strain. The remaining four mut.an’cs
were only moderately UV-sensitive but all exh‘ibited a quantitative
UV-reversion response (per survivor) equal to or greater than the
strain wilid—type for reversion. These remaining four mutants were
alsa szr‘.]uded.

‘In summary, 20 rev mutants were isolated. Three were found

to carry a gene denoted as revl, three carried a gene denoted as rev2

and'14 carried a gene denoted as rev3. Table 2 shows a list of'the
mutants isolated and their corresponding allele designations.

Of these 20 mulants, filve were identified on the first trial
from a total of about 28, 000 clones when the EMS survival \;va.s about
50%. Fifteen were icdentified on the second trial from a total of about
9000 clones when the' EMS survival was about 30%. The difference in
indugtion frequencies was probably due to the difference in sﬁrvival

levels. A lower survival level after EMS treatment would yield a




Table 2. --Allele designations of reversionless mjutants

Milta_ﬁt Number Allele Designation
‘X-1687-16C‘-2.35 : revl-1
-265 ' revli-2
-575 | " revl-3
X1687-16C- 63 :  reva-l
-311 } B . rev2;_§
-538 rev2-3
X1687-16C-184 | - rev3-1
-255 | rev3-2
- 10 rev3-3
-278 . rev3-4.
-299 ‘ ~ rev3-5
s —30’5‘ | rev3 -é
“340 o . rev3-7
345 revs-s
-497 | rev3-2
- -541 rev3-10
/
Ty rev3-1l
-546 rev3-12
542 rev3-13

-308 rev3-£1_‘




34.

higher frequency of mutation. The difference in induction frequencies
can also be accounted for by the slightly more liberal initial screen-
ing procedure used in the second experiment. In the search for new

rev loci, replicas exhibiting reduced numbers of revertants were con-

-sidered in addition to those'having"none at all,

It"a.ppears that the number of genes controlling UV-induced
revefsiqn in yeast is }quite small. Only threé genes were found in
this study. In contrast, Cox and Parry (”14), in an attempt to estimate
the number of genes contfolling UV-sensitivity in yeast, found
96 UV-sensitive mutants that occupied 22 different loci, but UV—
induced mutation was not measured. The rev geneé also have the
UV-sénsitive phenotype. Thus, most UV-sensitive mutations leave the
induced mutation phenotype unchanged or enbanced (2, 64, 79, 111),
while very few result in a reduced mutational response to UV. In the
present study, 12 UV-sensitive mutants exhibiting reversion ability
were isolated énd found to represent 11 complementation groups.

It is possible to aséert that many of the rev alleles, especially

rev3 alleles, are not in fact different alleles of the same gene, but

exact copies of the same allele which arose by cell division during or
after the mutagen treatment. This is unlikely since the conditions
of EMS treatment were not favorable to growth. In addition, the

ratio of-humbers of revl : rev2 : rev3 of alleles isolated in the two

separate experiments was about the same, i.e., 1:1: 3 for the

firstand 1 : 1: 8.5 for the second experiment. The twenty rev
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mutants probably represent different alleles.
Of the rev genes, rev3 wés induced with a relative frequency

almost five times that of either revl or rev2. This could occur, for

example, if the rev3 gene was about five times as large as either

revl or rev2. Esposito (18) and Jones (38) describe experiments in

which the mutation rate corresponded ' to . the length of the gene,
determined independently by inter-allelic mapping. Theoretically,
this nynnthesis concerning Le_xé could be tesfed directly using inter-
allelic X-ray mitotic mapping (54), but such a measurement is not
feasible Aat this time because of the phenotype associated with rev.
Meoitic mapping, however, offers a brighter prospect since
meiotic recombination occurs at a higher frequency than mitotic re=
combingtipn. After sporulation of vheteroallelic rev diploids, clones
developed from random spores could be tested for their UV-reversion
ability. ‘Such reverting ascosporal glones could arise as a result of
a reniprocal excnange between the alleles or by gene conversibn of
one of the alleles to wild-type. The frequency of UV-reverting spore
clones could then be used as a relative measure of the distance

between rev allele pairs.

B. UV-induced xreversion

1. Haploid Strains. In Figure 3 the frequency of locus rever-

sion of arg4-17 is plotted versus UV dose for 5 rev segregants:



X1687-16C REV arg4-17
XY6-5A revl-1 arg4-17
XY36-3D reva-1 arg4-17
XY19-1D rev3-_T_ arg4-£’7_
XY82-7B rev3-2 arg4-17
XY84-3C rev3-§ argé}.-T__'-i-

: 2 , - 7
At a dose of 265 erg/mm | in the wild-type 109 revertants per 10
survivors are produced,' while the corresponding freqﬁencies in the

fevl-l, rev2-1, rev3-1, rev3-2. and rev3-3 strains are about

3, 30, 3, .30 and 12)respective1y. Figure 4 shows the frequency of

induced suppressors plotted versus UV dose for the same strains‘.

The frequency of induced suppressors was calculated by subtracting

the spontaneous value from the suppressor freqﬁency at each dose.
These results quantitatively describe the reversionless

phenotype - on which the selection of rev mutants was based. The

frequencies of UV-induced locus reversion of ai'g4—L7_ at 265 erg/mm?2

in these 5 rev strains range between about 1/30 and 1/3 tHat of the '

wild-type. The rev3 alleles result in different reversion phenotypes,

spanning the entire range given above.

Suppressor mutants of arg4-17 are indﬁced by low UV doses

in the revl—i, rev2-1, and rev3—1_strains at rates equal to or less

than that in the wild-type. The rev3-2 and rev3-3 strains have greater
induced suppressor frequencieé. If suppressors arise from addition-
deletion events, as suggested by Magni et al. (63, 53a), the rev3-2

and rev3-3 alleles may block the repair of such premutational damage

which in turn is eventually converted into frameshift mutations by

36.




Figufe '3. Locus reversion of arg4-17 vs. UV dose
in REV and rev haploid strains.

Figure 4. Induced suppressor reversion of arg4-17.

vs. UV dose in REV and rev haploid strains, Frequencies
were calculated by subtracting the zero-dose frequency from
the frequency at each dose. '

37.
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another pathway.

In both rev a'n'd REYV strains the spontaneous arginine rev-

ertant's v&?ei’e due almost entirely ’to suppresso‘r's;.' In the REV strain
sup‘pres‘sors are indqce.d at a- rate fa; Below the rate of induétion of
locus revertants. That is, most of the total UV-induced rev"e"rtahts
are locus revertants. This was z:ilsp obsefvéd by Resnick (79). In
rev sti‘;ins, however, sincé locus reversion'iéj signiﬁcantly‘réduced,

a large p‘i'oportion of the total UV-induced revertants is due to the

induction of suppressors.

2. Diploid strains homozygous for rev genes.
Diploid strains homozygous for the three rev genes were con-
structed by crossing haploid segregants carrying the same rev

alleb'; ‘The following strains were used:

XY 129 REV/REV arg4-17/arg4-17
XY 150 revi-1/revl-1  arg4-17 jargs-17
Xyl127 rev2-1/rev2-1 arg4--i7/arg4—£7_
XY 186 rev3 -z/rev3 -1- arg4-E/arg4-_11

The rev3'—_g_ and rev3-3 alleles were not studied. The induction curves

for the locus reversion of arg4-17 in these four diploid strains are

shown in Figure 5. As in the haploid case, the rev3-_1_/rev3-_1
‘strain is most severely reduced in locus reversion induction, with

the revl-1/revl-1 strain intermediate, and the rev2-1/rev2-1 strain

least affected.
‘ '.If'"igure 6 shows the frequencies of induced suppressor

reversion of arg4-17 in these strains versus UV dose. As in the

39.



Figure 5. - Locus reversion of arg4-17 vs. UV dose
in REV/REV and rev/rev diploid strains.

Figure 6. Induced suppressor reversion of arg4-17
vs. UV dose in REV/REV and rev/rev diploid strains.
Frequencies were calculated by subtracting the zero-
dose frequency from the frequency at each dose,

40.
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haploid, the induction of locus revertants in the REV/REV
diploid is far greater than that of suppressor revertants. The UV
doses ‘employed in the measurement of UV-reversivn and UV-survival

in diploid,strains were much greater than those used in the haploid.

In the lbw dose region, the rev3-_1;/rev3—_l straih is severely blocked

in suppreésor- induction and the revl—l/revl—_l_ strain appears to

have a similar suppressor induction response as the control. The

rev2-1/rev2-1 strain, however, appears to have an enhanced
suppressor induction,

3. Diploid strains heterozygous for rev genes. Figure 7

shows the curves of UV-induction of arg4-17 locus revertants in the

following strains:

XY63 - REV/REV arg4-17/args-17
XY6 revl-1/REV arg4-17/arg4-17
XY 64 revl-1/revl-1 arg4-17/arg4-17

The strain heterozygous for revli-1 exhibits an induction curve nearly

equal to that of the REV/REV strain. The revl-1/revl-1 homozyg‘ote

is s-e\}erely reduced in UV-induced reversion of arg4-17. The same

effect was seen with respect to UV-survival., This shows that

revl-1is recessive to REV1 with respect to both the reversionless

and the UV -sensitive phenotypes. Diploids carrying revZ—_l/REV -

and rev3 -_l/REV wei'e also found to exhibit UV-survival and UV.-

reversion phenotypes similar to those expressed by REV/REV dip-

loids. Thus, both rev2-1 and rev3-1 were also considered to be
recessive to their wild-type forms. The complementation pattern ob-

tained for reversionless mutants (Figure 2) supports this conclusion.
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C. UV-sensitivity

1. Haploid strains. The three rev genes cause cells to be |

moderately UV-sensitive. The UV-survival curves of the haploid

rev strains discussed previously are shown in Figure 8. Cells

carrying rev3-1 are more UV-sensitive than cells carrying either
revl-1or rev2-1. Further, all thfee strains carrying a single
‘ﬂ;}_’al'lele appear to Be about eqﬁally' UV -sensitive. fThe Dose-
Reduction Factor (DRF) at §% survival of onc strain comparcd to a
reference strain is defined as the dose required to reduce the
survival of the reférence strain to S% divided by the dose required
to reduce the survival of the strain in questioﬁ to S%. The DRF's at

40%'sur‘Aviva1 for these rev strains compared to wild-type are 3.7, '

4.3, 8.5, 8.5 and 8.5 for the revl-], r.eVZ-l, rev3-1, ‘re'v3-2 and

rev3-3 strains, respectively.

If at equal sufvival levels the numbers ot unrepaired lethal '
le sion§ are equal, assuming that defective repair of lethal lesions is
responsible for UV-sensitivaity, then the DRE ‘g1ves. a measﬁre ot
the amount of lethal damage that is repaired in the wild-type

strain relative to the sensitiw strain, Thzit is, the revl-l strain

repairs 27% of the lethal UV damage normally repaired by the wild-

type. The rev2-1 strain repairs 23% and the rev3-1, rev3-2 and rev3-3

P Y

strains only about 12% of the lethal UV damage normally repaired by

the wild-type. Unfortunately, the nature of the specific defective -
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repair-is yet unknown. The UV~sensitivi£y of rev strains could be
caused by defective excision repair or defective post-replication |
repair. It has not been demonstrated biochemically, however, that
either of £hese procedures are operating in yeast as they are in
bacteria. Of course, there may be repair systems in ye.ast. which
are not found in bacteria.

In_E___co_h B excision defective mutants (_}Ei) have DRF's of
about 20',. while exr mutants have DRF's of only about two or three
(106), Icompared to wild—type.. The hcr mutants produce many muta-
tions among the sur\.rivors after UV exposure (29,' 105). These

mutations result from the large numbers of pyrimidine dimers

which are left unexcised and which eventually are conve rted into
mutations, presumably‘ by the post-replication repair system (107).

On the.other hand, no UV-induced mutations are produced in exr

strains (106). The rev mutants in yeast appear to be similar to the

exr mutants of_E_,_: coli in that both are UV-sensitive to a moderate

"degree (compared to other extremely UV-sensitive mutants in E. coli
and in yeast) and both are defective in UV-induced mutation.

2. Diploid strains. UV-survival curves were obtained for

the following diploid strains:

XY 129 REV/REV

XY 150 revl-1l/revl-1
XY127 rev2-1l/reve-1
XY128 rev3-1/rev3=1

XY 186 rev3-I/rev3-I




The curves are shown in Figure 9. In contrast to the haploid,

the rev3-1/rev3-1 diploid is not twice as UV-sensitive as either of

the othér two homozygous rev/rev diploids. All rev/rev diploids

appear to exhibit approximately the same UV-sensitivity. The

DRF at 10% survival is about 2, compared to wild-type. The meén—
- . '

ing of the resistant tail on the curve for XY 186 at higher UV doses

was riot"investigated in this study. The rev3 haploids were also

found to be susceptable to this tail effect (Figure 8).

D. Segregation of the rev p.h'enot‘ypes

Both the UV-reversionless phenotype and the UV-sensitive
phenofypé segregate together after sporulation of Le_‘i/EEY. diploids
and are hence different phenotypic expressions of a mutation affect-
ing siﬁgle rev genes. These genes segregate in a regular 2 : 2
' fashion during meiosis. This was a primary criterion in the selection
of reversionless mutants. In a singlé ascus two spores are uv-
resistant like the wild-type and have revel"sion ability, while the other
two spores are UV-sensitiv'g and lack reversion ability. To illustrate
this point, each of the four spores from a single ascus, produced by

a revl-l/REV diploid, was subjected to a quantitative test of UV-

survival and UV-reversion of arg4-17. The following spores were

" cultured and tested:

XY6-5A revl-1 | - arg4-17
XY6-5B REV ai‘gl—i-ﬁ
XY6-5C REV arg4-17

XY6-5D revi-1 argd-17
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Thé curves shown in Figure 10 _indicate'that the UV-sensitive pheno-
type segregates with the UV-reversionless phenotype. Similarly,
it was found that every meiotic segregant bearing either rev2-1 or

rev3-1 is also both UV-sensitive and UV-reversionless.

E. X-Ray gensitivity

All three rev genes cause haploid cells to be only slightly
X-ray'-sen‘sitive. Quantitati‘vhe comparisons of X-ray sensitivitAy
in r_ei haploids compared to wild-type was difficult because of the
characteristic tail on the survival curve at higher doses. This effect
is due to the presence of budding cells in the irradiated population.
Such budding cells are more X-ray resistant than non-budding cells
(4). Comparisons of X-ray sensitivity were made in diploid strains
homozygous for :.131’. genes, relative to the wild-type diploid.
.Diploids are in general more resistant to fhe lethal effects of
both .UV and X-ray irradiation than haploids. The X-ray survival
curves of the three different re_v/re_vdipioids XY 150, XY127,.
XY 128 and the wild-type diploid XY 129 are shown i.n Figure 11. The

revl-i/r’evl-_l_ strain is the most X -ray sensitive with a DRF at 10%

survival of 2.4, The rev2-1/rev2-1 and the rev3-1/rev3-1 diploids '

are less X-ray sensitive each with a DRF of 1,5 and 1.8, respec-
tively. As in the case of the UV-sensitive phenotype, the X-ray
sensitive phenotype segregates with the reversionless phenotype in

REV/rev crosses and is thus another expression of a single rev
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mutation. This suggests the following.: that rev genes may‘act in one
or more pathways of the repair of lethal UV-damage; that these
pathways, when operating in REV strains, also produée UV-induced
mutations among'thﬁe survivors; and fhat the path'v;za’ys of repair of
lethal X—fay damage may share some common steps with those of the
repair Qf‘iIV—damage. The _e_g mutafits of E. coli are also X-ray
sensitive, as well as UV-sengitive (34, 81). That rev mutants are
Both Ihoderately UV and X-ray sensitive is consistent with the

hypothesis that they lack functions analogous to the exr+ function in

bacteria.

F. EMS-sensitivity

The alkylating agent ethylmethanesulfonate (EMS) is both lethal
and mutagenic to cells. In bacteria the letharl action of monofunctional
alkylating agents such as EMS is attributed to single-straﬁd breaks in
DNA resulting from h&di'olysis of triester phosphates (1) of following
depurination (9). X-rays are also thought to produce single-strand

breaks along -thée: parental backbone of DNA (19, 39, 57). If

EMS -induced lethal da;mage in yeast is repaired by pathwa.ys not involving

the repair of UV and X-ray lethal damage, then rev straine would be
expectec’i to show the same sensitivity to killing as that exhibited by
the \&'ild-type. If some common steps are shared, then one or more
of the rev genes may cause cglls to be é.lso EMS-sensitive.

The following strains were tested for sensitivity to EMS as

52.




measured by colony survival after varying exposure times:

XY 129-2A REV

XY 14-28A revl-1
XY36-8A rev2-1
XY38-3D rev3-1

The procedﬁre followed was the same as that employed in the
oriéinal_ induction of rev. mutants as described in Materié.ls and
Methods (51), except that the cells were in;ubated in 3% EMS for‘
varying lengths of time instead of one hour. The surivival curves
are shown in Figure 12.

The rev2-1 and rev3-1 strains each exhibit approximately

the same EMS-sensitivity and are much morevEMS-sensitive than
the REV strain. The dose reduction factor at 1% survival is 2. 7.
The f_e_\i-l strain, by contrast, appears to be as EMS-sensitive as
the wild-type as measured by the slopes of the surviv;l curves, but
more EMS-sensitive than control (DRF of 1.. 1) when compared on

the basis oi survival alone because the s'houlder is somewhat smaller
than the shoulder exhibited by the 'Wild-type. These results suggest
that _;'_é\r_z-i and rev3-1 (and perhaps revl-1) may block .the repair of
EMS'-ind‘uced letﬁal damage., The casé of Ehds-induced mutation

will Be cbnsidered later.

G. Mapping of rev genes

Systematic attempts to localize new genes to a particular
linkage group uéually involves a determination of centromere-linkage as
a first sfep. Tetrad data for each of the rev genes revealed that

only revZ_ was linked to a centromere. The centromere-linked:
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~ marker leul-12, which has a SDS frequency of about 5% (61), was
used t'.o'indicate cen;cromere-linkage. | Thevpooled data for the
numbéré of PD, NPD and T asci ére givel;i in Table 3. The gene
pair I;;eﬁ-le_uI exhibits a tetratype frequency 'signi_ficantly less than

2/3.

In order to determine the particular centromere to which rev2

was linkéd, a strain carrying _r_eﬁ-_l was then crossed to a series of
strains 4t‘hat carried markérs located near the centromeres of
different linkage groups. The numbers of PD, NNPD and T asci
for various gene combinations involving ELZ are shown in Table 4.
The data indicate tha£ rev2 is linked to asp5 which is near the -
centrc;mé_fe of linkage gr§up XII. The distaﬁce X in centimorgans
(cM) bétween the two genes can be calculated frém the equation (72):
x = 50(T + 6NPD) / (PD + NPD + T)

For PD : NPD : T values of 80 : 0 : 7 for the gene pair rev2-asp5,

the distance between rev2 and aspb5 is calculated as about 4.0 cM.

In the cross of rev2 to asp5, the trpl gene was also segregat-

ing. ‘The marker trpl is tightly linked to its centromere, i.e.,

SDS--.frequency = 0.94% (61). Thus, observation of the spore array
of asp5 éompared to that ofigl can be used to detect cross-over .
events between asp5-and its centromere. It was found that in each

of the seven asci with an exchange between rev2 and asp5, asp5 showed

first division segregation. Thus, the most likely arrangement of the

two genes on chromosome XII is centromere - asp5-rev2.
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Table 3. --Numbers of PD, NPD And T asci in ¢.rosses involving
rev and leul ‘ :

Gene Pair - PD*% NPD T % SDS

' S ‘ ‘ . Frequency
revl-leul 15 11 53 67.0 0.670
revZ-leu:l 17 31 26 35,1 0.324
rev3-leul 11 16 . 51 65. 4 0.654

*Pooled data.
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Table 4. --Numbers of PD, NPD and T asci in crosses 1nvolv1ng
rev2 and various centromere-linked genes.

‘Chromosome Centromere.-lmkedc PD NPD T %T
number gene »

N adel 3 3 1 10.0
2 gall n 1 9 29.0
-3 a 5 4 21 70.0
4 trpl’ 13 12 7. 21.9

5 ura3 g8 12 1 34.4

6 his2 8 5 14 51.8

7 leut 17 31 26 | 35.1
8 arg4 9 n 1 35.5
-9 his6 7 5 5 29.4
10 iso3 9 3 5 41.7

1 metl4 12 n 6 20.7
12 asp5 80 0 7 8.05
13 lys7 " 6 12 41.4
14 pet8 4 M 4 21.0
15 petl7 0 2 6 75.0
16 tyr? o 3 5. | 62.5
17 uvs9 3 4 12 63.2

DBL 708 5858
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Fro;ﬁ Table 3 rev2 segregates at the second division in 32. 4%
of the tetradsl. ' If double 'excha.ng‘es in the centromere-rev2 interval
are assumed to be rare, then the distance of rev2 from its centro-
mere can be appquimated as one-half the SDS frequeﬁcy, or 16.2
cM, Moftimer and Hawthorne (61) ha'.ve estimatéd the distance from

asp5 to'its centromere to be 13.6cM.| Thus, the predicted distance
between rev2 and the cen_tromere»is 13.6 cM plus 4.0 cM or 17,6 cM,

assuming that the distances may be summed. The observed value

of 16. 2 cM is not significantly different from 17.6 cM.

H. Specificity of the jinduced- mutation phenotype of rev genes

‘The rev genes have been shown to interfere with UV-induced

locus reversion of arg44_l_z. In studying the mechanism of action of

these genes, it is essential to know more.“about their specificity.
Strains carrying rev genes were tested ;for their ability ‘to interfere
with induced mutagenesis as measured by the following: UV-induced
reversion of a missense allele (23_&4_—3)‘; UV-induced forward muta-

tion to the petite phenotype; UV-induced and EMS-induced forward

mutation to adel or ade?2.

1. .UV-induced reversion of an ochre-suppressible allele:

lysl-1. - The lysl-1 allele can be suppressed by the same ochre-
v suppress‘ors that suppress arg4-17. Presumably both arg4-17 and
lysl-1 determine the same nonsense codon UAA (20, 26, 28).

The lysl gene segregates independently of arg4 (61) and therefore
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offers érjﬁppportunity to oiotain evidence about the §peciﬁcity of rev
genes. Sitesspecific rev genes should élso reduce the UV-reversion
of l&l'b ‘while locus specific rev genes, howeirer, would pof.

-The following strains were tested for UV-induced locus

reversion of lysl-1:

X1687-16C  REV lys1-1

XY6-5A revi-1 lysl-z
XY36-3D rev2-1 lysi-1
XY19-1D rev3-1 lys1-1

The induction curves are shown in Figure 13. The UV-survival

curves of these strains are shown in Figure 8. All three rev -
alleles block, to varying degrees, the induction of site revertants
of lysl-1. At a UV dose of 265 erg/mm2 the REV strain produces

about 86 revertants per 10‘7 survivors, whereas the rev2-1

strain produces about 53, the revl-1 strain about 10, and the
rev3-1 strain about 7. Comparing these curves to the induction
curves for locus revertants of arg4-17 in the same strains (Figure 3),

it can be seen that in both instances, revZ-l has the least effect in

reducing reversion, while _r_gll—l and 1;e_v§_—l_have a much greater
effect. .

In the high dose region the induction fréquenciés of lys1-1 locus
revertants (Figure 13) a?e slightly lower than the frequencies of
aigi}_-ﬂ reversion (Figure 3), when measured in the M strain. A

possible reason for this is given in discussion.
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2. UV-induced reversion of a missenseAall.ele: arg4-6. The
osmotic remedial ?,_L 4-6 allele is not suppres51ble by ochre-
suppressors, and it complements other arg4 alleles (59). On this
bas1s, 2_&4—_61 is probably a missense mutation. It is also UV-
revertible (B89, 48), but the induced ‘relversion frequencies are not
as great as found for arg4-17.

Tlo determine if rev genes can interfere with UV-induced
reversion of missense as well as nohsensé alleles, UV-induced

~reversion of arg4-6 was measured in rev strains and compared to

wild-type. This was achieved by constructing strains each of which
carried both arg4-6.and rev. To do this, rev haploids carrying
ar_g4-_l_7 were crossed to strains carrying arg4-6. After sporulation
vthe spores were dissected.and identified b).r crossing zach spore to
two téster strains, one carrying _a_r_g_4-é and one carrying arg4-17.
These test diploids were replica-plated to C-AR and then exposed to

an X-ray dose of 10 Kr which is sufficient to induce an observable

number of prototrophs in arg4-§_/arg4-_ll heteroallelic diploid replicas -

by means of mitotic recombination. The arg4-6 segregants, when

crossed to arg4-6 testers, form diploids that exhibit no such X-ray

response. Similarly, thé arg4-_ll segregants, when crossed to
argd4-17 tester strains, form diploids that exhibit no X-ray induced

prototrophs. The segregation of the rev gene was detected by analyz-

ing the UV-reversion response of arg4-17 segregants. The rev arg4-6

seéregants were deduced. The'following‘ segregants were identified
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by this method:

XY134-4A REV arg4-6
XY133-2C revl-1 arg4-6
XY 134-3C reva-1 arg4-6
XY 135-5D rev3-1 arg4-6

These strains were tested for UV-survival and reversion induction of
Lo '
: . | . . -
arg4-6. Revertants of arg4-6 were considered to arise by reversion

at the locus. It was no'g determined whether any revertants carried
suppressors. This could be done by crossing a number of revertants
to a wild-type strain, sporulating, and examining the ARG:arg ;‘atio
in each tetrad. A ratio of 4:0 in each ascus would indicate a locus
revertant. A suppressor revertant would yield, when crossed 1;0 wild-
type, 3 types of asci, The PD, NPD and T a’sci would exhibit

ARG:ars ratios of 4:0, 2:2, and 3:1, respectively.

The results of UV -survival and reversion induction in rev arg4-6

strains are shown in Figure 14, The three rev strains exhibit the

approximate survival curves expected of rev segregants. The rever-

sion induction curves reveal that while the revl-_l_ and rev3—l strains

are significantly reduced in UV-reversion of arg4-6, the rev2-1

strain is unaffected and actually shows about twice the wild-type
response at a UV dose of 265 erg/nun‘?‘. These data indicate that

revl-1and rev3-1 may both have a general non-specific action in

reducing UV-induced reversiontut that rev2-1 may be specific only

for locus reversion of ochre-suppressible strains as described below.
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Figure 14, --UV-survival curves (A) and reversion of arg4-6
vs. UV dose (B) in REV and rev haploid strains.
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3. Forward mutation to the petite phenotype. Under aerobic

conditions cells exhibiting the petite phenotype grow much more
slowly than grande celds and thué f01;m small white colonies when
plaited on é. complete agar medium. Petite cells, also called .
respiratory-deficient (RD), appear whit e corn'par’.‘ed .to the cream color
of respirafory-sufﬁcient (RS) cells because they lack certain
cytochromes and enzymes needed in respiratory metabolism (17, 89).
Such RD cells can arise by both nuclear mutation and loss of a
cytoplasmic factor (12, 17). Unlike RS cells, petites fail to grow

on non-fermentable substrates such as glycerol. Such a mutational
system may be used to study the general effect of rev genes on for-
ward n;utvation. The following str.ains were used to study UV-induced
petite production: XY129-2A, X1687-16C, and XY 134-4A all

carried REV; XY 14-28A, XY6-5A, and XY 133-2C all carried
revl-1; XY36-8A, XY36-3D, and XY 134-3C all carried rev2-1;

XY38-8D, XY19-1D, and XY135-5D all carried rev3-_£. Single -

doses of UV were employed. Cells were plated onto YEPD at
appropriate dilutions and subsequently exposed to a dose of either

2. After incubation the plates containing the

zero or 265 erg/mm
viable clones were replica-plated to petite agar. Replicas failing
to grow on petite agar were classified as havingthe petite phenotype.

Petite mutants were also classed as either whole colony mutants

or sectored mutants.
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The results are shown in Table 5. The frequencies of induced
petites in the three revl-1 strains do not appear to be signifj_mnt]_y
different from the wild-type frequencies. The induced frequencies

in the rev2-1 strains appear lower than wild-type in two strains

(XY36-8A and XY36-3D) but about the same in the third strain

(XY 134; 3C). The induced frequenciejs in all three rev3-1 strains
are coﬁéiderably higher than wild-type. All frequencies of induced
petites were calculated by subtracting the spontaneous frequency from
the total frequency. |

Raut (74) found both genic and cytoplasmic petites after
exposure to UV. Zakharov et al. (111) studied the production of

petites by UV in both UVS and uvs strains and found that nearly all

of the UV-induced petites contained the cytoplasmic factor. It was
found that at equal UV doses the frequencies of petite induction
were greater in the two UV-sensitive strains than in the wild-type
strain. These UV-sensitive strains, however, were also more
sensitive to UV-induced nuclear mutation. Zakharov et al. concluded
that the repair system defective in the uvs strains is notlcalized
in the nucleus and can also repair premutational damage in the
cytéplasm, presumably in mitochonérial DNA (63, 103). |

‘As suming that the petites induced by UV in this study are

cyfopla'smic petites, it would appear that the rev3-1 strains are

unable to repair premutational damage in the cytoplasm. Since

these strains are blocked in the induction of nuclear mutations, the




Table 5, --Production of petites by UV in REV and rev strains

- Total No| , _ .
A rev uv % Surviving Total No. Petites % Petites _
Strain @otype Dose Survival| Clones | Whole Sector  Total Total ° Induced*
XY129-2A | REV 0 100 503 22 9 31 6.2 --
X1687-16C| REV l 1 136 45 0 45 33.1 --
XY134-4A | REV 371 1 36 3 39 10.5 --
XY14-28A | revl-1 795 | 56 5 61 A --
XY6-5A revli-1 258 | 68 11 79 30.6 --
XY133-2C | revl-1 349 29 0 29 8.3 --
XY36-8A rev2-1 729 16 2 18 2.5 --
XY36-3D rev2-1 | 159 83 14 87 54.8 --
XY134-3C | rev2-1 : 415 34 3 37 8.9 --
XY38-8D rev3-1 , 719 125 0 25 3.5 --
XY19-1D rev3-1 217 20 0 20 9.2 --
XY135-5D | rey3-1l 300 59 0 59 19.7 --
XY129-2A | REV 265 71 579 75 20 95 16.4 10.2
X1687-16C| REV : 7 151 47 14 -6l 40. 4 7.3
XY134-4A | REV 1 80 - |249 34 13 47 18.9 8.4
XY14-28A | revl-1 265 7.1 1961 117 8 125 13,0 5.3
XY6-5A- revl-1 13 339 117 15 232 39.0 . 8.4
XY138-2C | revl-1 10 413 83 - 4 87 21.0 12.7
XY36-8A rev2-1 | 265 12 1667 23 2 25 1.5 -1.0
XY36-3D rev2-1 8.1 93 35 6 41 44,1 ~10.7
XY134-3C | rev2-1 9.8 174 20 5 25 14.4 5.5
XY38-8D rev3-1 265 1.5 357 - [126 7 133 37.3 33.8
XY19-1D rev3-1 0.97 139 89 2 91 65.5 56.3
XY135-5D | rey3-1 1.7 321 180 2 182 58,0 38.3

#*Computed by subtracting the spontaneous frequency from the total frequency.

L9
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mechanisms of mutation induction for nuclear and cytoplasmic

mutations may be different. The revl-1 strains may repair cyto-

plasmic premutational damage with the same efficiency as the REV

strain, while rev2-1 strains may block the production of cytoplas-

mic mutations.

4. Forward mutation to adel or ade2. A sounder estimate

for the induction of forward mutations than petite production is the

selection of mutants defective at either the adel or the ade2 locus.

The advantages of this system have }been detailed by Roman (80).
Mutants are restricted to only two nuclear loci. In the petite

syste.m, the total number of possible loci that can be induced is
unknown and cytoplasmic petites are not excluded., Furthermore, the
selection of petites depends upon replica-plating the clones sﬁrviving

the mutagen treatment, while adel or ade2 mutant clones may be

observed directly on the plate containing all survivors.

The presence of either of these two loci in cells will cause the
accumulation of an intracellular red pigment that is easily seen in ,
clones (75, 80). There are no other known mutations in yeast that -
will lead to a red-colored clone. The production of red pigment

occurs only during aerobic metabolism (90). Thus, if a cell carries .

adel or ade2, but is also phenotypically petite, then no pigment

will be produced. Auxbtropic mutants at adel or ade2 can be

selected directly by searching for red clones among the survivors.

The frequency of red clones, however, must be based only on the




total number of RS survivors, since petites carrying adel or ade2

will not be scored as red clones. Therefore, the same strains must
be assayed fof the induction of petites by the same mutagen dose
used for inducing red colonirevs. The frequency of reds among the
total number of survivors is then divided by the. RS fraction of

the total to give the frequency of reds(per RS s.ﬁrvivor) Strains
carrying rev were tested for the i‘nduction of red cloﬁes by both UV

..and EMS.  Single doses of each mutagen were used:

XY 129-2A REV ADE

XY 14-28A revl-_l_ - ADE
XY36-8A rev2-1 ADE
XY38-3D rev3-l ADE

The spontaneous frequencies of mutation for a similar system

occuring in Schizosaccharomyces pombe have been estimated to be

on the order of 10—7 or smaller (52).. Thereforg, only induced muta-
tion fréquencies were determined as shown in Table 6.

When UV was used the total number of .red clones scored in
each strain was low. The data were thereforé' pooled to obtain an
estimate of the average induced mutation freciuency in all three

rev strains. The average mutation frequencies to adel or ade2 in

rev strains is less than that in the REV strain. The small numbers

of red clones make this difference not very significant. The standard
error is estimated as 35% or 0.5 x 104 for wild-type and 41% or

0.15 x 104 for rev strains.

After an exposure of 60 minutes to EMS, all three rev strains,

in contrast to the UV case, have significantly higher frequencies of
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Table 6, --Forward mutation to adel or zde2 induced by UV and EMS ir. REV and rev strains

: : ‘ Frequency of
Total No.| Total No. ‘ Reds (per RS
rev Average Surviving| Red . Survivor)x 104
Strain genotype| Dose % survival] "Clones Clones % RS
UV(erg/mmz) ' :
XY129-2A| REV 265 71 68,060 8 83.6 1.4
XY 14-28A | revl-1 265 7.1 . .| 56,220 2 87. 0\
XY36-8A |revz-1 | 265 iz 93,300 | 2 98.5 —|> 0,37%
—_— = ' 7
XY38-3D | rev3-1 265 1.5 ] 32,650 2 62.77
TMS(minutes) _
~-XY129-2A REV 60 . 49 1119, 440 52 70,8 .6.15
XY 14-28A revl-1 60 42 ' 172, 400 252 78.3 18.7
XY36-8A | rev2-1 | 60 6.4 | 50, 160 51 1 79.4 14.7
- XT38-3D | rev3-1 60 4,2 239, 300 348 56. 6 21.8

*Average frequency for all rev strains calculated by dividing the total mumber of reds, 6, by the
total number of RS survivors, "

"0
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forward mutation than does the REV strain. That rev strains are

EMS -sensitive (Figure 12) indicates that they may be involved in

one or more pathways of repair of lethal EMS damage. Since more

i_nduced'forward mutations are produced among the survivorg. in rev
strains compared to the EX strain, the mutations induced in the
REV strain are probably not prodliced by these repair pathways them-
selves. - If one of these repair pathways is turned off by a rev
mutat.ion, then there will be more unrepairéd EMS damage than
beforé. This unrepaired EMS damage could then act as a substrate

in a later pathway that does itself produce mutations..

I. Strains carryingtwo or more UV-sensitive genes

) In studying the genetic control of metabolic pathways, it is
essential to know whether genes controlling the formation of a
prodpct are acting in a single linear pathway, ér whether they
participate in a more complicated rriechanism_iﬁvolving two or
more independent pathways. L One way to distinguish between these
possibilities is to observe the response of a stra'in carrying two or
more mutant genes relative to the Aresponse of the single mutant
strains. If a single linear pathway is operative, such multiple
mutant strains would be expected to exhibit the same phenotype as
any one of the single mutant strains. If two or more parallel path-
ways are involved, strains multiply mutant for genes in different

pathways would be expected to exhibit a response that is less than



any one _,ci,f the single mutant strains.

1. Multiple rev mutants. The three rev genes may be

analyzed within this framework. The question posed is dothe three
rev genes block reactions in a single linear pathway or are the
blocks located in parallel ibathways ? | In an attempt to answer this
question, mulfciple rev mutants were Eonstructed. The UV-survival
and UV.-re'version phenotypes of these were compared to the pheno-
types of single rev strains.

Multiple rev strains were made by cros sjng two strains each
ca;‘rying a different rev gene‘ and arg4-17. After sporulation the
asci were dissected. The rev genotype for each spore was determ-
ined by crossing cach spore to two tester strains. Each tester
strain carried one of the two rev genes in the Crosé, and hath
carried arg4-17. These test diploids were then'testled for UV-
induced feversion of arg4-17, carried in homozygqus condition.
Since different rev genes exhibit complementatio-n for the UV -
revérsio’n function, lack of UV-revertants indi;até& homozygosity
of rev genes in the test cross. The following"multiple rev strains

were identificd by this method:

XY 120-6C revli-1rev2-1 - arg4-17
XY123-7B revl-1rev3-1 ‘ arg4-17
XY121-2A rev2-1 rev3-1 arg4-17

XY 124-2C revl—z rev2—T_rev3 -1 arg4-17
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The single rev strains were the same as those discussed previously:

X1687-16C  REV arg4-17
XY6-5A revl-1 arg4-17
XY36-3D reva-1 argd-17
XY19-1D rev3-1 arg4-17

The survival curves for these 8 strains are shown in Figure 15.

The strain carrying both revl-1and rev2-1 is much more UV-sensitive

than those with either revl or rev2 (DRF of 2). This suggests that

revl and rev2 act in different pathwayé to Bldck the repair of UV-

irradiated DNA as measured by colony survival. The strain carrying

both‘vrevl and rev3, however, appears to be no more UV-sensitive in
the low dose region than the strain carryingie_vé alone. The meaning
of the resistant tail in the high dose region of the UV-survival curve
is not known, but probably is not due to a mixed population of cells

because of the procedure used in growing the cultures. The results

suggest that REV1 and REV3 act in the same linear pathway. If this

linear pathway is parallel to the pathway in which REV2 acts, then

one would predict that a revZ2 rev3 strain might be significantly
more UV-sensitive than the rev3 strain, similar in kind to the case

with revl and rev2. This, however, is not observed. The rev2 rev3

strain is only slightly more UV-sensitive than the rev3 strain.
This suggests that the REV2 pathway produces a substrate that can
be utilized as an intermediate in the pathway specified by REV1 and

and REV3., The following generé.l scheme is proposed:
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with lethal - DS > o
UV damage —224)

The letter S denotes an unknown intermediate. The large arrows

denote i;a’;hways containing an unknown number of steps.

This scheme is supported by two additional ‘experimental
findings.l Fir.st, the UV-sensitivity of the revl rev2 strain is
essentially the same as that of the rev3 strain. This result is con-
sistent with the above scheme since substrate S will not be produced

by eithetr the revl branch or the rev2 branch in this double mutant,

This will have the same effect as a block in the formation of
repai.red DNA by rev3. Second, the UV—éensitivity'of the triple

mutant strain carrying revl, rev2 and rev3 is essentially the same

as that of the rev3 strain. This further supports the proposed scheme
by suggesting that the reaction blocked by rev3 occurs later than

thosc blocked by rcevl and rev2,

Since substrate S in the proposed scheme can be genecrated by
either the REV1 branch or.the REVZ2 branch, a single mutation in one

branch would still allow substance S to be made by the other branch.

A single mutation such as :rev3 occuring after substance S,
however, would block the production of repaired DNA by this path-
way. - Thus, rev3 mutations would be expected to have a greater

effect on the repair of lethal UV damage than revl or rev2 mutations.
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This is observed. Strains carrying rev3-1 alone are about twice as

UV-sensitive as those carrying revl-1 or rev2-1 alone.

The above scheme applies only to lethal UV damage. If
premutational damage is converted into mutations by the action

of REV genes in these same pathways, then all multiple rev |

strains would be severely blocked in UV-induced mutation like the
ﬂ.phénoty.pe. UV-induced locus reversion of arg4-17 was
measur'tled in multiple rev strains. iAll multiple rev strains

exhibited locus reversion frequencies of zero in the dose range
examined, i.e., less than 133 erg/mmz. All of the viable revertants
w‘érelfound to ca.i'r'y suppressors. The rev3-1 single mutant strain

is the most severely blocked in UV-reversion of all the rev strains.
.These results indicate that the UV-reversion phenotype of all

multiple rev strains is similar to that expressed by the rev3 strain
and.that the scheme p1'opo$éd for lethal DNA damage as initial

substrate also applies to premutational DNA damage.

2. Double mutants of rev and uvs9. Both Snow (94) and
Résnick (76) have isolated mutants at the uvs9 locus. Such mutaﬁts
are very UV-sensitive and exhibit DRF's between 20 and 30,
compared to wild-type (76). The rev mutants, however, are only
modérately UV-sensitive and exhibit DRF''s at 40% survival between
3.7 and 8. 5, cc;mpared to wild-type. "UV-survival curves are

shown in Figure 16 for the following strains:
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X1687-16C  a REV

XY6-5A a revl-1
XY36-3D a reva-1
XY19-1D a rev3-1
X2947-4C & uvs9-2

X2947-4C is a meiotic segregant of the original uvs9-2 mutant
isolated by Resnick (76). Figures 16 and 15 reveal that the DRF of
this strain at 40% survival is 31, corﬁpared to the wild-type.
Resnick (79) éhowe,d that a strain carrying uvs9 is not only
very [iV-sensit»ive to colony survival, but is also very sensitive to
the mutagenic effects of UV. That is, at equal UV doses, the
frequency of mutation among the survivors was much greater in
the uvs9 strain than in the wild-type strain. A similar UV-muta-
tional response is seen in excision-defective (hcr) E. coli B, in
- which unexcised pyrimidine dimers lead to the production of muta-
tions in the surviving cells (29; 105). At equal UV doses the hcr
strain is left with many more pyrimidine dimers than the wild-type,
after the time for excision has élapsed. It is possible that the

UVS9 locus in yeast is one that controls excision of UV damage.

Since mutations at either uvs9 or rev loci cause cells to be UV-

sensitive, it is of interest to know whether any of the REV genes are
involved in pathways that also involve UVS9. It would also be
important to know whether rev genes can block the production of.

UV-induced mutations in a strain carrying uvs9, i.e., in the uvs9 rev

double mutant strain. If true, this could mean that the REV gene

acts to convert unexcised UV damage into mutations, assuming
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Figure 16. --UV-survival curves of uvs9-2 REV and
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survival curves of REV and rev single mutant strains
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E\_rs_9__‘plbcks excision,

The study of double mutants can reveal pos svible relations
- between pathways controlled by REV genes and by the UVS9 gene.
If UVS9 acts in a pathway that includes a _R_El gené, then a double
mutant,,strain, H_sﬁlgz_y_'should not be any more UV-sensitive than

the uvs9 strain. If, however, UVS9 acts in a pathway that does not

include a REV gene, then fhis double mutant ,strain should be more
UV-sensitive than one caryying uvs9 alone,

To construct these uvs9 rev strains, each of the rev strains

described above, XY6-5A, XY36-3D, and XY19-1D was crossed to
the uvs9 strain, X2947-4C. After sporulation the asci were
dissected. The spore clones in each cross were replica-plated
onto C-AR and the replicas tested for UV-induced reversion of
arg4-17. Some of the asci consisted of two spores exhibiting a
wild-type reversion phenotype and two spores with no revertants.

These latter two spores were considered to carry both uvs9-2 and

rev. The foliowing otraing werce identified:

XY80-6A uvs9-2 revl-1 arg4-17
XY79-19A uvs9-2 rev2-1 arg4-17
XY81-3D uvs9-2 rev3-1l arg4-17

The survival curves for these three strains are shown in

Figure 16. To obtain more accurate curves for these strains, which

are extremely sensitive to UV, the intensity of the UV lamp was
reduced by a factor of three to 8.8 erg/mmz/sec. ‘It is clear that

these three double mutant strains are more UV-sensitive than the
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uvs9 strain. The DRF's at 1% survival for strains carrying

uvs9-2 revl-1, uvs9-2 rev2-1and uvs9-2 rev3-1are 1.7, 4.1 and

1.9, respgctively, using the uvs9-2 strain as reference. These
results suggest that the three EEX genes act in pathways that do not
involve UVS9. |

Thus, assuming that Er_s_9_ blocks excision repair, it Would
seem unlikely that rev genes do also, eAspecially in ﬁew of the

different reversion responses of the uvs9 and rev single mutant

strains. If rev genes blocked excision repair in pathways

pa.railel to that of uvs9, mutations in two of these genes could, in
principle, reduce the concentration of intracéllular excision |
enzymé. ~The uvs9 rev double mutant strains would be more UV-
sensiﬁve than single mutant strains according to this hypothesis.

If this we;é true, then the double mutant strain would be not only
more UV-sensitive than the ll_y_?_?- strain, but als§ more sensitive to
~UV-mutation, since a greater number of unexcised dimers would
exist as premutational .Jesions. Figure 17 shows the reversion
induction curves for the locus reversion of arg4-17 versus UV dose
in the three double mutant strains compared to the uvs9 strain.

The curves show that these double mutant strains are less sensitive

to UV=induced mutation thai the uvs9 strain, The induction of

revertants of arg4-17 is severely reduced in all three uvs9 rev

double mutant strains. This shows that a majority of the

premutational lesions in the uvs9 strain are not converted into .

Nr O I
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Figure 17, --Locus reversion of arg4-17 vs. UV dose in UVS REV,
uvs9-2 REV and uvs9- 2 rev double mutant haplo1d strains.




mutations when a rev gene is also present, but rather, they remain
as lethal lesions. The rev genes are epistatic to uvs9 with regard
- to the mutation phenotype since they suppress the phenotype of the

latter.' _

J. Recombination in rev/rev diploids

Recent studies in E. coli have revealed that genes controlling

genefic recombination (58, 108) play a role in the production of

- UV-induced ﬁlutations. If the mechanisms of both UV-induced
mufa’gené.sis and of recombination in yeast are similar to those in
bacteria, then a priori one might expecf to find that some genes
involvéd in mutation induction also regulate recombination. The
question is whether any of the rev genes isolated in this study are
analogoué to the reg geﬁés in bacteria. It is reasonable then to
ask whether rev genes can interfere with genetic recombination in
yeast. Both mitotic and meiotic recombination were s‘ttvxdied in
dipléids homozygous for rev genes. Both intergenic and intragenic
systems were investigated.

1. Induced mitotic recombination

a) Intexrgenic recombination. Both UV-induced and

X-ray induced mitotic recombination were studied in the following

strains:
XY 129 REV/REV ADE /ade2-1
XY 150 revl-1/revl-1 ade2-1/ADE
XY127 rev2-1l/rev2-1 Ade2-1/ADF

XY128 rev3-1/rev3-1  ADE/adez-1

81.
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Mitotic recombinational events were scored in the region between
adel aridv its centramere. The adeZ locus maps on fragment 1 ba,nd
has a SDS frequency of 75.9% (6 1)..' When present in homozygous '
or hemizygous condition, adeZ leads to the accumulation of an
intracellular red pigment which is readily seen at the clonal level
(80). »'I_'hus, if a single reciprocal mitotic cross-over event should

occur between ade2 and its centromere in a diploid heterozygous for

. ade2, then ade2 would be expected to segregate to form one daughte.r»
cell Homozygous for adeZ and one daughter cell.};’tomozygous for ADE
wild-.type. If both daughter cells-are vi;atble, then the resultant
clone would be sectored--half fed and half white. If a
radiatioﬁ{induced division delay occurred in one. of the two segre-
gants,. or if both cells experience»d unequal division delays, or if'
the growth rates of the two ségreganté al."evdifferent, then the red
sector. would-appear as greater or less than half of‘ the clone, If |
the il_)_E_/AﬂE_ segregant does not form a clone', then whole red
colonies wouid result. Non—recip'rocai xecgmb-ination‘ (or gene
conversion) could also occur especially at higher doses and lead to
'?ed-sectoréd'clones (67). Nakai and Mortimer (67) found that most
of the UV and X—ray' induced events leading to homozygosis were
recipiocal in nature.

1 Cells of the strains listed above were plated out onto YEPD.
Sorﬁe'plates were exposed to varying doses of X-rays, some to UV,

and some received no irradiation. After incubation for about 5 days
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at 30°C, red sectors were scored. Whole ahd partial red colonies
were :'addgd tégether. The frequenéie;s of red s_ec':tvors.were calculated
by dividing the total number of red svectox.'s by the total number of
surviving’élone_s examined. Thg data are given in Table 7 and the
corres‘poﬁding UV and X-ray induction curves are plotted in Figures
18 and 4'19‘,‘ respectively,

. It can be seen that r_e\_z_/ie_z diploid strains exhibit an enhanced
respons’é to induced mifotic recombination for nearly every dose
of both UV and X-rays, when compared to the REV/REV diploid
strain. Snow (95) and Zakharov et al. (111) have observed that
diploids homozygous for other genes conferring UV-sensitivity exhibit
a greater response to UV-induced intergenic mitotic recombination.
Theﬁfc;le of recombination in UV-mutagenesis is considered in
Discussion.

b) Intragenic recombination. Diploi.d carrying

homozygous rev genes were exarnined for the ability to interfere
with both X-ray and UV-induced intragenic mitotic recombination
betweé‘n_ two arg4 alleles in repulsion, i:r_:g_‘l—_é_) and _a_rgﬁ—_ll. Such
recombination, also known as heteroallelic reversion, is mostly
hon-reéiprocal (102). Prototrophs are producevd by gene conver-
sion of one allele., These alleles were estimated to be only about .
2.2 X-ray map units apart (59). Co-conversions in wmeiosis would:
occ,ur' more frequently than single-site events and do not produce

prototrophs (18a), If mitotic. conversions are also mostly



Table 7. --Induction of mitotic recombination in the ade2- centromere reg1on by UV and X=rays in
- REV/B V and rev/rev diploids.

XY129 W X150 T  xvier | Xy128
REV/REV revl-1/ravl-1 rev2-1/rev2-1 rev3-1/rev3-1
% % % : %o
%S N Sect. Sect| %S N Sect. Séct_.ﬁ_zz;‘s N Sact. Sec?. 7%S N Sect. Sect.
uv (erg/mmz')
0 100| 963§ 310.3 100 {1423 | 1]0.07 100 |1738|40(2.3 100 {1340{ 0 |0.07
265 100 ‘f -316 611.9 77| 610|35|5.7 66 | 507]|2815.5 100 ZéZ 19 17.2
530 9611081 2312.1 72 1020 |95 9.4 | 5.8 | 467|39]8.3 || 4.7 | 465] 10 |a. 1
795 63| 915}28(3,1 1.2 696» 60(8.6 0.75]1 631 (4417.0 0.74] 376( 13 |3.5
X-ray (Kr)
0 100 963| 3{0.3 . 100 {1423 | L0.07 100 {1738]40]|2.3 100 |1340] O 0; 07.
3,75 97| 297| 3| 1l.0 98 | 317 7{ 2.2 92 | 462 8| 1.7 100 | 388} 9 (2.3
7.50 94| 460| 912.0 85 | 563 |25(4.4 86 | 48 (23)4.8 91 | 326] 13 |4.0
15.0 85} 94732 3.4 49 | 437 |22 ]5.0 64 | 622|17]2.7 87 | 473| 31 6.6
45,0 22| 334121]6.3 0.13] 165 {1z ]7.2 7.5 98 |20 R0.2 4.0 25] 7 128.0
Note: %S = percent survival, N = total number or surviving clones, Sect, = total number of red sectors

(includes who.e and partial red colonies),

‘v8
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Figure 18, --X-ray induced intergenic mitotic recombination between
~ade2 and its centromere in REV/REV and rev/rev diploid strains.
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“Figure 19.--UV-induced intergenic mitotic recombination between
ade2 and its centromere in REV/REV and rev/rev diploid strains.




co-conversions of these allel'els, then the observed prototrophs
represent a minority population of single-site'co.n.versions among
all conversions.

Most rev haploid strains routinely carry the arg4-17 allele.

These straims were crossed to strains carrying arg4-6. After

sporulation haploid spores carrying both rev and Aarg4—_€_> were
identified according to the procedure de'écribed previously, A

rev arg4-é_ segregant was then crossed to a rev arg4-17 segregant

to form the following heteroallelic diploids:

XY 182 REV/REV arg4-6/argd-17

XY 183 revl-1/revl-1 arg4-é/arg4—T_'7
XY184 , rev2-1/rev2-1 arg4-6/arg4-17
XY 185 rev3-1/rev3-1 arg4-6/arg4-17

Cells of these strains were cultured in liquid YEPD and harvested
according to staﬁdard procedures described in Materials and methods.
Large numbers of cells (~106) were plated onto C-AR plates and
subs¢cilJi'ent1y exposed to varying doses of UV or X-rays to iﬁdl‘lce
mitotic recombinants. The doses employed were small in that cell
viability remained at about 100% after ;11 exposures to both inducing
agents. This was verified by plating app_ropriate dilutions of cells
onto. YEPD and measuring the sﬁrvival at each dose., The UV and
X-ray induction curves are given in Figures 20 and 21, respectively,
The data points for the plot of X-ray induced prototrophs per 10°
survivors versus X-ray dose were fitted to a straight line by the

least squares method, since such a measurement is known to
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" Fig. 21, --X-ray induced intragenic recombination between

arg4-6 and arg4-17 in REV/REV and rev/rev diploid strains.
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increase linearly with X-ray dose (55).

Figure 21 shows that homozygous rev diploids e#hibit an
enhanced response to X-ray induced heteroallelic mi'totic repombina-
' tion, .compare‘d to the wild-type résponse as measured by this sys-
tem‘. The slopes and respective standard errors of the régression
lines for XY182, XY183, XY184 and XY 185 are 4.7 +1, 2,

14,5 +0.3, 7.3+ 1.5, and 11.5 + 0.9 prototrophs per 108 sur-._

vivors per roengten, respectively. Figure 20 shows that the rev/rev

diploids also exhibit an increased response to UV-induced intra-
genic mitotic recombination. This has also been observed by
Snow (95) in diploids homozygous for other genes controlling

UV-sensitivity. As with X-rays the degree of enhancement of

recombination by UV in revi-1/revl-1and rev3-1/rev3-1 strains

is greater than in the rev2—_1_/rev2-i strain, compared to wild-type.

If, with increasing proximity of the two hetemalleles, co-conversions
are produced mitotically at the expense of single-site converéions
(18a), the enhanced recombination of _xﬂ/_l;e_v diploids could be

due to an increased proportion of single-site events. This could’
occu-i' if rev genes reduce the léngth of the converted interval.

The frequencies of UV-induced locus reversion of arg4-17

are considerably more reduced in revl-1/revl-1 and rev3-1/rev3-1

diploids than they are in the rev2-1/rev2-1 diploid, compared to wild-

type. A similar effect was observed with respect to locus reversion

of lzsl-l_. Thus, revz-l has the least effect, compared to the
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revl-1land rev3-1 alleles, in both reducing UV-reyersion and
enhan;:iﬁg induced mitotic recombination, relative to REV. This
correlation suggests the following: REV pathways may produce
UV-rr'm@tions by uti‘lizing a sﬁbstrate that also stimulates recombin-
ation by a diffgrent mechanism. If rev2 blocks a fninor parallel

branch of these mutational pathways, a small amount of additional

substrate can sfimulate recombination. If the revl or rev3 branches

are blocked, however, a large amount of additional substrate can
stimulate recombination. The role of recombination in UV -
mutagenesis is considered in Discussion.

2. _Meiotic recombination,

a) Intergenic recombination. Diploid strains carrying

homozygous rev genes were examined for their ability to interfere
with meiotic recombination between the two linked genes leul and
trp5. Both genes map on the same arm of chromosome VII and are

separated by a distance of 13.3 cM (61). The following strains were

uscd::
XY129 = REV/REV , arg4- 17/arg4 17 LEU/leul-12
(TRP/trE5 48 ADE /ade2- 1
XY 150 fevli-1/revl- 1. arg4- 17/arg4 17 LEU/leul-12
, TRP/trpS 48~ ADE/ade[z 1
XY127  rev2-1/rev2-1 . arg4-17/argi- 17 LEU/leul-12
TRP/trp5-48 ADE/ade2-1 ' :
XY128 rev3- 1/rev3 1 argd-17/args- -17  LEU/leul-12
TRP/trp5-48 ~ ADE/ade2-1

These are the same strains as those used to study intergenic Mmitotic

recombination, These strains have already been shown to be UV and
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X-ray sensitive. The diploids were sporulated,‘ treated with
glusulase enzyme and sonicated as de scfibed in Materials and
Methods. The random spores were then- plated out onto YEPD and
incubated at 30°C to allow clones to develop., Clones were then
tested for adenine, leucine, and tryptophan deficiencies on C-AD,
C-LE, 4anvd C-TR, respectively. Oniy adenine-deficient clones
were éxarnined for leucine %nd tryptol:;hanvrequirements to avoid
including unsporglated diploids in the random spore sample. The

ade2 gene segregates independently of leul and trp5(61).

Each clone was classified by this method as hairing either parental or
recombinant phenotype with respect to the leucine and tryptophan
marl‘cer.s. The data are shown in Table 8. It can be seen that the
percentage recombinant spores for the three rev diploids is not
significantly different from that of the wild-type. These data indi-
cate th;t intergenic meiotic recombination in the l_éui- trpS region

is not significantly different from the wil‘ﬂ-typg frequency when thg

diploid strain is homozygdus for rev genes.

b) Intragenic recombination. Diploids carrying
homozygous rev genes were examined for the ability to interfere
with meiotic recombination between arg4-6 and arg4-17. The same

r————— RS

heteroallelic diploids were studied as in intragenic mitotic re-

combination.
XY 182 REV/REV arg4-6/arg4-17
XY 183 revl-1/revl-1 arg4-6/arg4-17

XY 184 reva —z/revz-z arg4—§/arg4-z
XY 185 rev3-1/rev3-1  argd-6/argd-17




" Table 8. --Intergenic meiotic recombination between leul and trp5 in

REV/REV and rev/rev diploids.

" Jotal no. AD™

fors rev Parental Recombinant % x? )
Diploid Genotype ascé?(f‘?:s;al LE*TR*LE"TR™ LE"TR*LE*TR™ | Recombinant x 102 Pix?)
xvi2g REV/REV 13 52 41 12 8 17.7
X156 revi-l/revl-1 132 68 - 40 8 15 17.4 0.075>.98
iz rev2-1/rev2-1 108 54 37 9 8 15.7 14.7 -} .70
Xvizg rev3-1/rev3-1 100 47 35 10 8- 18.0. 0.52 {»>.90

% Expected values calculated in each case from the mean response of

REV /REV and rev /rev strains.

DBL 708 6857
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The same single colony isolate was used for both the mitotic and the
meioti‘c'recombination measurements, Meiotic recombination
between the two alleles was studied by means of random spore
analysis.i The diploids were,éporulated and the.:a‘.sci treated with
' glusulas.e. Afte.r sonicatién, the random spofé cultures, containing
unsporulated diploids as ,well., were plated onto C-AR plates.
Si); plates were used for each culture. Between 3000 and 9000 cells
(hapioids and diploids) were spread onto the C-AR plates, as meas-
ured b'y the plating of an appropriate dilution oh YEPD to obtain the
viabl‘e:t'itre. 'After incubation, the arg+ 1;evertant colonies (proto- |
trophs) were counted. The prototrophs were also replica-plated
to other omission media to verify that they did not contain suppressor
mutations of 3._3'_g_4-_1_Z. |

The amount of contamination of the random spore sample with
unsﬁofﬁlated diploids was estimated by the ‘;fc'»llowing procedux.e: :
Cells from the random spore sample were diluted and plated onto
YEPD‘t;) yield about 50 colonies per plate. After incubation, plates
containing these clones were replica-plated onto C-AR plates.
These \;vere subsequently exposed to an X-ray dose of 10 Kr and then
incubéted for about 3-4 days. Diploid clones could be identified
by the presence of numerous X-ray induced prototrophs growing on
the C-AR replicas. Thiscwas possible since rev/rev diploids are
not deficient in such recombination (Figure 20). Haploids, however,

conta_inihg either the arg4-17 or the arg4-6 allele, or rarely both, '

94.




did not exhibit any arg+ prototrophs, since the frequency of X-ray

- induced reversion of either allele is several orders of magnitude

lower fhéh the frequency of heteroallelic mitotic recombinafion.

By this ﬁethod the number of diploids was estimated for each culture
from WHich the percentage of haploid cells among the total number

of cells iﬁ the random spore sample was determined.

The frequencies of arg+ prototrophs(per haploid cel])are given
in Tablg 9 for the various _r_e_v_/_lﬁv_ diplbids. These frequencies of
meiotic intragenic recombination are not significantly different
fi'om that'in the wild-type. The data presented here and in the
previous bsection indicate that rev genes do not affect either intra-
genic or intergenic meiotic recombination ip the systems studied.
Snow (95) foqnd that other UV-sensitive genes also had no effect on
eithef tyjpe of meiotic recombination. These results suggest that
both UV-mutagenesis and the repair c;f lethal UV damage are
carried out in pathways that do not involve fhé steps leading to

meiotic recombiration.
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Table 9. --Intragenic meiotic recomblnatlon between ar3i4cb and crg4 17
REV/REV and rev/rev d1p101d:..

in

Strain ! rev ‘/iablé cells Z;cr:zg(')iigl ' Viable'haploid cells %1072 | sr\:t':t?:pr;\os I:;:rq'\'/gbpl);ott\?;;?or}gs
¢ Genotype plate clones plate /plate spore x 1072

XY182 - REV/REV 38.4 53.2 20.4 19+3.6 0.93+0.18

X1183 f,evr.me'vr.r. 56.7 1.0 17.6 22.7+3.3 £ 1.29+0.19

X184 ! rev2-1/rev2-1 30.0 53.0 5.9 1€.8+2.8 1.06+0.18

XYies | rev3-1/rev3-1 82.5 . 47.0 38.8 . 48.834.4 1.26+0.1

* Denotes standard error cf six p-ate counts.

DBL 708 0856
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IV.

' DISCUSSION

A, Thé contfol of mutation induction by rev génes.

The present study has concerned itself with the genetic
control of mutation induction in yeast, in particular UV-induced
mutation. To determine whether there are any similarities between
UV -mutagenesis in yeast and in bacteria, mutants were selected for
reduced UV-mutational response. The phenotypes of such' mutants
were investigated with the hope of answering questions concerning
the number of genes controlling UV-induced mutation, the specificity
of such genes, the felation between mutation induction and the' repair
of lethal DNA damage, and the role of recombinatim in mutagenesis,

'The twenty reversionless mutants i'denltified represent only
threciab .unlinked recessive genes., Strains carryi‘ng‘ these genes are
moderately UV-sensitive, In contrast, twelve UV-sensitive inuta.nts
exhibiting reversion ability were found to represent ll’complementa—
tion groups. Cox and Parry (14) found 22 loci that controlled UV-
sensitivity in yeast. Thus, it would appear that most UV- sensitiye

~mutations leave the UV-induced mutation phenotype unchanged or

9r.
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enhanced,‘ while very few result in a reduced UV-mutational responsec.
Assuming that REV gene products ére enzymes invaved in UV-mutagene-
sis, thé unusually small number of rev loci identified suggests that
UV-induced mutation in yeast i'nvolves.a small number of enz.ymatic
react'ions'.

'i'he three rev genes do not appear to be locus specific in that
thcir ac'tio.n of reduciig ﬁV-;eversiun is not confined to the ¥evé¥sion
of only arg4 alleles. These genes can also reduce UV-induced locus
revérsion of the E&I:Lallele.' As in the case of arg4-17 locﬁs
reversion, _1;e_v2._—l does not reduce ly_s_l-l._bcus reversion as much as

either revl-i or rev3-_{_ can.

E in the BE_Y_ strain the frequencies of locus reversibn Ofl&l_‘_l_
are less than those of é_l_ﬁ-ﬂ. Presumably,. .both ?,_Iﬁ-ﬂ and
lys1l-1 code for the same nonsense cadon IJAA in messenger RNA
(20, 26, '28). The mutant triplets in'DN‘A are Lhie same in hoth
casesA'-.-TTA in one stArand‘and TAA in the other. There is a 50%
chance that the base immediately adjacent to the ;r.hymine on the end
of each triplet in eith_er strand is a pyrimidine in both cases. Thus,
both alleles contain at least two adjacent pyrimidines that can
dimerize after UV ekposure and cause a base-pair substitution mu- -
tation, The nature of the bases on either side of the triplets might
account for the differences in reversion induction frequencies,

In addition, the possible amino acid replacements acceptable to

each site may be different. Sherman (88) found different
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distributions of amino acid replacements among 'r;_avertants of tyvo
nonsenée, 'alleles, located at different p.ositionsA.in the iso-1 cytochrome
c cistron. The molecular environment of an allele evidently plays

an important role in its reversion pattern,

The possibility that rev genes‘ could be allele—spéciﬁc in
reducin.g,»r-eversion of only ochre-suppressible alleles was tested by
studyihg ﬁV—réyérsion of arg4-6, likely a missense allele (59), in" .
strains ca;rrying both arg4-6 and rev. Both revl-1 and Iﬂr}_-l
significantly reduce UV-reversion of ix;gé-é_, while Egv_z-_l_ has no
effect Ao-r a possibly slightly negatix}e effect in reducing reversion.
TiliS‘ suggests that revl-1 and rev3-1 have a ndn-speciﬁc action in
redt:_teing UV-reversion o_f both nonsense and mi:ssense alleles, while
fev2-1 may be specific for nonsense alleles, Base-pair substitu-
tions can result in reversion of both kinds of alleles (76). No
evideﬁce Was obtained in ’;he present study té suggest a mechanism

by which rev2-1 reduces reversion of only nonsense alleles.

B. Mutation induction and the repair of lethal DNA damage

Cells carrying rev genes isolated in this study aré sensitive
to the inhibition of colony-formation after ekposure to agents knbwn
. to induce damage in DNA. Cells carrying any one of the 1‘2’ genes
are moderately UV-sensitive, slightly X-ray sensitive, and EMS-
sensitive. There is considerable evidence (81, 8.2, 99) that mutants

of E, coli sensitive to these agents are unable to carry out certain
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steps in the repair of let}}al DNA damage induced by these agents.
Radiation-sensitiye mutants of yeast are probably also defective in
such repgir processes (76, 94). Since UV is known to be mutagenic
to cells. and-lsince.E_\_r geneé reduce UV-mutation induction as well
as confer UV-sensitivity, this suggests that UV-induced mutations
in yeast are produced by pathways that share some common steps
with the pathways for repair of lethal UV damage. Since rev
genes also confer X-ray and EMS-sensitivity, it is likely that the
repair pathways for lethal X -ray and EMS damage share some common
steps with the pathways of UV-induced ;riutation. This will be
discussed later.

The uvs9 locus in yeast causes extrgme sensitivity to both the
lethal (94) and mutagenic (79) effects of UV. That is, at equal UV
doses the frequencies of mutation are greater in \m\strains than

in UVS strains. At the same time, the survivirng fraction is con-

siderably lower in uvs9 strains compared to UVS strains. This stands

in contrast to the fact that in rev strains, although they-are UV-

sensitive, fewer mutations are produced among the survivors than in

REV strains at equal doses. The rev uvs9 double mutant strains

are all significantly more UV-sensitive than the strain carrying uvs9
alone. These double mutant strains are less sensitive to UV-induced
mutation than'the uvs9 strain, as measured by the induction curves

of arg4-17 locus revertants. These results suggest that rev genes act

in pathways separate from the uvs9 pathway. More specifically,




uvs9 is probably blocked in the repair of lethal UV damage in a path-
way that does not itself produce mutations, but whose end-product
may be a substrate for REV pathways which do result in UV-

induced mutations,

C. UV-induced mutation in yeast

.1, The repair of primary vs. secondary UV damage. The

fesults oBtaihed in this study are consistent with a model for UV-
induced mutation i;’l bacteria proposed by Witkin (107). Such a

model 1s based on the notion that primary UV damage in DNA does
not block DNA replication but rather causes the production of second-
ary damage in the newly synthesized daughter strands in the first
post-irradiation DNA replication (8, 83). It is assumed that the

revl, rev2, rev3 and uvs9 strains used in this study are not leaky and

that the corresponding wild-type alleles at these loci lead to
enzymés involved in DNA repair. A schematic illustration of the
model proposed in yeast is shown‘iﬁ Figure 22. The large arrows
indica;e‘ that at least one linear pathway exists for each process
involving an unknown number of steps, and includes the possibility
that one or more other parallel pathways may also exist.

The major feature of this model requires that two independent
repa;ii' processes act in sequence., The first process concerns the

repaii' of primary or mutagen-induced lesions in both strands of DNA.

101,
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FiglAlr,e' 22. ‘ jPrOpoAsed model for UV-induced mutation in yeast.




Such a process acts to reduce the number of primary lesions in the
parental strands before DNA replication begins. After DNA .
replication is completed, the unrepaired primary lesions femain

in the parental strands. The daﬁghter strands, however, contain
defects opposite the primary lesions in the parental strands,

perhaps because of the altered base-pairing properties of primary
lesions. 'These defects are called secondary lesions in this modél,
since they were induced not by; the mutagen, but by means of DNA
replication on a damaged theml.)la.te. AAs seen in the model, these
secondary lesions may be produced directly from primary lesions by
means of DNA replication. That.is, repair of primary damage need
not occur before seéondary lesions can be produced, Strains
completely blocked in the repair of primary damage would produce
secondary damage directly from primary damage by means of this
minor éathway. In these strains, since virtually all primary lesions
are unrepaired, the number of secondary lesions is much greater at
equal UV doses than in strains able t6 undergo repair of primary
damage.

-The second process is the repair of secondary damage. It is
independent of the first repair process in that secondary lesions
cpnstitute its maj or substrate. ‘lL'he amount of this substrate can
vary"dépending on whether or not primary repair is operating,

As in the Witkin model (107), it is proposed that secondary lesions,

and not primary lesions, constitute the substance of the premutational

103.
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damage induced in cells by UV and that the repair of secondary
lesions i; the process that converts secondary damage into muta-
tions.

The UVS9 gene has been assigned a role in the repair ofA
primary damage, whereas the REV genes have been assigned roles
‘ in.the fepair of secondary damage. The evidence for these assign-
tnents vh'as already been discussed. The data obtained in this study"
do not require that DNA replication is the cause of secondary
darnag.e‘ in yeast. The evidences obtained here, however, are
consistent with the interpretation proposed in E, coli,

The: phenotype of uvs9 can be understood within the proposed
rripdel. At a given UV dose, .an equal number of primary lesions are

induced in the DNA's of both a2 uvs9 REV strain and the wild-type

UVS REV strain, The repair of a majority of these lesions occurs in

the _t_T_'V_S strain by the first repair process, but in the uvs9 strain, such
repair is blocked or partially blocked, .There may exist other

parallel pathways of repair of primary damage that do not depend
upon ' UVS9. This seems likely in view of the largé number of genes
controliing UV-sensitivity in general (14). Undoubtedly, many of the
22 loci studied by Cox and Parry (14) are involved in repair of primary
damage., After DNA replication there are a much greater number

of secondary lesions in the uvs9 strain than in the UVS strain. Since

both strains effect repair of secondary damage and produce muta-

‘tions from this damage, the uvs9 strain exhibits greater mutation
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-inductio:n frequencies than the wild-type, and is also much more
UV-sensitive than the wild-type. |

The phenotypes of rev genes can also be understood using this
model, At a given UV dose an equal number of primary lesions are

. induced in the DNA's of both a rev strain and the wild-type REV

strain. AS‘ince both strains repair this damage, an equal number of
secondary lesions are produced after DNA replication in both strains.
The REV strain repairs this secondary damage by a mechanism that
produces induced mutations among the survivors, but the rev strain
is partially defective in this repair. There may be other parallel
pathways of repai'r of secondary damage that do not depend upon REV

genes, This seems unlikely in view of the finding in this study that

very few UV-sensitive genes (rev gene‘s) reduce UV-mutability.

Accordirg to the model the rev strain is therefore more UV-sensitive
than the wild-type. It also produces fewer mﬁtations, since some
mutational pathways have been blocked. |

The phenotypes of uvs9 rev strains are consistent with this
interpretation. At a given UV dose such strains produce an equal
amount of secondary damage as in the uvs9 strain, but are more
UV-sensitive than the uvs9 strain because they are partially defective

in the repair of secondary damage. If uvs9 rev strains were not

defective in this repair, they would produce mutations at the fre-
quencies observed in uvs9 strains. If uvs9 rev strains were defective

only in the repair of primary damage by a parallel pathway not including
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uvs9, then they would produce mutatibns at fre"quencies significantly
greater‘ than those observed in uvs9 strains. Induced locus reversion
of arg4-17 is significantly lower in uvs9 rev strains than in the uvs9
strain. These results support the idea that REV genes act in
pathways of repair of secondary damage as described by this model.

2. The repair of secondary damage.T he model d. scribed above

' assigns rev genes to blocked pathways of repair of secondary dammge.
Aﬁalysis of the UV-survival curves of multiple rev strains has led to
the conclusion that all three REV genes do not act in a single linear
pathway.' Rather, REV1 and REV3 act in a single linear pathway

and REV2 in another pathway parallel to the first, The data suggest
a scheme in which the REVZ pathway produces some substrate
(denofed by S in the moael) that can be utilized by the pathway defined

by REV1 and REV3. The data also suggest that the reaction blocked

byie;\r_3‘ occurs after the production of substrate S. This scheme has
been inéorporated into the model as shown in Figure 22. The nature
of the substrate S remains unknown at this time. The E&Yﬁébranch

seems to be a minor one for the production of UV mutations, but not
so for the repair of lethal damage.

3. The nature of primary and secondé.ry lesions. Mutants of

E. coli K-12 at the uvr loci and mutants of E. coli B at the hcr loci
have b.e'en shown to be blocked in excision of UV-induced pyrimidine
dimers in DNA (6, 87). In view of the finding that DNA polymerase

exhibits exonuclease activity and can excise thymine.dimers induced
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by UV (41), it seems likely that this enzyme, along with an endo-

nuclease specific for damaged DNA (40, 98) and a ligase (21, 69),

can perform excision repair. Defective excision repair in uvr or hcr
strains makes these strains about 20 times more UV-sensitive than

the wildA—fy‘pe (106), and results in UV-induced mutation frequencies

very much higher than in the wild type uvr+ or hcr+ strains (29, 105).
It is believed that errors in the excision repair process probably
occur less frequently than 1076 per excised dimer (107), and that
these errors do not represent the origin of induced mutations in cells
exposed to UV, The phenotypes of the UVS9 strains in yeast are very
similar to» the phenotypes expressed by the uvr ahdﬂ strains in

E. coli. The uvs9 strains in yeast may be deficient in excision

repair of primary lesions. These primary lesions are likely to be
predominantly pyrimidine dimers (76).

In E. coli K-12 mutations at any one of four loci affects
.ultraviolet mutability (107). UV-induced mutations in strains carry-
ing githe_r lex (or exr in E. cali B) or recA are cpmpletel‘y
eliminated, while E_e_c.B and Ee_cC loci only reduce UV-mutability
compared to wild-type. Such loci also confer varying degrees of UV
and X-ray sensitivity (32) and are thought to be involved in a post- .
replication repair mechanism that depends upon genetic recombina-
tion k33, 107). The phenotypes of rev genes are similar to those

expressed by exr and rec genes in E. coli. Assuming that uvs9 does

block a step in excision repair in yeast, then REV genes may be
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involved in a posf-'replication repair 'rnechanism'utilizing secondary
damage as a substrate. This secondary damage could le single -
strand breaks in daughter DNA strands opposite pyrimidine dimers.
There is'n§ airect evidepce for this in yeast. The question-as to
whether such a repair méchanism in yeast mightv depend upon genetic
recombination will be considered below.

4, The role of recombination in' UV-mutagenesis. In £, coli

recom'Bination seems to play an important role in post- replication.
repair (33, 107). Witkin (107) has proposed that most UV-induced
mutations are caused by errors introduced into the DNA during post-
replication recombinational repair of daughter strand ¢ aps. ihe exr+
(or E_x_+) gene pr-.oduct is théught to allow errors to be ]>roducéd during ‘
this repaii'. ''hese errors arev produced by some mechanism that
also p_r.omotes UV survival, while the ability to perform any kind
of recombinational repair, whether accurate or ina;:curate, is
thought tAcA> recjuire the recA+ ge.ne produci:l (107). Strains carryipg
recA ‘have no recombimtion ability (13). The recB and recC stréins
have reduced recombination abiiity (34, 16) and exr strains exhibit
only slightly reduced recombination (about 3 or 4-fold reduced),
comménsurate with their reduction in UV resistance, when compared
to‘- rect strains (107).

It is reasonable therefore‘to ask whether the control of UV-
inducéd mutation in yeast by rev genes depends upon recombination

ability. The data obtained in this study indicate that none of the rev




genes ié.'olated are deficie_nt in either meiotic or UV and X-ray induced
mitotic fecombination, aé measured by the intergerﬁc;and intré.genic
éystems discussed in Results. One interpretation is that the
prbduction;of induced mutations by REV pathways’ does not require

. 'recombiﬁation events of the types studied herein. In this regard(the
similarify of rev mutants in yeast to exr mutants in E. coli seems to

break dQWn. If some type of recombination did play a role in the

production of induced mutations, then rev strains might be expected '
to eschibit a reduced response for that type of recombination compared
_ to the REV strain. All three rev/rev diploids were found to exhibit
an-increased response to UV and X-ray induced mitotic recombination
when compared to wild-type. Meiotic recombination was unaffected
by homozygous rev mutations. Other UV-sensitive genes in yeast,
inéllﬂing‘M however, also enhance induced mitotic recombina-
tion in homozygous diploids, while meiotic recombination is unaifected
' (95,. 111, :64). Thi; suggests that molecular steps néeded in meiotic
- recombination do ﬁét play a role in UV-mutagenesis in yeast. Mitotic
recombination may not be required, either, but nevertheless is
stimulated by agents that also induce lethal DNA damage. Mutants
that a.ré sensitive to these agents might be unable to reduce this
damage by repair and therefore would be expected to exhibit a greater
induced mitotic récombination response than thé wild-type which

effects repair. A similar conclusion was reached by Baker (3) who

found that the UV enhahcement of A bacteriophage recombination was
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even greater in excision-defective (1_111;) host bacteria than iﬂ wild-

type hésts. In this study by Baker UV-induced structural defects

in DNA were thought to lead to antgncreased efficiency of pairing

among.chromosomes, precedent to recombination by breakage and

reunion, No 'evide1~'1ce was found to imply that UV-induced recombina-
' %

tion is directly associated with any mode of NNA repair. Sucha

mechanism could operate in yeast.

D. Muta'tions induced by mutagens other than UV
In constructing an overall hypothesis for mutation induction in

yeast, it wouldbe important to know whether there are any steps in
the proposed model for UV-induced mutation that also participale in
the production of mutations: from DNA damage induced by mutagens
other than UV. That revstrains are EMS-sensitive in varying degrees
as well as X -ray and UV;sensitive; suggests that there may be some
common steps in the repair of lethal DNA damage induced by all
three mutagens, The relationship between mutation induction and
the repair of lethal DNA damage has already heen discussed. Thus,
the cro’ss-sensitivity of rev strains to AUV and EMS indicates that
steps involved in generating UV-mutations may also act én inter-
mediates in the repair of letha.l EMS damage. The repair of EMS-
induced DNA damage might occur both by pathways that generate
mutations and also by pathwa.fs that do not themselves generate
induced mutations. Assuming that this is tr'ue; it would be important

to know whether the mutagenic steps in the repair of UV damage are




also mutagenic in the repair of EMS damage. If so, then rev strains

should exhibit lower EMS-induced mutation frequencies than REV

strains. The assumption that rev genes do block UV-mutagenic
steps is implicit in the above hypothesis.

The rev strains exhibit significantly greater frequencies of

EMS -induced forward mutation to adel or ade2 than wild-typév, but .
the average frequency of UV-induced forward mutation in all rev

strains was lower, similar to the results for locus reversion of

both 3_1'_g_4£-_}1 and lysl-1. These results suggest that while REV
pathways may repair lethal EMS damage, these pathways are not in-
volved in the production of EMS-induced mutatipns, The rev genes
may have a general effect in reducing both forward and reverse
mutation. More experiments are needed, especially to determine
whether rev2-1 is specific for UV-reversion of ‘nonsense alleles,
Zimmermam(112) tested 22 UV-senéitive mutants isolated by
Cox and Parry (14) for possible cross-sensitivity fo the mono- |
functional alkylating agent methylmethanesulfonate (MMS). Eighteen
of these twénty mutants including uvs9 showed cross sensitivity to
MMS. EMS—induoed mutation was not studied in these mutants. In

E. coli Bohme and Geissler (5) found that the hcr mutation, which

controls excision repair, does not affect the sensitivity of cells to

treatment with EMS. Their results clearly demonstrate that strains

carrying rec mutations, namely rec-34, rec-36 and rec-38 (100) are

"more EMS-sensitive than rec+ strains. Assuming that these rec




mutants are defective in post-replication repair, these results indicate

that EMS damage in E. coli can be repaired by recombinational
repair but not by excision repair. In yeast, however, the results of
Zimmermann (112)-indicate that uvs9 is involved in the repair of
lethal alkylation damage; The uvs9 strain was not tested for the pro-
duction ;)fAmutations from alkylation damage. The results of such an
experiment might deAterr’nine whether this step in the repair of

alkylation damage is a mutagenic one. If it is true that uvs9

controls excision, reduced frequencies of EMS or MMS-induced

mutation in uvs9 strains could mean that induced mutations are

produced during excision repair of alkylation damage. Increased
frequencies of EMS or MMS-induced mutation in uvs9 strains could
indicate that induced mutations are not produced by excision repair
of alkyiation damage, but might be p;‘oduced by some later pathways.,
These la.t'er pathways could,act on s'econdary damége as described

in the model for UV-induced mutation:. If so, then these pathways
must be differen£ from the rev pathways, since rev strains are not

reduced in EMS-induced mutation: .

112,
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