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1 ABSTRACT

Duri ng thi s study, spontaneous olinduced mutati ons !{ere characteri zed

in SUP4-o, a suppressor IRNA gene of the yeast Saccharomyces cerevisiae.

The first stage of this work focussed on characterizing the mutator

phenotypes associated with dNTP imbalances. DNA precursor levels were

man'ipul ated by di sruptì on of the dcl'1P deam'inase (DCDi ) gene and by

provìsion of excess dTMP or starvation for dTMP'in a nucleotide-permeable

strai n. The primary dNTP dj sturbances produced by these d'i fferent

conditions ìn growing ceìls were increases in the dCTP or dTTP levels or

a decrease'in the dTTP pool, respectively. The mutation rate of the SUP4-o

gene lvas enhanced 2-fol d by the dCMP deam'inase def i c'iency, 104-foì d by

provis'ion of excess dTMP and 171-fold by starvat'ion for dTMP. DNA

sequenc'ing was used to characterize 496 SUP4-o mutations that arose under

these conditjons and the resultìng mutat'ional spectra were compared to 334

spontaneous mutations recovered in an isogenic stra'in havjng ba'ìanced DNA

precursor levels. Sjgnìfìcantly more (>98%) of the changes resultìng from

nucleotide pooì ìmbalance were single base-pajr events, the maiority of

which could have been due to m'isinsertion of the nucleotjdes present jn

excess. Unexpectedly, expandìng the dCTP pooì djd not increase the frac-

tion of A.T to G.C trans'it'ions relative to the spontaneous value nor did

enìarging the dTTP pool enhance the proportion of G.C to A.T transitions.

Instead, the elevated levels of dCTP or dTTP were associated mainly wìth

jncreases in the fraction of G.C to C'G or A.T to T.A transversìons,

respectìvely. Furthermore, T to C, and possib'ly A to C, events occurred

preferentiaì'ly in the dcdJ straìn at s'ites in SUP4-o where dCTP was to be

ìnserted next. C to T and A to T events were induced most often by treat-

ment with excess dTMP at sites where the next nucleotide to be inserted
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was dTTP or dGTPI (dGTP levels were also elevated by this treatment).

Folìowing dTl'îP starvation, a high dCTP:dTTP ratjo and consequently an

increase primariìy in A'T to G.C transitions were expected. However, the

largest change in the DNA precursor pooìs involved an enhanced dATP:dTTP

ratio and the substjtutions recovered'involved mainly repìacements by an

A'T paìr. In add'it'ion, no d'istjnct preference for sites followed by a

partìcular 3'base could be found, possibiy because dATP as well as dGTP

and dCTP were elevated after dTl"lP starvation. Misinsertion of the

nucleotide jn excess (dCTP, dTTP and dATP, respectiveìy) d'id not exh'ibit

a strand bjas for any of the three conditions (elevated dCTP or dTTP or

depleted dTTP). Collectively, the data suggest that ìncreased levels of

dCTP, dTTP and dATP (jn case of dTTP depìetìon)'induce mutatjons via

nucleotide mjsinsertion and that inhjb'itjon of proofread'ing may play a

rol e i n 'induc'ing mutati ons duri ng dCTP ìmbal ance or fol I owing treatment

wì th excess dTMP. However, other factors, poss'ib'ly ì ncl udì ng the

regulation and specìfìcity of proofreading and mismatch correction, must

al so be 'invol ved.

The purpose of the second part of this study was to examjne the

mutational specificìty of selected monofunctjonal alkyìatìng agents. A

total of 318 SIJP4-o mutations jnduced by ethyl methanesulfonate (EMS) and

tr-methyì -N'-nitro-ff-nìtrosoguan'idjne (MNNG) was analyzed. 0nly base-pair

substjtutjons were detected among the mutat'ions examined and, for both

tEven though nucleot'ides are present in DNA as monophosphates, ìt is
common in the literature to refer to '(mìs-)ìncorporat'ion' or '(mìs-)ìn-
sertion'of dNTPs. This usage mìght not be compìetely accurate but it
stresses that it js dNTPs that are recognjzed by DNA po'ìymerases and are
fjrst jnvolved jn hydrogen-bonding with tempìate deoxyrìbonucleot'ides. In
addit'ion, it is less confusing to refer to dNTP mìsìncorporatjon in the
context of thjs thes'is where such repìicat'ion errors are often attributed
to i ncreased dNTP I evel s.
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agents, the majorìty (>96%) were G.C to A.T transitjons. This result was

cons'istent with 06-aì kylguan'ine being the major premutational lesion for

mutagenesìs by monofunctional alkylatìng agents. There was consjderable

overlap among the SUP4-o sites that were mutated or not mutated by tMS and

MNNG. However, El'1S and MNNG mutagenesis djffered with respect to the

frequenc'ies at whi ch mutat j ons were recovered at G'C pa'irs where the

guanìne was fl anked (5') by a purìne or pyrìmìd'ine. EMS exhib'ited no

preference for e'ither type of sìte, whereas a G.C s'ite was L2- or S-fold

more l'ikely to be mutated by MNNG 'if preceded by a 5' adenine or guanine,

respectì vely, than i f fl anked by a 5' pyrimid j ne. Nei ther El'1S nor I'INNG

mutagenesis showed a preference for G.C sites having the guanine on the

transcribed or non-transcribed strand.

In the final portion of thìs project, the influence of elevated dCTP

levels on EMS and MNNG mutagenesjs was determjned. A collection of 409

SUP4-o mutat'ions induced by these a'lkylating agents in the dCMP deaminase

defic'ient strain was characterized. SUP4-o mutation frequencies were

reduced by 60% and 40%, respect'ively, after treatment w'ith El'lS or MNNG in

the dcdl strai n compared to the correspondì ng val ues i n the w'i'ìd-type

strain. In each case, the fractìon of G'C to A'T transitions was reduced

(90% and 70%, respectìvely) but by considerabìy more than the overall

SIIP4-o mutation frequency. The d'ifferences were due to 35- and 12-fold

jncreases, for EMS and MNNG, respectìveìy, in the frequencies of G.C to C-

.G transversions. Aìthough G.C to C.G transversions were the major change

(58%) aris'ing spontaneously in the dcdJ straìn, they occurred at Ieast

7.5-fold more frequent'ìy after alkylation treatment. l'1isincorporat'ion of

dCTP during the repair of apurjninc s'ites created by the removal of N-7-

alkylguanìne, the major DNA lesjon produced by EMS and l',lNNG, was suggested
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to account for the induct'ion of G.C to C.G trans'itions. Aga'in, I'1NNG- but

not EMS-induced events showed a preference for G.C sites having a 5'

purine and neither EMS- nor MNNG-induced G'C to A.T transit'ions exhibjted

a strand b'ias 'ind'icatìng that the elevated dCTP level s had no effect on

these features of al kyl atÍ on mutagenesi s.
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2 TruTRODUCTIOru

The remarkable stabììity of genes depends in ìarge measure on the

action of biochemical mechani sms that promote the fìdeì ìty of

deoxyribonucleìc acid (DNA) repìication and the repaìr of damaged DNA. A

balanced suppìy of the deoxyrìbonucleoside triphosphate (dNTP) precursors

of DNA js a fundamental requìrement for these processes. Perturbation of

dNTP levels produces an 'impressìve range of genetìc effects associated

wj th aberrant repì i cati on or fai I ure to accurately repaì r DNA 'i ncl udi ng

mutation, recombination, enhanced cellular sensitìvìty to DNA-damaging

agents, chromosome rearrangement, breakage and I oss, and oncogen'i c

transformati on. Thus, ì t seems that normal ly the rel atj ve si zes of

intracellular dNTP pooìs are carefulìy regu'lated so as to maximize genetìc

stabi I j ty. Several 'i nformati ve revi ew arti cl es and vol umes that are

available collectively prov'ide a far-rangìng survey of the genetìc

consequences of dNTP pool imbalance (Kunz I9B2; l'îeuth 1989; de Serres

1985; Haynes and Kunz 1986; MacPhee et al.1988). In this literature

review, the relations between dNTP pool imbalances and one manjfestation

of genet'ic instab'il ity, mutagenesis, will be the centre of interest.

Relevant features of de novo dNTP synthesìs and dNTP imbalance will be

exam'ined. The analys'is of dNTP imbalance w'ill focus on altered levels of

deoxythymidine trìphosphate (dTTP) and deoxycytidine triphosphate (dCTP).

In additìon, phenomena that illustrate links between dNTP jmbalance and

the productìon of mutatìons, and potentia'l mechanìsms which may be

respons'ible for these I jnks will be considered. Finalìy, s'ince use of the

mono-functional aì kyì at'ing agents ethyì methanesul fonate (El'1S) and

ff-methy'l -N'-nìtro-ff-nitrosoguanidine (l'lNNG) constjtutes a criticaì part of

th'is study, alkylation mutagenesis w'ill be reviewed.
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?"L De trovo dNTP Synthesis

2 . I . I Regul ati on of dl{TP Synthes'i s

The de novo pathways for synthesis of dNTPs are connected, in part, by

nucleotjde interconversjons (Figure 1). þijth the exceptìon of dTTP, the

DNA precursors appear inìtiaì'ìy at the djphosphate level via reduct'ion of

the correspondìng ribonucleoside dìphosphates (rNDPs) by ribonucleotide

reductase (Thelander and Re'ichard 1979; Rejchard 1985, 1988). Subsequently

the deoxyribonucleoside diphosphates are phosphorylated by nucleos'ide

dìphosphate kjnase for use jn DNA synthes'is. dTTP is formed by the

sequential actions of thymidylate (dTMP) kinase and nucleoside diphosphate

kinase on the monophosphate dTMP which js derived from deoxyuridìne

monophosphate (dUMP) v'ia methyì at'ion by thymidyl ate synthase . Nt , ¡/to-

methy'ìene tetrahydrofolate serves as the methyl donor jn the convers'ion of

dUMP to dTMP and js oxidized to dìhydrofoìate so that the thymìdyìate

synthase reacti on const j tutes a si gn'i f icant dra'in on j ntracel I ul ar

tetrahydrofolate pooìs. The tetrahydrofolate pools are maintained during

dTMP synthesjs by the actìvities of dihydrofoìate reductase and serine

hydroxymethyì transferase. The major fractj on of the dUMP for dTMP

synthes'is'is derived ejther by: l. hydro'lysìs of deoxyurìdine triphosphate

(dUTP, produced via ribonucleotide reductase) as i n Bacillus subti 7i s and

yeast (in this study, yeast always refers to Saccharonyces cerevisiae)

(Møllgard and Neuhard 1978; l'lclntosh and Haynes 1984);2. deamjnation of

deoxycytìdine monophosphate (dCMP) as observed for cultured mammalian

cells and Mycoplasna mycoides (Neaìe eú al. 1983; Reìchard 1988); or

3. deamjnation of dCTP and hydrolysis of the resuìting dUTP as for

Escherichia coli and Salnonella typhimuriun (Neuhard and Thomassen 1971;

0'Donovan et al. l97l).



Figure 1. A Scheme for De f{ovo DN,q Precursor Synthesì s . MTHF: N5 ,

ff10-methyl ene tetrahydrofol ate; DHF: di hydrofol ate; THF: tetra-

hydrofolate. The fo1ìowing enzymes cataìyze steps'in dNTP

synthes'is: 1. rjbonucleotide reductase; 2. dCMP deaminase; 3.

5' nucleot'idase/acid phosphatase; 4. nucleosjde diphosphate

kjnase; 5. dUTPase; 6. thymidyìate synthase; 7. dihydrofolate

reductase; 8. serine hydroxymethyltransferase 9. thym'idylate

kinase; 10. dCTP deamjnase (mod'ified from Kunz and Kohalmi

reer).
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Al I osteri c regu'ìatory mechan j sms are of majorimportance for bal anci ng

de novo dNTP production and the enzymes ribonucleotide reductase and dCMP

(or dCTP) deaminase play pivota'ì roles. Generaì1y, deoxyadenosìne

triphosphate (dATP) ình'ibits reduction of the purìne and pyrimid'ine rNDPs

by ribonucleot'ide reductase, dTTP inhibjts cytidìne diphosphate (CDP) and

uridine dìphosphate (UDP) reduction but stimul ates the reduction of

guanos'ine d'iphosphate (GDP) , and deoxyguanosi ne tri phosphate (dGTP)

inhjbjts CDP and UDP reduct'ion while enhancing adenosine diphosphate (ADP)

reduction (F'igure 2) (Thelander and Rejchard 1979; Lammers and Follmann

1984; Reichard 1985, 1988). Exceptions jnclude the ribonucleotjde

reductases of bacteriophage T4 and herpes simp'ìex virus which are

relativeìy, or compìeteìy, insensit'ive to allosteric jnhibition by dATP

and dTTP (Huszar and Bacchetti 1983; Sargent et al. 1989). Interestingly,

the regul at'ion of ri bonucl eoti de reductase does not di st'ingui sh between

the two pyrimidine rNDPs. Instead, the relative dCTP and dTTP levels are

controlled by dCMP oF, depending on the organìsm, dCTP deaminase. The

act'ivity of these deam'inases is stimulated by dCTP and'inhibited by dTTP

( Beck et al. 1975; Re'ichard 1988) .

It is primariìy through nucleotide interconversions and allosteric

control s that fl uctuat'ions 'in parti cul ar dNTP pool s often provoke

alteratjons in others. Synthesìs of dNTPs from deoxyribonucleosjdes

(salvage pathways) and catabolism of deoxyrìbonucleot'ides also contribute

to the overall balance of dNTP pools during cell growth. The enzymes

'invo'lved, thei r reguì at j on and thei r rol es i n substrate cycl es have been

djscussed in detajl (Bjanchi et al. 1987; Reichard 1988). For the purposes

of this study, it is ìmportant to note that although mammalian cells have

the necessary kinases to salvage all common deoxyribonucleosides, only



Figure 2" Allosteric Regu'lat'ion of De ffovo d${TP Synthesis. The allosterjc

effects of effector nucleotides on the regulation of the rjbo-

nucl eoti de reductase are i ndi cated by the fo'll ow'ing symbo'ls:

ình'ibjtion:

Reichard 1978).

(modi fì ed from
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thymidì ne ki nase i s present i n E. col i whereas several fungi i ncl udi ng

yeast, Aspergillus nidulans and Neurospora crassa lack this enzyme

(Grivell and Jackson 1968) and probably the other deoxyribonucleoside

kinases as well (Mclntosh et al. 1986).

2.I.2 S'izes and Compartmentation of d3{TP Pools

General ì y, dNTP pooì s are smal I and correl ate roughì y wi th DNA

content. The sizes of the dNTP pooì s 'in yeast (0.6 - 2.8 pmoì/106 ce'l1s)

are intermedjate between those typica'l1y observed for bacterial (usually

<0.2 pmo'l/106 cells) and mammal ian cells (usuaìly >5 pmo'ì/106 cells with

cons'iderable variation among different cell I jnes) (Eckstein eú a/. L974;

Platz et al. 1985; Myers et al. 1987; Reichard 1988; Sargent et al. 1989;

Kenne and Akerblom 1990). Calculat'ions indicate that the contents of the

dNTP pooìs in eukaryotic cells would sustain chromosomal DNA synthesis for

only a few minutes at best (Reichard 1988; see also Discussìon). Even so,

this is likeìy to be an overestjmate. Most often dNTP pooìs have been

measured us'i ng whol e-cel I extracts from asynchronous cul tures. Yet,

'intranucl ear dNTP pool s can be cons'iderably smal I er than whol e-cel ì pool s

(Mun and l'lathews 1991). Furthermore, aìthough dNTP levels vary durìng the

eukaryotic cel'l cyc'le wìth the'ìargest pooì s'izes found in S phase,

measurable amounts of dNTPs are present'in all phases (Albert and Gudas

1985; Andersson et al.1988; Rejchard 1988; Spyrou and Reichard 1988).

Thus, some fraction of the dNTP poo'ìs measured in extracts from asyn-

chronous cultures 'is not used for repìicative chromosomal DNA synthesjs.

The dNTPs in question might be required for synthesis of repair patches,

organel I ar DNA and/or deoxyì i ponucl eoti des (Bestwi ck et al . 1982;

Frìedberg i985; Spyrou and Reichard 1987; Rejchard 1988).
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In vitro measurements of DNA precursor levels may not accurateìy

represent the dNTP pools used for DNA rep'licatjon for another reason. DNA

synthesis requires that high ìoca1 concentratjons of dNTPs be mainta'ined

at rep'ì ìcation forks. Thjs functional compartmentation could be

accomplished by organiz'ing dNTP biosynthetic enzymes to couple them to the

DNA repl'ication apparatus and so coordìnate dNTP synthesìs with DNA

repl'icat jon. In prokaryotes, some enzymes of DNA precursor synthes'is are

aggregated'into mult'ienzyme compìexes whìch may serve to channel dNTPs to

s'ites of DNA repl icat'ion (l'1athews et al, 1988). Multjenzyme complexes from

Streptococcus pneunoni ae, bacteri ophage T4- j nfected E . col i , and

B. subti 7is contain ribonucleotide reductase and deoxyribonucleosjde mono-

and djphosphate kinase actjvjties (Green and Fjrshe'in i976; Mathews et al.

1988; Thyìén and Mathews 1989; Laffan eú al. 1990). Thymidine kinase

acti v'ity j s al so present 'in the I4 and B. subti 1 í s compl exes and the

former al so possesses thym'idyl ate synthase, dj hydrofol ate reductase,

dCTPase-dUTPase, dCMP deam'inase and dCMP hydroxymethyl ase activities

(Mathews et al. 1988; Laffan et al. 1990). Cons'istent with a role for such

compìexes jn dNTP bìosynthes'is, enzyme actjvitjes in the T4 compìex (the

one that is most well-characterized) are kinetjcally coupled (Mathews et

al. 1988). This coup'lìng depends on a functional compìex and likely

accounts for the finding that DNA repì jcatjon in T4-'infected permeabjl ìzed

cells uses ribonucleoside dìphosphates and deoxyribonucleosjde monophos-

phates more efficiently than dNTPs (Mathews et al. 1988; Thylén and

Mathews 1989). The apparent ex'istence of dNTP concentration gradìents in

T4-infected E. colí (Mathews et al. 1988) points to a poss'ible link

between the T4 dNTP synthase complex and the DNA repììcatjon appara'uus.

That this may be a physicaì assocjat'ion is suggested by studies which
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demonstrate: f. interactions between T4 genes that encode enzymes for dNTP

biosynthesis and those wh'ich specify DNA replìcation proteìns (Chao et al.

1977; Macdonald and Hall 1984; Cook et a7. 1988; Mathews et al. i988); and

2. mutator phenotypes resulting from incubation of dCMP hydroxymethylase

temperature-sensit'ive mutants at semi-permissìve temperatures ([^lììl ìams

and Drake 1977) or forced dependency of T4 DNA repfication on E. coli

rather than T4 ribonucleot'ide reductase (Sargent eú al. 1989). To date,

the biochem'ical mechanisms that may coordinate synthes'is of dNTPs by the

T4 compìex w'ith phage DNA repìication remajn to be elucidated.

Among eukaryotes, multjenzyme aggregates containing enzymes ìnvolved

in dNTP b'iosynthes'is have been reported for cultured carrot and mammaljan

cells (Mathews and Slabaugh 1986; Toth et a/. 1987; Andersson et al. 1988;

Mathews et al.19B8; Reichard 1988; Hammond et al.1989). However, the

kinetics of dNTP synthesìs by these complexes have not been anaìyzed

extens'ive'ly and i t 'is not cl ear that there i s a phys'icaì rel at j onsh'ip

between DNA repljcation and enzymes that catalyze the synthesis of DNA

precursors. A kinetic necessity for such channellìng of DNA precursors ìs

dub'ious gìven the relatively s'low rates of chain growth and the numerous

replicons characteristic of eukaryotic DNA rep'licatìon. Indeed, current

experimental evidence does not favour direct channeìl'ing of dNTPs to

rep'lìcation forks by a multienzyme compìex in eukaryot'ic cells. Although

several studi es i ndj cated the exj stence of dNTP pool s that coul d be

I abel I ed wi th deoxyr j bonucl eos'i des but were excl uded from DNA repì 'i cat'i on ,

the results were obtajned w'ith asynchronous cells (Andersson et al.1988;

Rejchard 1988). Recently, it has been determined that rodent cells more

efficjentìy incorporate deoxycyt'id'ine and deoxyadenosine into dCTP and

dATP, respectìve'ly, 'in Gs and G1 than in S phase (Leeds and Mathews 1987;
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Duan and Sadée 198i). Thus, the repì'icat'ion-excluded dNTP pooìs may have

accumulated in non-S phase cells so that compartmentat'ion vlas temporaì and

'intercellular rather than intracellular (Leeds and l'1athews 1987).

Channell'ing of dNTPs to sjtes of DNA repìication would require that dNTP

bi osynthetì c enzymes be sj tuated j n the nucl eus duri ng DNA repl i cati on.

Yet ribonucleotide reductase and thym'idyìate synthase have been Iocalized

to the cytoplasm rather than the nuclei of rodent cells throughout the

cell cycle suggestìng that DNA precursors are synthesized in the cytoplasm

of mammalian cells and then transported jnto the nucleus (Engström et al.

i984; Leeds et al. 1985, Kucera and Paulus 1986). Consjstent wjth this

'idea, dCTP pools in extracts from synchronized whole Chjnese hamster ovary

(CHO) cells or their nuclei equilibrated to the same spec'ific actjvit'ies

(Leeds and Mathews 1987). Also, m'icroinjectjon experiments revealed that

DNA was labelled to similar extents by radioact'ive dNTPs p'laced into the

nuclei or cytoplasm of ìiving mouse cells (Wawra 1988). These results

argue against funct'ional 'intracellular compartmentation of dNTPs used for

chromosomal DNA repìication in eukaryotic cells.0n the other hand, mito-

chondrjal dNTPs do seem to occupy a separate intracellular compartment.

Their production appears to be regulated somewhat'independentìy from other

cel I ul ar dNTPs and responds di fferent'ly to 'inh'ib'itors of DNA precursor

synthesis (Bestwick and Mathews 1982; Bestwjck eú a7. 1982).

2"1.3 Alterat'ion of dl{TP Levels by Mutagens

Exposure of bacterial, yeast, rodent or human cells to ultraviolet

(UV) radiation, X-rays, tl'ls or MNNG has been shown to jncrease dNTP poo'ì

sjzes (Eckstein eú al.1974; Das et al.1983; Newman and lvliller 1983;

Suzuki et al. 1983). These alteratjons were detected wjthjn ten minutes to
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four hours of mutagen treatment dependìng on the system used. The changes

were dose-dependent where tested, and primarily dATP and dTTP poo'ls were

increased in bacterial and mammalian cells. A decrease in the dCTP and

dATP pool s lvas reported 'in one study 'invoì vi ng CH0 cel I s (Newman and

Miller 1983) and a s'ingle X-ray or EMS dose elevated all four dNTP pools

ìn yeast to similar extents (Eckstein et ai. 1974). The UV-jnduced dNTP

alterat'ions jn [. coli occurred in recA- or unuC- strains'indicating that

the modified dNTP levels were not a consequence of S0S jnduction or UV

mutagenesì s. Despite these jntriguing findings, the generaì ity of

'induction of substantial dNTP imbalances ìn mammaljan cells by mutagenic

agents has been questìoned. Several groups using rodent or human cells

reported that treatment with radiation or alkyìating agents produced at

best only sma'ìl variations jn dNTP levels, aìthough results qualìtatìve1y

s'imilar to some of those described above were observed (Slaby et a7. I97I;

Hyodo et al. 1984; Coll'ins and Oates 1987; Arecco et al. 1988; Snyder and

Dav'is 1988) .

How, when observed, mìght DNA precursor jmbalances followjng mutagen

exposure be exp'ìained? It was suggested that they mìght reflect DNA

degradation, excjsion of nucleot'ides durìng repair or decreased dNTP

incorporation into DNA due to inhibition of DNA synthesìs (Slaby et al.

1971; Eckstejn et al.1974; Meuth 1989). If so, one mìght expect all four

dNTP poois to expand in a more or less balanced fashion. However, this was

seen to occur only in yeast (Eckstein et al. I974). Furthermore, MNNG

treatment that enhanced the dATP and dTTP pooìs in Chinese hamster cells

djd not significantly ìncrease the fraction of cells'in S phase (Das et

al.19B3). In additjon, drug mediated inhjbitìon of DNA poìymerization in

mouse fibroblasts resulted ìn onìy a moderate elevatjon at best in dNTP
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levels (Re'ichard 1988). To account for a very rapid (wìthin ten minutes)

dTTP pool 'increase and concurrent dCTP pool decrease in one CHO cell line

following UV irradiatjon, ìt was proposed that UV promoted degradat'ion of

dCTP to dCMP and conversion of the latter nucleotjde to dUMP, the sub-

strate for thym'idyìate synthase (Newman and Miller 1985). Th'is suggestìon

was based in part on an immedjate, UV-induced, dose-dependent stjmulatjon

of dCMP deaminase actjvity wh'ich quickly diminished. Unfortunateìy, the

questìon of how UV irradiation was able to enhance enzyme activ'ity so

rapìd'ly and transiently was not addressed.

An'interestìng alternative explanatjon js that exposure to mutagens

stjmulates the synthesis of enzymes jnvolved'in dNTP production as a means

of facjlitatìng DNA repair (Elledge and Davis 1990; Yagle and McEntee

1990). Expressjon of the yeast genes encodjng either dTMP kjnase (CDC9) or

the I arge (RNRI, R/VR3) or smal 1 (RNRZ) subun'i ts of ri bonucl eoti de reduc-

tase is increased folìow'ing treatment with several DNA damaging agents

( E1 
'ì edge and Dav j s 1987 , i990) . Two d'i fferent consensus sequences have

been associated with damage inducjbjlity of the RNR? and RNR3 genes

(Sebastìan et al. 1990; Yag'ìe and McEntee 1990). Near matches to these

sequences are also present in the reg'ions 5' to the yeast CDC?, DCDL (dlltP

deamìnase) , DFRI (dihydrofolate reductase), DUTI (dUTPase) and TMPj

(thymidy'late synthase) genes (Bìrkenmeyer et a/. 1984; Mclntosh and Haynes

1986; Lagosky eú al.1987; Taylor eú al.1987; l'1. H. Gadsden: personal

communicat'ion), although whether the latter four genes are damage

jnducjble is not known. Express'ion of RNRI, RNR2 and CDCS also increases

during S phase jn the absence of mutagen treatment (E1'ìedge and Davjs

1987, i990), presumably because the'ir products are required for DNA

replìcation. Thus, ìnduction of these damage-responsive genes by mutagen
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treatment m'ight actually reflect blockìng cell cycììng at a stage (DNA

synthesis) when expression of these genes is normalìy enhanced (Eìledge

and Davjs 1987). This appears to contribute in part to induction of RNRZ

followjng mutagen treatment (Eììedge and Davis 1989) but both RffRJ and

RNRZ can be induced by DNA damage in G1 (Elledge and Davjs 1989, 1990)

ìndìcating that the S phase response and damage inducjb'ility of these

genes can be uncoupled. There is no evjdence yet that expression of genes

controllìng dNTP b'iosynthesis ìs damage jnduc'ible in other organ'isms.

2.2 d${TP Pool Imbal ances

Alteratjons ìn dNTP levels can be produced in cultured cells in at

least three ways (Kunz 1982): l. mutatjonal 'inactivatjon of genes

controll ìng steps 'in DNA precursor synthes'is; 2. drug treatment to inhibit

specifìc enzymes involved'in the bìosynthesis or catabolism of dNTPs; and

3. supplementation of growth medium wjth DNA bases or nucleosides (for

organjsms havjng the appropriate salvage pathways) or deoxyribonucleotides

(for nucleotjde-permeabìe cells). These approaches generally result in the

expected perturbatìon of a partjcular DNA precursor poo'l although the

levels of other dNTPs can also be modjfied as a consequence of the

nucleotide jnterconversjons and allosteric reguìatory mechanjsms dìscussed

above. dNTP 'imbalances jnvolvìng dTTP excess and depìetion and elevated

dCTP levels are of part'icular jnterest for this study and are exam'ined'in

detai I bel ow.

2"2"L dTTP Depletion

Mutants defect'ive jn thymidyìate synthase die if thymjdine or dTMP

(for permeabìe yeast celìs) is not provìded during cell growth (Kunz

1982). Thjs 'thymineless death'was first described for E. coli by Barner
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and Cohen (1954). Starvat'ion for thymine nucleotjdes can also be induced

by drug treatment (Neuhard 1966; Smjth et al.1973; Genther et al. 1977;

Wurtz eú al.1979; Jackson 1980; Kunz et a|.1980; Rjtter eÚ al.1980;

Peterson et al. 1983; Hoar and Dìmnik 1985; Clements eÚ a7. 1990). Cells

can be treated with drugs that block thymidylate synthase such as fluoro-

deoxyu¡idìne (FdUrd), wh'ich is converted by thymid'ine kinase to the potent

inhjb'itor fluorodeoxyuridine monophosphate (FdUMP), and FdUMP itself (in

nucleotide-permeabìe straìns) (Figure 3) . Alternativeìy, repleni shment of

the tetrahydrofolate consumed during dTMP synthes'is can be prevented by

us'ing antifolate drugs such as methotrexate and sulfanilamide (Fìgure 3).

It 'is now well -establ ished that starvation for thymine nucleotjdes can

elìcjt a wide range of genetjc and biochemical effects. In bacteria jt was

shown to cause recombi nat'ion (Ga'ì1ant and Spottswood 1964; Nori n and

Goldschmidt 1979), prophage ìnductìon (Korn and t,leissbach 1962), sensiti-

zation to UV light (Gaìlant and Suskjnd 196l; Little and Hanawalt 1973)'

'induct'ion of rec,4-dependent S0S functìons (Bres'ler et al . 1970; W'itkin

1976; ¡¡itkin and Wermundsen 1978), non-conservative DNA repl ication

(Pau'ì ì ng and Hanawal t i965) , and degradati on of si ngl e- and doubl e-

stranded DNA (Freifelder 1969; Ramareddy and Re'iter 1970; Reiter and

Ramareddy i970; l,Jal ker 1970; Re'ichenbach et al . 1977; Bre'itman et al .

1922; Hjll and Fangman 1973; Buick and Harrìs I975; Nakayama and Hanawalt

1975; Bousque and Sicard 1976). In yeast, thymineless conditions lead to

the loss of mjtochondrial DNA (Barcìay and Little 1978; Zeljkson and

Luzzat.i 1982), DNA strand breaks (Barclay eú al. 1982), mitotic inter- and

j ntrachromosomal recombi nat'i on (gene conversi on and crossì ng-over) ,

unequal sister chromatjd cross'ing-over (Kunz et al. 1980; Barclay eÚ a7.

1982; Kunz and Haynes 1982; Eckardt et al. 1983; Kunz et al. 1984, 1985)'
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Fi gure 3. Inhi bi t'ion of dTMP B'iosynthes'is by F'l uorodeoxyuri d'ine ffionophos-

phate (FdUHP) , Methotrexate and Sul fani I ami de. Enzymes j nvol ved:

I : dì hydrohydroxymethyì pterì n pyrophosphoki nase; 2: dì hydro-

pteroate synthase; 3: dihydrofoìate synthetase; 4: dihydrofolate

reductase; 5: serine hydroxymethyìtransferase; 6: thym'idylate

synthase. Sul fanj I amjde, an anal ogue oî p- ami nobenzoate, po'i sons

an initjal step of de novo folate synthesis (?). Methotrexate,

a dihydrofolate anaìogue, inhjbits dihydrofolate reductase (4).

FdUMP blocks thymidylate synthase (6) actìvity (modìfied from

Ki sl i uk i984; Kunz et al. 1984) .
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formation of the'nuclear dense body', a ce'llular organelle which usually

develops only during meiosis (Moens eú a/. 1981), and inductjon of mating-

type switching (Kunz et al.1985). Additìonally, there are a number of

reports showing that thymine starvation in mammalian cells can cause DNA

strand breaks (Sedw'ick eú a/. 1981; Ayusawa et al. 1983; Greer and Kaplan

i983), chromosome and chromat jd breaks (Ockney et al. 1968; l'lelnyk et al .

1971; Hansmann I974; Benedict eú a/. 1977; Jensen and Nyfors 1979), and

chromosome rearrangements (Seno et al . 1985). Furthermore, it lvas

demonstrated that thymine deprivatjon could induce fragile sites in human

cells, includ'ing the fragile X site responsib'le for a rare geneticaì'ly

i nheri ted di sorder (Sutherì and 1988) . 0f partì cul ar i nterest for thi s

study js that starvatìon for thym'ine nucleotjdes has been associated with

jncreased mutagenesis in E. coTi (Coughlin and Adeìberg 1956, Weinberg and

Latham 1956), S. typhinuriun (Holmes and E'isenstark 1968), 8. subtílís

(Bresler et al. i970), bacterìophage I4 (Smìth et al . 1973), yeast

(Eckardt et al.1983) and mammalian cells (Koyama et al.1982). Where

measured, thymineless condjtions have been found to result in dTTP and

possìbly dGTP depìetion and expansìon of the dCTP, dATP and dUTP poo'ls

(Gouìian and Beck 1966; Neuhard 1966; Meuth 1981b; Kunz 1982).

2.2"2 dTTP Excess

Addition of thymine or thymidìne, or for permeable ce1ìs, dTl'lP, to

actìve'ly growing cu'ltures has been found to ìnduce mutations in bacterio-

phage T4 (Bernste'in eú al. I972; DeVrìes and l,lallace 1982), yeast (Barclay

and Little 1981, Eckardt eú al. 1983), Drosophila nelanogaster (Parkash

1967) and mammaljan cells (Rossman and Stone-Wolff 1982; Arecco et al.

1988; l,rlilkjnson and McKenna 1989). The degree of mutagenìcity provoked by
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excess thymidine or dTMP appeared to reflect the magnitude of the dTTP

pool expansion (Meuth 1981b; lleinberg et al. 1985; Wilkinson and McKenna

1989; Mun and Mathews 1991) and simultaneous provìsion of deoxycytjdjne

substantialìy reduced the mutagenic effects of excess thymìdine jn Chinese

hamster cells, presumably by restoning the dTTP/dCTP balance (Rossman and

Stone-l¡lol ff i982; Goncaì ves et a / . 1984) .

In addi t'ion to the i nduct j on of mutatì ons, prov'i s'ion of excess

thymidine or dTMP has a number of other effects.One of the earliest

observat'ions t,tas that elevated thymine nucleotide levels were associated

with cytotoxicjty in yeast and mammal'ian cells (Kjm et a7. 1965; Morse and

Potter 1965; Langjahr et al. 1975). Evidence that this effect was more

pronounced ìn malìgnant than jn'normal'cells led to the use of thymid'ine

in antjcancer chemotherapy (Blumenrejch eú a7. 1980; Chiuten et al. i980;

Kufe et ai. 1980, 1981). Conditions expected to enhance dTTP pools were

also found to jnhibit DNA and rjbonucle'ic acid (RNA) synthesjs and induce

recombjnation ìn yeast (Langjahr et a7. 1975; Eckardt et al. 1983), cause

sister chromatid exchange, chromosome and chromatid aberrat'ions in

mammaljan cells (Yang et al. 1966; Luchnik eú a/. 1976; Anderson eú al.

1981; Perry 1983) and lead to teratogenesìs'in D. nelanogaster (Parkash

1967, 1971).

2.2"3 Excess dCTP

Lesi ons j n severa'l genes j nvol ved j n de novo dCTP synthesi s, 'incì udi ng

cytìdìne triphosphate (CTP) synthase, dCMP deam'inase and dCMP hydroxy-

methy'ìase, confer mutator phenotypes in phage T4, E. coli, or mammal'ian

cells but dNTP imbalances (predominantìy jncreases in the dCTP ìevels)

have so far been confjrmed only for defects in the first two genes
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(k{illìams and Drake 1977; t¡leinberg et al.1985; Aronow et aI.1984;

Sargent and Mathews 1987). The mutator phenotypes associated wjth elevated

dCTP pooìs result'ing from CTP synthase and dCMP deaminase deficiencies in

mammalian cells were reduced by offsettìng the dCTP:dTTP jmbalance through

provisjon of thymidìne (Meuth 198]'b; lleinberg et al. 1985; ltlun and Mathews

1991 ) . In contrast to the mul tj tude of studi es on perturbatì on of

thym'idìne nucleotide levels, there is little jnformat'ion about effects

other than induction of mutat'ions by increased dCTP poo'ls. However,

Anderson et al. (1981) reported that treatment with deoxycyt'idine can

i nduce chromosome aberrati ons i n mammal i an cel I s .

?"2.4 Other Types of dNTP Pool Imbalances

Les'ions 'in at least two other genes involved jn dNTP synthesis, ribo-

nucleot'ide reductase and dUTPase, confer mutator phenotypes in E. coli or

mammalian cells but dNTP imbalances have been confjrmed on'ìy for rjbo-

nucleotide reductase (Hochhauser and Weiss 1978; Mun and l'1athews 1991).

Treatment with the ribonucleotjde reductase jnh'ibjtor hydroxyurea

imbalances dNTP pools and also is mutagenic (Moore and Hurlbert 1985;

Snyder 1988). Increases jn the levels of purìne deoxyribonucleotide pools

can be caused ejther by addìtìon of excess purines or by deficiency or

inhjbition of enzymes involved in nucleosjde catabol ism such as purìne

nucleoside phosphory'lase or adenosine deaminase (Ullman et al. 1.976;

Carson et al.1977; Cohen et al. l978a,b; Gudas et al. 1978; Ullman et al.

1978, 1979; Tu and Patterson 1978; Ross et al.1981; Simmonds et al.

i982a,b). Elevated dGTP levels have been found to'increase dATP levels and

decrease dCTP and dTTP levels (Gudas et al. 1978; Ross et al.198i) whjle

jncreased dATP concentratjons decrease the levels of all three remaining
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DNA precursors (Meuth et al. 1976; Ullman et al.1978). It is believed

that the effects of elevated purine dNTP levels on other dNTP concen-

trations are a consequence of dATP and dGTP inhibiting the activjty of

rjbonucleotide reductase (Meuth et al. I976; Gudas et al. 1978; Ullman et

al.1978, 1979; Ross eú a/. i981; Waddell and Ullman 1983; Reichard 1988).

Accumul at'ion of puri ne dNTPs has been assoc'iated w'ith I oss of cel I

viabil'ity, ìnductjon of mutatìons, formatjon of DNA sìng1e- and double-

strand breaks, inhibitjon of repa'ir of singìe strand breaks after mutagen

treatment and the occurrence of chromosome breaks and aberratjons (K'ihlman

1963; Ullman et al. 1978; Anderson et al. 1981; Kefford and Fox 1982; Brox

et al. 1984; Cohen and Thompson 1986; Seto eú a/. 1986; Yoshioka et a/.

1987a; Mattano et al. 1990). In addition, 'imbalances in the levels of

purìne dNTPs have been ìmp'ììcated 'in 'immuno-deficìency d'iseases (Cohen et

al. l978a,b; Gudas et al. 1978; Ullman et al. 1978., 1979; Simmonds et a/.

1982a,b; Carrera and Carson 1987).

Despite the foregoing, dNTP imbalances do not invariably enhance

spontaneous mutagenesis. Changes in dNTP levels ìn methyl methanesulfonate

(l'llvls) sensit'ive mutants offf. crassa did not correlate with the magnitudes

of spontaneous mutati on frequencì es i n these mutants (Sri vastava and

Schroeder 1989). A thymìdine kinase-deficient mouse cell subclone, wìth a

6.5-fold greater dCTP:dTTP ratio than the line from which it was derived,

exhi b'ited the same spontaneous mutati on frequency as that I 'ine (lli I ki nson

and McKenna 1989). In addition, the'increased spontaneous mutagenesis due

to an alteration 'in the ribonucleotide reductase from mouse cells could be

uncoupìed from expansion of the dATP and dGTP pools caused by that

alteration (Caras and Martìn 1988). A d'ifferent reductase defect

associated with much higher spontaneous mutation rates in the same mouse
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cell line decreased all four dNTP pools but djd not change the relative

balance of the dNTPs compared to wild type cells (Roguska and Gudas 1984).

Thus, there may also be very subtle l'inks between dNTP imbalance and

spontaneous mutatì on.

?"2"5 Characterization of Hutat'ions Resulting from dB{TP Imbalance

Recently, DNA sequencìng technìques have been applìed to characterjze

mutat'ions arising under conditjons of dNTP stress (for details concern'ing

earlier specificìty studìes, see llljlljams and Drake 1977; DeVrjes and

l,'lallace 1982; Kunz 1985). So far, mainly pyrimidjne dNTP jmbalances have

been examined. Brìef1y, the systems used and principal results were as

follows. First, a phage T4 amber mutation (rIIanHBT4) rvas reverted by a

mutator due to T4 dCMP deaminase defic'iency (Sargent and Mathews 1987).

The hydroxymethyl dCTP pooì was shown to be elevated'in E. coli infected

with thi s T4 mutator stra'in and ten revertants were ana'ìyzed. Al I ten

arose via A.T to G.C transitions though any change that resulted in a non-

termìnating codon should have reverted the amber codon. Second, forward

mutations were induced ìn the Ã. coli /acl gene by thymìdine starvation

using either a thymìd'ine auxotroph (71 mutants analyzed) (Glickman et al.

1988) or treatment wjth the antifolate trimethoprim (43 mutants analyzed)

(Veìgì et al. 1991). The dNTP pools were not measured jn either study but

thym'idine starvation of F. coli dep'letes dTTP level s while enhancing the

dATP, dCTP and dUTP pools (Goulian and Beck 1966; Neuhard 1966) and

trimethoprim ìs expected to affect dNTP levels simjlarìy. The majority

(>75%) of the anaìyzed lacl- mutat'ions were base-pa'ir substitutions but A'T

to G.C trans'it'ions did not pi"edomìnate as predìcted on the bases of an

elevated dCTP:dTTP ratjo and earl ier specificìty studies. Furthermore, G'C
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to C.G transvers'ions and frameshifts, but not deletions or A.T to C.G

transversìons, were detected after starvation of the auxotroph for two

hours. Conversely, deletions and A.T to C'G transversions, but not G.C to

C.G transversjons or frameshifts, were recovered after starvation of the

auxotroph for six hours. Third, aprt- mutations t,lere induced in Chinese

hamster cells by thym'idjne treatment or by the mutator effect attributed

to a putative CTP synthase deficiency (Phear and Meuth 1989a). These two

condjtions were known to elevate the dTTP or dCTP pooìs, respectjvely

(Meuth 1981b), but the degrees of the dNTP'imbalances assumed to have been

'induced jn this study were not determined. Most (38/44) aprt- mutations

jnduced by thymidine were G'C to A.T transitjons, a result consistent with

the expected increase'in the dTTP:dCTP ratio. Although the mutator strajn

was bel'ieved to have an enhanced dCTP:dTTP ratjo, onìy 16/40 mutations

were A.T to G'C transìtions. The remajnder were almost exclusìve'ly trans-

versions at G.C paìrs. Fourth, hprt- mutatjons were induced in human cells

by treatment with deoxyguanosjne or deoxyadenosine (Mattano et al. i990).

The dGTP or dATP levels were jncreased under these condjtjons but onìy

these two dNTP pools were measured. Anaìysis of 6 or 14 hprt- mutatjons

induced by deoxyguanosine or deoxyadenosjne, respectìvely, revealed that

primariìy single base-pair substitutions, deìetjons and insertjons

occurred.

These studies demonstrated that for the same dNTP perturbatìon, the

prec'ise changes recovered seemed to depend on the assay system used and

even on the duratjon of treatment. Nevertheìess, the majority of mutations

characterized were s'ingle base-pair events that could have been due to

mis'insertjon of the dNTP(s) expected or shown to be present jn excess

(dNTP misincorporation during DNA synthesis can in'itiate frameshiftìng;
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Bebenek and Kunkel 1990). In the one'investjgation where the results did

not support dNTP mis'insertion as the cause of mutatjon (Mattano et al.

1990), very few mutations were anaìyzed clouding the sìgnìficance of this

difference. Despite the apparent bias for mis'incorporatjon of the dNTPs in

excess, the transitions expected on the basis of pyrimìdine dNTP

jmbalances were seldom the most frequent subst'itutions (Gìickman eú al.

1988; Phear and Meuth 1989a; Veig'l et al . 1991). This argues aga'inst a

'mass action'hypothesìs as the onìy exp'lanat'ion for the jnduction of

substi tutì ons.

?.2"6 Next-Nucleotide Effects

The accuracy of ín vitro DNA synthesis is reduced by a bìas in the

relative dNTP concentrations present ìn the reaction mixture and the

decreased rep'ì 'icational fjdel ity can reflect mjsinsert'ion of the dNTP in

excess (Kunz 1982) . The sequenci ng data detai I ed above support the

possìbility that dNTP jmbalance induces mutatjons ín vivo by promotìng

nucleotide misincorporation during DNA replication. However, the mutations

were unlìkeìy to occur solely ìn this fashion. In most cases, there seemed

to be a preference for substitutjons at positions where the next dNTP to

be incorporated was one present'in excess. Thjs ìs consistent with two

mechanisms whereby increased levels of the next correct nucleotjde can

reduce the fidelìty of repl'ication in vitroz 1. an jncreased probabiljty

of extending mìsmatched prìmer termini (Mendeìman et a7. 1990); and 2. a

decreased probabììity of 3' to 5' ed'itìng (proofreadìng) due to an

enhanced rate of po'lymerì zat'ion, a phenomenon termed the 'next-nucl eot'ide

effect' (Kunkel I988). The jnfluence of dNTP concentration on extens'ion of

mjsmatched primer terminj js thought to apply only to sjtuations where
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extension occurs in the absence of proofreadìng (Mendelman eú a/. 1990).

Sjnce repì icative DNA polymerases from E. colí, yeast and mammal ian cells

are known to have proofreadìng abìlìty, or 3' to 5'exonuclease activities

that probab'ly functìon ìn proofreading (Kunkeì et al. 1987; Kunkel 1988;

B'ialek et al. 1989; l4orrison et a/. 1990), 'it seems reasonable to think

that the next-nucleotide-like effects observed in vi ro were a consequence

of inhib'iting proofreadìng rather than enhancing extensjon of mismatched

primer term'inj.

2.3 dNTP Imbalances and Induced Hutagenesis

2.3.1 dNTP Imbalances Influence Induced tlutagenesis

Al terat'ions 'in dNTP pooì s, or cond'it j ons expected to mod'ify DNA

precursor leveìs, modulate jnduced mutagenesìs jn bacterial, yeast and

mammal'ian cells (Kunz 1988). The approaches taken to produce DNA precursor

imbalances in such studies include usìng strains wjth defects jn adenine

phosphoribosyìtransferase, CTP synthase, deoxycytidine kjnase, dCMP

deaminase, dTMP kinase, thymìdy'late synthase, glycjnamide rjbonucleotide

synthase, r'ibonucleotide reductase or thymidine k'inase (Coll ìns et al .

1988; Kunz 1988; Amara et al. 1991), inhjbition of dTMP biosynthesis by

treatment wi th FdUrd , and supp'l ementat i on of growth med'i um w'i th deoxy-

nucleosides or nucleotides (öhnfeld and Jenssen 1982; Arecco et al. 1988;

Kunz 1988) . However, the magnì tudes of the dNTP poo'l d'isturbances v{ere

measured onìy in a mìnority of studies (Meuth 1981a, 1983; Roguska and

Gudas 1984; Arecco et al. 1988; Amara et al. 1991). Not knowing how and to

what extent the dNTP pools are affected can present interpretat'ional

diffjcultìes because unantìc'ipated dNTP pool imbalances may occur. For

example, the effects of excess deoxycytidine mìght be attrjbutable to hìgh
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levels of dTTP, rather than dCTP, resuìting from deam'ination of the

nucleosjde or dCFîP to deoxyuridine or duMP, respectively,'and jts sub-

sequent conversjon to dTMP via dUMP. The mutagens tested to date ìnclude

UV radiatjon, DNA base, nucleoside or nucleot'ide analogs, aflatoxin 81,

benzo (a)pyrene and mono- or b'i functi onal aì ky'l atì ng agents (öhnfel d and

Jenssen 1982; Fox 1985; Peterson et al.1985a; Arecco et al. 1988; Kunz

rs88).

The fol I owi ng concl us'i ons can be der j ved from these stud i es . F'i rst,

whether induced mutagenesis 'is affected by DNA precursor disturbances and,

if so, the manner and extent to whjch it is affected appears to vary with

treatment condjtions or mutational systems. For example, UV mutagenesjs

was enhanced by thymidìne starvation of f. coli stra'ins auxotrophic for

the nucleoside prior to irradiatjon (hlitkin and hJermundsen 1978; B. A.

Kunz, personaì communicatìon) but treatment of w'i'ld-type bacteria with

FdUrd after UV irrad'iatìon was antìmutagenic (0hta et al.1986) as was

decreased dTMP kinase (CDC8) activ'ity ìn yeast (Prakash et al. 1979) even

though dTTP levels should be reduced in each case. (in the latter study,

temperature-sensit'ive cdcS alleles were used. Mutants bearjng such alleles

have reduced dTMP kjnase actìvìty even at permissive temperatures,

Sclafani and Fangman 1984.) A deoxycyt'idìne kinase deficjency, whjch

dimì ni shes dCTP pooì s, i ncreased the mutageni ci ty of El'lS i n Chj nese

hamster but not murine Ieukem'ia celIs (Meuth 1983; McKenna and BoulIjer

1988). Post-treatment provis'ion of deoxythymjdine was found to ìncrease,

reduce or have no effect at all on tMS-, ethyìnìtrosourea-, MMS- or

6-amino-2-hydroxypurine-induced hprt- reversion in Chìnese hamster ce1 1 s,

depending on the mutant allele used (Randazzo et al. 1987). Furthermore,

the magnitude of potentiatjon or reduction of mutagenesis'in this study



28

ranged from less than Z-fold to more than 300-fold. Second, there appears

to be a direct relatjonshjp between dNTP pooì imbalance and mutat'ion

'induction by certain agents. Thymidine-mediated enhancement of methyl-

nitrosourea-'induced mutagenesis could be reversed by simultaneous

provision of deoxycytjdjne (Fox 1985). More to the po'int, the mutagenicìty

of ?-aminopurine (2-APur), bromodeoxyuridine (BrdUrd) and EMS could be

modulated by manipulat'ion of dNTP levels (Meuth 1981a; Caras et al. 1982;

Ross et al.1987; Kaufman 1988). Thìrd, for alkylatìng agents the dNTP

pool 'imbal ances were not simp'ly aì teri ng mutagen transport or the

aì ky]at'ion reacti ons. EMS and MNNG mutagenesi s was potenti ated by

treatment wi th nucl eos i des fo'l 'l 
owì ng exposure to the aì kyì atì ng agents

(Fox 1985; Meuth 1981a; Peterson et al.1985a). Fourth, the different

responses to dNTP imbalance argue aga'inst a s'ing1e mechanism beìng

responsible for the effects of DNA precursor levels on mutatjon inductjon.

In fact, there appears to be at least one mechanism related to dNTP pools

which does not involve imbalance. A defect in ribonucleotide reductase of

mouse ìymphoma cells was assocjated with a ten-fold jncrease in the

frequency of MNNG-'induced hprt- mutations (Roguska and Gudas 1984). Yet the

reductase mutat'ion d'id not cause an 'imbal ance i n the dNTP pool s rel ati ve

to a comparable wild-type stra'in. Instead the levels of all four dNTPs

were uniformly reduced by 50%.

2"3.2 L'inks Between dNTP Pool Imbalances and Induced t4utation

0stensìbìy, a number of mechanisms mìght ljnk alterations in DNA

precursor I evel s wi th cel I ul ar responses to mutagens.

Enhanced mutagenesis mjght result from misinsertjon of the dNTP(s) in

excess opposite template damage (Meuth 1981a). Thjs seems to be a
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reasonable explanatjon for the effects of post-treatment dNTP ìmbalances

on the mutagenìcity of monofunct jonal al ky'latìng agents . 06-aì ky'lguan'ine

j s con s'idered to be the maj or premutat ì onal I es i on produced by chem'i cal s

such as EMS and MNNG (Horsfall et al. 1990). This lesion can mispair w'ith

thymjne during DNA synthesis in vitro and in vivo and this m'ispairing

specificìty can be increased ín vitro by a reduction jn the level of dCTP

present in the reaction (Snow and Mitra 1988; Elljson et al. 1989).

Cons'istent with these find'ings, the mutagenic efficìenc'ies of EMS and I'1NNG

are increased by high dTTP:dCTP ratios in Ch'inese hamster cells (l'leuth

1981a, 1983; Peterson et al. 1985a) [it should be noted, however, that

contradictory find'ings have been reported for mouse cells (McKenna and

Boull'ier 1988)1. This dNTP ìmbalance would be expected to lead,

respectìvely, to an jncrease or decrease in the frequency of G.C to A.T

transjtjon, the predom'inant mutational event induced by EMS and MNNG in

vivo (Horsfall et a7. 1990).

In cases where the dNTP levels are perturbed prìor to or during

mutagen treatment, ìt is also possible that DNA precursor poo'ls may be

targets for alkyìat'ing agents (Topal and Baker 1982). This suggestion was

based on the finding that dNTPs in the DNA precursor pool are more

susceptìble to methy'lation by methylnitrosourea than those in duplex DNA

and'is supported by demonstrations that alkyìated dNTPs can be ìncorpo-

rated 'into DNA durìng repl'icat'ion in vítro (Snow and 14'itra 1988) . Thus,

the potentjat'ing effect of elevated dTTP levels on alkyìation mutagenesis

mìght be explained as an allosteric interactjon of dTTP with ribonucleo-

t'ide reductase leadjng to a larger dGTP poo'l as a target for aìkylation.

The 06-alky'ìguanine DNA precursors formed in thjs lvay could then be

'incorporated oppos'ite template thymjnes durìng DNA repl ìcation and
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following demethyìation would produce A.T to G.C transjtions jf the

result'ing T-G mismatch was not corrected prÍor to the next round of DNA

repl'icatjon. Such a mechan'ism predicts that: 1. modified DNA precursors

would be mutagenìc in cells;2. increasing the target size prìor to
treatment wi th the al kyl atì ng agent shoul d potenti ate mutagenesì s; and

3. A.T to G.C transitions would be enhanced in the case of elevated dGTP

I evel s. l,lhereas certai n modi f i ed DNA bases 'introduced i nto cel I s

apparent'ly can be converted to dNTPs and incorporated into DNA, 06-methyì-

guan'ine, 06-methyìdeoxyguanos'ine and 06-methyìdGTP were genera'ìly not

mutagen'ic in bacterjal or mammalian systems (Foote et al. i988; Snow and

Mitra 1988). Thjs was attrjbuted to fa'ilure of the base or nucleoside to

be phosphorylated due to the modification and to degradation of the

methylated dGTP to guanine. Although 06-methylguanìne lvas reported to

induce hprt- mutations in Chinese hamster V79 cells (Kaìna et al. i983),

incorporat'ion of the modified base into DNA was not confirmed. Elevation

of dATP, dGTP or dTTP pools prìor to mutagen treatment enhanced methy'l-

njtrosourea mutagenesjs in Chinese hamster cells by 2- to 5-fold but the

mutat'ions were not characterjzed (Arecco eú a/. 1988). Thus, these results

must be vjewed as indìrect support for the poss'ibjl ìty that elevated DNA

precursor pools may potentiate aìkyìation mutagenesis in vivo by actìng as

targets for al kyì ati ng agents.

Altered dNTP poo'ls may moduìate base anaìog mutagenesis by facili-
tating ìncorporation of a nucleot'ide in excess opposìte the ana'log or

promot'ing mìsincorporatjon of an analog (Hopkìns and Goodman 1980). During

in vi úro DNA synthesìs, 2.APur can be mjsìncorporated opposìte template

cytosìne or, when jn the temp'late, can mispa'ir with cytosine (Mhaskar and

Goodmah 1984). Genetjc studjes demonstrated that 2-APur induces primarily
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A.T to G.C transjt'ions suggesting that most often cytosine m'ispairs with

temp'late 2-APur (Coulondre and Miller 1977; Ripley 1981). 0n thjs basis,

conditions that raise or lower dCTP levels should increase or decrease

2-APur mutagenesis, respectively. This has been found to occur in vira1,

bacterial and mammaìian systems and a sjmìlar result was obtained for the

rel ated anal og 6-ami no-2- hydroxypuri ne 'i n mammal j an cel I s (Kunz 1988) .

Although jt was suggested that perturbation of dNTP pools by 2-APur mìght

contrìbute to its mutagenìcity (Hopkins and Goodman 1980), it lvas

subsequently demonstrated that the anaìog had no effect on dNTP levels in

bacteriophage T4-infected F. coli or mouse ìymphosarcoma cells (Caras et

al.1982; Hopkins and Goodman 1985). l.lhile BrdUrd in a synthet'ic tempìate

directed mispairìng with guanine, BrdUrd tvas mis'incorporated opposite

template guanine at a rate 200-fold greater and this m'is'incorporation was

reduced by high ìevels of dCTP (Lasken and Goodman 1984). In vivo, excess

dCTP, whjch should compete with bromodeoxyunidine triphosphate (BrdUTP)

for insert'ion opposite tempì ate guanìne, suppressed BrdUrd mutagenesj s in

yeast and mammaljan cells whereas elevated dTTP levels, which reduce the

dCTP poo'ì and so shoul d favour BTdUTP 'incorporat'ion, enhanced BrdUrd

mutagenesìs (Ross et al. 1987; Kaufman 1988). These results pìus the fact

that allosteric interaction of BTdUTP with ribonucleotide reductase

decreases the dCTP level in mammalian cells led to the conclus'ion that the

BTdUTP:dCTP ratio is an ìmportant determ'inant of mutagenesis by BTdUTP

ìncorporation (Kaufman I988). DNA sequencìng reveaìed that the maiority of

mutations induced by misincorporation of BTdUTP into a shuttle vector-

borne E. coli gpt gene in mouse cells u/ere G.C to A T transitions as

ant'ic'ipated (Davidson et al . 1988) . Enhancement of the dGTP:dATP rat'io

during DNA repl'icatjon to promote incorporat'ion of dGTP opposite template
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BrdUrd caused a ìarge 'increase 'in mutagenesìs (Kaufman 1988) . As expected,

mutatjons induced in bacteriophage r or mouse cells by repììcatjon of

BrdUrd-substituted DNA were prìmarily A.T to G.C transitions (Skopek and

Hutchinson 1982' Xu eú a7. 1990). However, a recent study of T4-infected

E. coli demonstrated that the relative frequencies of BrdUrd-induced A.T

to G'C and G.C to A.T transitions depended on whether the repl'ication of

phage DNA relied on the bacteriai or T4 ribonucleotide reductase (Sargent

et al.1989). This suggests that the compos'ition of the T4 multienzyme

comp'l ex for synthes'i s of DNA precursors m'ight j nfl uence BrdUrd

mutagenesis. Furthermore, BrdUrd had little effect on the dCTP levels

ì ndi cati ng potentì a'ì 'insensi ti v'ity of the T4 reductase to al I oster j c

inhibition by BrdUTP. Consequently, there may be unexpected complexities

to the relationshìp between BrdUrd mutagenesis and dNTP metabolism, at

least for T4-infected F. colí.

Finally, altered dNTP levels might influence the repair of damaged DNA

(Franc'is eú a7. 1979). Consistent wjth thìs possìbi1 ity, fluctuatjons jn

DNA-precursor pools are often associated wjth increased or decreased cyto-

toxjcjty ìn response to mutagen treatment (Kunz 1988). DNA repaìr could be

affected in several ways. Hydroxyurea, an jnhibitor of ribonucleotjde

reductase and methotrexate, whi ch 'i nterferes wi th de novo purì ne

nucleot'ide and dTl'1P synthesìs, inhibjt excision repair of UV-, EMS- or

MMS-induced DNA damage in rodent or human cells (Snyder 1988; Borchers eú

al. i990). These results argue that inhibìtìon of de novo DNA precursor

synthesis blocks repa.ir repìicatjon as a consequence of dNTP depìetjon.

Even so, the s'ituation is not clear. Evidence as to whether dNTP depletjon

can inhjbjt the incisìon step of excìsion repajr is contradjctory (Coìììns

et al. I988; Snyder 1988; Borchers et al.1990). In add'itìon, elevated
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levels of dATP, but not other dNTPs, ffiâV also'inhibjt repair of UV damage

(Snyder 1988). To complicate the picture further, dep'ìetion of the dGTP

pooì to undetectable levels in CHO cells prevented removal of UV-induced

pyrim'idine dimers but did not block repair repì jcatjon and it was

suggested that repair mjght be 'aberrant' (e.9., termìnating prematurely)

under these condit jons (Coìì ins eú a/. 1988). S'imi'larìy, thym'idine kinase

defjc'iency appeared to jnhibit excjsion repair in mouse and human cells

(McKenna et al. i985; Intine and Ra'inbow 1990) but repair replication

occurred jn the mouse cells (McKenna and McKelvey 1986) where the dTTP

pool was reduced by about 50% (t^lilk'inson and McKenna 1989). In view of the

latter fjndings, ìt was suggested that dNTP misincorporation durjng repa'ir

synthes'is under conditions of DNA precursorimbalance might contrìbute to

the potentiat'ion of mutatjon inductìon by physical and chemical agents 'in

thymi di ne ki nase defì ci ent mouse cel I s (McKenna and McKeì vey 1986;

ld'i I k j nson and McKenna i989) . There mì ght be at I east three other

mechanisms linking dNTP pooìs and repair. First, dNTP jmbalances might

lead to the accumulation of DNA damage that could saturate repa'ir systems

I eav j ng an i ncreased number of mutagen-'induced DNA I es'ions unrepaì red. It
'is known, for example, that conditions causing dTTP dep'let'ion result ìn

DNA breakage that might arise from m'isincorporation of uracil into DNA

(Haynes and Kunz 1986). Second,'it was suggested that a sììght sensiti-

zat'ion of mouse cells to the lethal and mutagenic effects of EMS and MMS

by aden'ine phosphoribosyltransferase deficiency mìght be due to a

reduction in adenosine triphosphate (ATP) for ATP-dependent repa'ir enzymes

rather than to dNTP imbalance (Amara et al. 1991). Third, repaìr enzyme

activity might somehow be indjrectly regu'ìated by DNA precursor levels.

This admittedly speculatjve suggestion js based on the findjng that the
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act'ivity of å. coli photolyase, wh'ich monomerizes UV-'induced cyclobutane

djmers, 'is ìncreased post-translationally by aden'ine deprivation (Aìcorn

and Rupert 1990).

2"4 Consequences of dNTP Pool Imbalances in Human Cells In Vívo

Imbalances in the DNA precursor pools of growing cells jn culture can

enhance spontaneous mutatjon rates and modulate cellular responses to

physical and chem'ical mutagens. The means by which these effects may be

accomplished are beginning to be understood but puzzling observations

remajn. For example, dNTP excess seems to promote nucleotide mìsincorpo-

ration during DNA replìcation and to inhibit proofreadÍng of the m'is-

i nserted nucl eoti des . Yet the mutati onal spec'i f i c j t'ies observed are sel dom

those predìcted on the basjs of th'is and the expected dNTP imbalances and

it seems that additjonal factors must influence the types and locatjons of

substìtutions that occur. Similarly, mechanisms proposed to account for

the potentiation or reduction of jnduced mutagenesis fit well in some

cases but not in others. Certainly, a goal for the future will be to

'improve our understandjng of the mechanjsms linking dNTP imbalances with

spontaneous and i nduced mutagenesi s. Such knowl edge may have broad

'imp'ìications s'ince dNTP imbal ances can occur in human cel I s in vivo.

Evidence that expression of human fragi'le sites (detected as

constrictions, gaps or breaks 'in human metaphase chromosomes) and folate

deficjency (the most common v'itamin deficiency world-wide) are associated

w'ith perturbations in dNTP pooìs has been reviewed prev'iousìy (Kunz i988;

MacPhee et al.1988). Recently, dNTP pools in cells from patients w'ith

ataxi a tel angi ecúasi a (a genet'i c chromosome i nstabi 1 i ty dj sease whi ch

predìsposes to cancer) were found to be approximateìy two to three-fold
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larger than those for normal cells when the proport'ions of cells jn

S phase were taken'into account (Kenne and Akerblom 1990). The greatest

djfferences were observed for the pyrìmìdìne dNTPs and treatment of ataxia

telangiecúasi a cells with thymidjne caused a more pronounced elevatjon of

the dTTP pooì than for the normal strain imply'ing aìtered regulat'ion of

dNTP levels. It is an intrìguing possibilìty that these irregularjt'ies may

contribute to the ataxia telangiecúasia phenotype. Unequivocal evidence

that dNTP imbalances can occur in vivo comes from studies of certain human

immunodefic'iency syndromes caused by the absence of adenos'ine deaminase

and purine nucleosjde phosphory'ìase (Boss and Seegmi'l'ìer 1982). These

enzymes partì cì pate i n the catabol j sm of aden i ne or guan'i ne dNTPs,

respectiveìy, and affected 'individuals have elevated levels of dATP or

dGTP which are toxic to T cells (Simmonds et al. 1982b; Barankiewicz and

Cohen 1984). Under more normal cond'itions, dNTP ìmbalances mìght be caused

by the breakdown of DNA from dead or dying ce'lls and it has been suggested

that blood platelets may pìay a roìe in bufferìng DNA precursolimbalances

ìn the peripheral circulatjon (Shaw I988). These observations plus the

abiljty of engineered disturbances jn DNA precursor levels to modulate

spontaneous and induced mutagenesis argue that dNTP poo'ì baìance may be an

ìmportant contributory factor to the maintenance of genet'ic stabjlity in

human cells in vivo.

2.5 ÅlKyl ation Hutagenesi s

El'1S and MNNG ( Fi gure 4) , the two chemì cal mutagens used 'i n thi s

project, are well-known monofunct'ional aìkyìat'ing agents that are known to

be mutageni c and carc j nogenì c (for rev'iews, see G'ichner and Vel emínsky

1982; Singer and Grunberger 1983; Sega 1984; Saffhjll et aL 1985).
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Figure 4. Chemical Structures of EHS and HNNG. The

shown in boxes. A: ethyì methanesulfonate

ff '-nitro-rV-n'i trosoguan'idjne (MNNG) .

reactive groups are

(EMS) ; B: rV-methyl -
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Neither compound occurs naturally jn the environment. EF|S was synthesized

for the first time jn i905 by react'ion of methanesulfon'ite anhydride with

ethyl alcohol (Billeter 1905) and MNNG in 1947 by nitrosat'ion of ff-methyl-

ff'-nitroguanidine (McKay and l,{night 1947). Nevertheless, both alkylating

agents have been widely used for sc'ientifjc investigat'ions, and study'ing

these compounds has helped to understand the jnteraction between mutagens

and DNA, mechan'isms of mutation induct'ion and the repair of alkylation

damage in DNA.

Alkylation of DNA is believed to be the primary reason for mutation

inductjon by chemical agents such as EMS and ['îNNG. However, both agents

are able to alkylate proteìns and some of their cytotox'icity could be due

to this effect. Interestingly, in addition to the transfer of an alkyl

group, MNNG has a second way to interact with proteins (at lysìne or

cysteine residues) due to its guanidino group which can cause nitro-

amidation of proteìns (McCaìla and Reuvers 1968; Nagao et al. 1969; Lawley

and Thatcher 1970). In part'icular, thìs nitroamidat'ion reaction is thought

to be the reason that l'lNNG, more than other mutagens and carcinogens, can

inhibit enzymes including the DNA polymerase 'in hamster fibroblasts and

DNA poìymerases I and III of E. coli (i'1NNG can inh'ibit the polymerase and

endonucl ease functi ons of poìymerase I i I ) (Anderson and Burdon 1970;

Jiménez-Sánchez 1976; Hel I ermann and Bi I I en 1978) .

Alkylating agents can transfer their react'ive alkyì group to a variety

of cel I ul ar, nucl eoph'il j c centres such as the rì ng rV atoms and exocycì 'ic

0 atoms of purìnes and pyrìmìd'ines or 0 atoms of the sugar-phosphate

backbone (Singer and Kusmjerek 1982). Poss'ible alkylat'ion targets in the

DNA are depicted in Figure 5. Nucleophilic substjtutions can either follow

an S¡1- or S¡2-type reactìon. S¡rl-reactions are two-step reactìons, where
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tÍgure 5. Poss'ible Targets in DNA for A1Kylating Ågents. One A.T (top) and

one G.C (bottom) pa'ir from a DNA molecule are shown aìong with

the sugar-phosphate backbone on the purìne sjde of the base-

pa'irs. Potent'ial a'lky'lat'ion s j tes are shown i n ci rcl es

(informatìon given jn thjs fìgure ìs rev'iewed jn Beranek 1990).
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the generated eìectrophi'l'ic carbonation intermediate (the first rate-

limitjng step) ìs rap'idly trapped by a nucleophilic centre on the macro-

molecule (DNA) formjng a covalently bound adduct (second step). in an S¡r2-

react'ion, the agent carryi ng the a'l kyi group forms a trans'iti on compì ex

with the macromolecule (DNA). This complex then gives rise to an alkyìated

product w'ith the rel ease of the I eavi ng group (one- step react'ion ) . Sro2-

react'ions are therefore strictly dependent on steric accessibjlity. The

transfer of an ethyl group from EMS can occur ei therin an Srl or SnZ

fash j on, whi I e MNNG- induced methyl at'ions fol I ow only the S¡1-react'ion

pathway (Lawley 1974;0'Connor 1981; Swenson 1983). The djfference'in the

type of reaction is reflected in the individual in vitro a'lkylation

patterns jdentjfied for EMS and MNNG (Table l).4 further po'int which is

rel evant to the mutageni ci ty of each agent i s that with the except'ion of

06-alkylguanjne and ff-3-alky'ladenìne, ethylated adducts tend to have a

ìonger halflife in vivo than their corresponding methylated species (Den

Engel se et a /. 1987 ; Si nger 1985) .

2"5"7 Hechanisms Involved in Alkylat'ion t{utagenesÍs

The mutagenicity and carcìnogenìcity of an alkylatìng agent was ljnked

ear'ìy on to its abiììty to aìkyìate the 06 position of guanìne (Loveìess

1969). For both alkylatìng agents used in thjs study, the major premuta-

tional les'ion is bel'ieved to be 06-alky'ìguan'ine (Loveìess 1969; Lawley and

Shah 1972) wh'ich can m'ispaìr w'ith thymine ín vitro (Abbott and Saffhill

1979; Dodson et al.1982; tadie eú a/. 1984; Loechler eú a/. 1984; Snow eú

a|.1984a; Saffhill and Hall 1985; Bhanot and Ray 1986; Topal et al. 1986;

|{jll iams and Shaw 1987) . In vivo, this should lead to G.C to A.T

iransitions and, indeed, anaiysis of tMS- and fiNNG-jnduced mutations'in a
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Table 1. In Vit,ra AlKylation Pat,terns of DNÂ"

S i te of al kyì at'i on EMS MNNG

Aden i ne

tr-1

tr-3

N-6

N-7

Cytos i ne

02

ru-3

Guan i ne

tr-t

N-2

/V-3

06

N-7

Thymi d'i ne

02

fr-3

04

Phosphod ì esters

r.7b

4.2-4.9

ND"

1.1-1.9

0.3

0.4-0.6

ND

ND

0.3-0.9

2.0

58.0-65.0

I .0b

12.0

NRd

NR

NR

2.0

NR

NR

NR

7.0

72.0

NR

NR

NR

NR

ND

ND

ND

12.0-i3.0

a

b

c

d

Data as rev'iewed in Beranek (1990).

Percent of total DNA alkyìatìon.
Not detecled / below limits of detection.
Nnf ronnr^t orlItvv I vPvl uvu.
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variety of systems has revealed that G.C to A.T substitutions predominate

(Prakash and Sherman 1973; Coulondre and M'iller 1977; Dodson et aI. 1982;

Loechler et al.1984; Burns et al.1986, 1987; Lebkowsk'i et al.1986;

Lucchest et al . 1986; Ashman and Dav'idson 1987a; Reed and Hutch'inson 1987;

Rìchardson et al.1987a; Gordon et al. 1988; Ingle and Drinkwater 1989).

There is also evidence that alkylation at the 04 pos'itìon of thymine

(Lawley et al.1973), which could lead to A.T to G.C transitions, might

play a mìnor role in tMS and MNNG mutagenesìs (Prakash and Sherman 1973;

Ripìey 1975; Coulondre and Miller 1977; Saffhill and Hall 1985; Burns eú

al.1986, i987; Preston et al. 1986, 1987; Sìnger 1986). It was assumed

that the mispaìring of 06-alky]guanine with T and of 0a-alkylthymine wjth

G were directed by the formation of stable hydrogen bonds. This notion

arose from the beljef that base selection during DNA synthesjs is directed

by the formation of a suitable |llatson-Crick base-pa'ir with the newly

'inserted dNTP (McHenry 1988). In order for the alkylated base and T or G

to hydrogen bond stab'ly, it was thought that the aìkyì group had to be

posìtioned anti to the il-1 of guanine or fi-3 of thymìne, respectively.

Thjs led to the predicted mìspaìrìng structures shown in Figure 6 (Sìnger

1980; Brennan et al.1986; [.lill'iams and Shaw 1987). More recentìy, the

results from nuclear magnetjc resonance (Nl'1R) and X-ray crystaììography

studjes indicated that the alkyl group 'is actual'ly posjt'ioned syn to the

lV-1 of guanìne or /V-3 of thymìne, respectìvely (Brennan et al . 1986;

Parthasarathy and Fridey 1986; Yamagata et al. 1988; Kalnik eú a/. 1988a,

1989a). Posjtjoning the aìkyì group in syn to the fi-3 of guan'ine or fl-1 of

thymi ne, I jm'i ts the formati on of hydrogen bonds and the mì spai ri ng

structures shown ìn Fjgure 7 were pred'icted (Kaìnik eú a/. 1988a, 1989a).

The lack of stable hydrogen bonds would make mjspa'irìng wìth an aìkyìated
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Figure 6. Possible Structures for d-Hethy]G.T and d-metnylT.G Hispairs

Assuming the Format'ion of Stable Hydrogen Bonds (modified from

Swann 1990). Note that all alkyl groups (shown in circles) are

positioned anti to the,V-1 of guanine and,V-3 of thymine,

respectiveìy. The configuratjon of 0a-methy'lthymìne alIows the

pred'icti on of two hypothet'ica'ì hydrogen bond formati ons. A:

0ó-methylG.T; B and C: 0a-methylT.G.
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F'igure 7. Hypotheti cal Structures for t,he Format'ion of 0u-ffiethyl G .T and

O1-HethylT.G Hispairs Suggested from the Results of fqHR and

X-Ray Crystallography Stud'ies (mod'ifed from Swann 1990). Note

that all alkyì groups (shown in circles) are postìoned syn to

the /V-1 of guanine and /V-3 of thymìne, respectìvely. A:

06-methylG.T; B: 0a-methylT.G.
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base a rather weak link in the DNA structure. Nevertheless, two different

observations support the assumption that thjs could be the structural

basjs for the m'ispairing of alkylated bases in DNA. Fìrst, poly 06-methyl-

guanine is not able to form a stable compìex with a poìy(U) o'lìgonucleo-

tide (uridine ìs preferent'ially incorporated opposite 06-aìkyìguanine by

RNA poìymerase; Gerchman and Ludlum 1973) as would be expected if the

formatjon of stable hydrogen bonds was jnvolved in the mispairìng (Mehta

and Ludlum i976). Second, melting point stud'ies of DNA dup'lexes conta'inìng

06-methyìguanìne (or 0a-methyìthymine) showed that ol'igomers which had the

aìkyìated base paìred with a C (or A) had h'igher meìt'ing poìnts than

oì igomers conta'ining 06-methyìG.T (or 0a-methylT.G) paìrs (Gaffney et al.

1984; Li et al. 1987; Gaffney and Jones 1989). Both observations agree

w'ith the presence of destabil ized mispa'irs and the lack of stable hydrogen

bonding. Severaì poss'ibilities have been d'iscussed to expìaìn why 06-aìkyì-

guanìne and 0a-alkyìthymìne should mìspaìr wjthout the ìnvolvement of

stable hydrogen bonds (Leonard et al. 1990; Swann 1990). 06-alkylguanìne

and 0a-aikyìthymìne share physical similarities w'ith adenjne and cytosìne,

respectiveìy. if DNA poìymerase activeìy recognìzes the template

nucleotide and selects the nucleotide to be incorporated, as some data

suggest (Fersht et al. 1983; Boosalìs eú a7. 1987; El-Deiry eú a7. 1988),

the alkyìated bases mìght be mistaken for an A or C. Consequently, a T or

G, respectively, could be selected for incorporation oppos'ite the

al kyi ated bases. In additjon, 06-methylG.T and 0a-methylT.G pairs have the

aììgnment of normal l.latson-Crick base-pairs wjth /V-1 of the purine posì-

tioned across from the ff-3 of the pyrimid'ine. 06-methylG.C and 0a-methylT.A

base-pa'irs have a wobble alignment v¡here the alkylated base is moved into

the major groove of the DNA structure causing a distort'ion jn the phospho-
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d'iester-sugar backbone (Kaì ni k eú al . 1988a, b, 1989a, b; Leonard et al .

1990). Such d'istortions could jnterfere with polymerase action and slow

down the rate of insert'ion of the next nucleotjde thereby ìncreasìng the

probabi I ì ty that the i nserted base i s removed by proofreadi ng. 06-methyl G'T

and 0a-methylT.G pairs are stenica'lly much more acceptab'le and could confer

a greater stack'ing stab'i I i ty. Therefore, mì spa'iri ng i nvo'ì vì ng a'l ky'l ated

bases could be the result of a'better fit'w'ithin the'larger structure of

the DNA molecule rather than be'ing the consequence of stable hydrogen bond

formati on.

Next to mispaìring of aìkylated bases during DNA repììcation, two

other possìble mechanjsms for the mutagenìcity of alkylating agents have

been discussed. First, cytosines which are situated across from 06-alkyl-

guanìne could be more prone to deamjnate as a result of'cross strand

protonat'ion' (Ì,l'il I i ams and Shaw 1987) . Deami nati on of cytos'ine generates

urac'iì, which, if left in place paìrs with adenine during DNA repl icat'ion.

Therefore, it was suggested that an increased probabiìity of deam'inatìon

due to aì kyì atìon at the 06 pos'itìon of guanine could lead to a rise jn the

formatjon of G.C to A.T transitions (Richards et al. 1984; Sowers et al.

1987). Recently, a comparìson of tMS mutagenesis in wjld-type and urac'il-

DNA gìycosyìase defjcient strains of E. coli jnd'icated that cytosine

deam'inatjon could be a potential source of alkylatìon mutagenesjs (Fix eú

al . 1990). Second, apurinic/apyrìmidjnic (AP) sjtes have been impl icated

as a mutagen'ic lesjon produced by monofunctìonal aìkylating agents

(Drìnkwater et a7. 1980; Foster and Eisenstadt 1985; Loeb 1985). AP sites

can occur due to spontaneous loss of a'lkyìated bases (i.e. ff-7-aìkyì-

guanìne) or as a consequence of enzymatic removal of alkylbases includìng

ff-3-aì kyipurìnes and 02-al kylpyrim'id.ines (Evensen and Seeberg 1982; Karran



50

et al. 1982; Lindahl 1982; McCarthy et al. 1984). Subsequent'ly, mutations

mìght arise as a result of DNA polymerase preferent'ially mìsinsert'ing

purines across from AP s'ites during repìicative by-pass of these DNA

les'ions (Sagher and Strauss 1983). That this mechanism might contribute to

the generation of mutations was supported by the observat'ion that E. coli

mutants defjcient for AP endonuclease (an enzyme requìred for the repa'ir

of AP-s'ites; see below for details) showed increased lethality and muta-

genìcìty following MNNG treatment compared to wild-type cells (Foster and

Ei senstadt 1985) . These effects were counteracted by the presence of a

second mutation dì sabl'ing the rV-3-methyl adenine-DNA gìycosy'lase, an

enzymatìc activ'ity that creates AP-s'ites at methyìated nucleotides (Foster

and Eisenstadt 1985).

2"5"? S'ite and Strand Specificity of Alkylat'ion þlutagenesis

Recently, MNNG-induced mutatjons 'in the 7acl and gpt genes of Á. coli

and the cI gene of bacteriophage I have been found to occur preferentìa'lly

at G.C pairs where the guanìne is preceded (5') by a purine, most often

guanine (Burns eú al . 1.987; Reed and Hutch jnson 1987; R'ichardson et al .

1987a; Gl ìckman et al . i987; Gordon et al. 1988). It was suggested

(Horsfaì1 et al. 1990) that this preference for sites which are preceded

by 5'purìnes is correlated to the reaction mechanjsm of the alkylation

agents. Thjs was based on the observations that: 1. the same s'ite

preference was found j n bacteri al and mamma'l ì an systems for a number of

other S¡¡l type agents includjng fi-methyl -ff-njtrosourea, ff-ethyl -ff-nitroso-

urea, ff-propy'ì -N' -njtro-rV-nìtrosoguanidine and dìaìkyìnitrosamines

(DuBrìdge et al. i987; Richardson eú al.1987b; Burns eú al.1988a,b;

Horsfall and Glickman 1988, 1989; Horsfall et al.1989; Van der Vliet eú
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al . 1989) and 2. the site preference was mìss'ing for agents whjch reacted

more by a S¡2 type pathway such as dimethyìsulfate and El4S (Burns et al.

1986; Ashman and Davjdson 1987a; ingle and Drjnkwater 1989; Zielenska eú

al. 1989). Conce'ivably, severaì factc¡s could determine where mutatjons

occur during alkyìatjon mutagenesis. First, DNA sequences surrounding a

potent'ial target sjte mìght influence the reactiv'ity of this site with the

alkylating agent and determine its accessabjljty to the agent (Horsfa'ìì eú

al . 1990). Second, neìghbouring bases could affect nucleot jde 'insert'ion

across from alky'lated bases (Singer et al. 1989). Third, the effìciency of

DNA repair of alkylat'ion damage mìght be sequence dependent (Burns et al.

1986; Dolan et al.1988). However,'invoìvement of DNA repair in site

spec'if ì cì ty 'is controversi al . Anaìys'is of l'lNNG- i nduced sequence

al terati ons i n F. col i hav'ing defects 'in vari ous repa'ir genes showed no

indjcatjon that the defects altered the 5'specifjcity observed in wjld-

type strains (Burns et al. 1987; Richardson eú a/. 1987a; Gordon eú al.

1988). It was therefore concluded that the preference for a 5'purìne

refl ected the di stri buti on of the al kyl atì on damage rather than the

specìfic'ity of its repa'ir.0n the other hand, a number of studies showed

that the repa'ir efficjencies of prokaryotìc and eukaryotic enzymes are

sequence dependent and that aìkylated bases having a 5'G are repaìred at

the slowest rate compared to bases positioned 5'to pyrimìd'ines (Topal et

al.1986; Dolan et al. 1988; Topal 1988; Pegg and Dolan 1989). Even though

EMS mutagenesìs showed no preference for occurring at sites hav'ing a

5'-purìne, excision repair mìght affect the site specìficity of tl4s-

ìnduced damage. It was demonstrated that only'in exc'is'ion repair pro-

ficjent strains of E. coli were tMS-induced mutations more likely to occur

at sjtes whjch were flanked 3'and 5'by a G.C pair (Burns et al. 1986).
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A bias for MNNG-'induced mutations at s'ites where the guanjne is on the

non-transcribed strand has been reported for the r c/ and E. coli gpt

genes (Reed and Hutchinson 1987; Richardson et al.1987a). Such a bias

mìght be predjcted on the basjs of strand-specifìc replication or repair

(Mellon et a/. 1987; Wu and Maeda 1987). However, the removal of ff-methyì-

purines from the dihydrofoìate reductase gene of CHO cells has been

reported to occur at sjmjlar rates on the transcribed and non-transcribed

strands (Scìcchitano and Hanawalt 1989, 1990). Sjnce the strand preference

was limited to a few mutational studies analyzìng MNNG-jnduced mutatìons,

it was suggested that the b'ias could have been due to a non-random

dìstrjbut'ion of sequences partìcularly prone to target MNNG mutagenesis

rather than to preferenti aì repa'ir (Gordon and Gl'ickman 1988) . Strand

preferences have not been detected for EMS mutagenesìs in f. coli (Burns

et al. 1986).

2.5 
" 
3 Repa'ir of Al kyl ati on Damage i n the Dt{A

As indicated above, repair of alkylatìon damage might p'lay a role jn

the specificity of alkylation mutagenesis. Repa'ir systems for alkylation

damage in prokaryotes, nameìy E. coli, have been much better described so

far than those'in eukaryotes, including yeast. However, jnjtjal studjes

have 'ind'icated that there coul d be di fferences i n the repai r systems and

partìcularly in the way they are regulated in prokaryotic and eukaryotic

cel I s.

Generally, three different repaìr pathways have been assoc'iated wjth

the removal of al kyl ati on damage: 1 . el imi nati on of the aì kyl ated

nucleotjde by enzymes of the excis'ion repa'ir compl ex; 2. detachment of the

alkyl group by an alkyl transferase; and 3. exc'isjon of the alkylated base
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by an alkyl-DNA glycosylase. Even though ethyìatjon damage is recognìzed

by enzymes of the exc'ision repa'ir comp'ìex, and nucleotides ethylated at

the 06 or 0a posit'ion of guan'ine or thymine, respect'iveìy, are excised

([{arren and Lawley 1980; Todd and Schendel 1983; Samson et al. 1988; Vo'igt

et al.1989), excis'ion repaìr seems to be requìred primanily for the

removal of nucleotides carrying more compìex alkyìation groups (Todd and

Schendel 1983; Samson et al. 1988). The repa'ir of short-chained alkyìation

groups, such as those transferred by the agents used in this study,

apparently reìy main'ìy on the activity of alkyl transferases and alkyl-DNA

gì ycosyì ases .

Repair of the major premutatìonal les'ion 06-alkyìguan'ine js carrjed out

by the 06-al kyl guanj ne-DNA al kyl transferase (AT) . Thì s proteì n catalyzes

the transfer of the al kyl group and al so acts as the al kyì group acceptor

prote'in. The a'lkyl group'is transferred to an jnternal cysteìne and the AT

actjvity is inactivated by this process. Therefore, the repaìr of 06-aìkyì-

guanines 'in this fash'ion is l'imited by the number of AT molecules present

in a cell (Demple and Karran 1983; Yarosh 1985; Lindahl et al.19BB).

Since the AT acts only once as an a'lkyì acceptor, it is not an enzyme in

the strict sense of the defin'it'ion. However, even though there is no

evìdence for the restoratjon of the protein activity under various

conditions in vitro, the compìete absence of regeneration of the acceptor

site in vi ro has not been proven (Pegg 1990).

Two distinct AT activ'ities are encoded by the E. coli ada and ogt

genes. The ada gene product is the 'larger protein and provides a dual

function as an AT and transcriptìonal actjvator of the'adaptive response'

(for details, see beiow) (Teo et ai. 1984; Sedgwick eú ai. 1988). The ogû

gene product js a non-inducibìe enzyme which only has AT act'ivity and is
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the major AT protein present in uninduced cells (Rebeck et al. i989;

!jilkìnson et a/. 1989). Both prote'ins remove alkyl groups not only from

06-alkylguan'ines but also from 0a-alkylthymines and methyìphosphodiesters

(Foote et al. 1980; 0lsson and Lindahl 1980; Dempìe et al. 1982; McCarthy

et al. 1983; McCarthy and L'indahl 1985; Potter et al.1987; [,Jjlkjnson eú

a\.1989). Generalìy, methyl groups are the preferred substrate but ethyl

groups can be removed as well aìthough at slower rates (Sedgwìck and

Lindahl 1982; Pegg eú a/. i984). ATs have been identjfied in a number of

dìfferent eukaryot'ic organìsms, includìng yeast, rodents and humans

(Yarosh 1985; Koike et al. 1990; Pegg 1990; Sassanfar and Samson 1990; von

l,lronski et al. 1991). They are able to remove ethyì and methyl groups but

the'ir substrate specifìcity seems to be l'imited to 06-al kyìguan'ines. Their

capabil ity to deal wìth 0a-methyìthymine is st'ill under debate (Pegg et al .

1984; Yarosh 1985; Brent et al. 1988; Sassanfar et a7. l99I; Xiao eú a/.

1ee1).

Removal of an aìkylated base from DNA by hydrolys'is of the rV-glyco-

sy'l ì c bond between the deoxyr j bose and the aì ky'lated base requ'ires the

actjvity of an alkyl-DNA glycosy'ìase. in E. coli, two djfferent alkyl-DNA

glycosylases have been ident'ified, rV-3-methyladenine-DNA glycosylases I

and il (encoded by the úag and a/k,4 genes, respectìvely). Sjmilar to the

reguìation of the two alkyltransferases found'in E. colí, one of the

alkyl -DNA glycosy'ìases js expressed constitutive'ly (tag gene product)

while the other ìs part of the adaptive response (see below) to alkylating

agents (alkA gene product) (Rjazuddjn and Lindahl 1978; Evensen and

Seeberg 1982; Karran et al.1982; Nakabeppu eú a/. 1984). These alkyì-DNA

gìycosy'ìases seem io repair prìmarjly alkyìation damage that js cytotoxic.

Both are abl e to remove il-3-methyl aden'ine and rV-3-ethyì adeni ne. In
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addition, ü-3-alkyladenine-DNA glycosylase Ii can excise ru-3- and N-T-

methyladenine, /v-3- and rv-7-methylguan'ine, 02-methyìcytosine, 02-methyl -

thymìne and thejr ethylated analogs (Friedberg 1985; [{alker 1985; Claverys

and Lacks 1986; Li ndahl et al . 1988) . Mutants defì c i ent i n al kyl -DNA

g'lycosyì ase acti vi ty are extremely sens'it j ve to the I ethal effects of

aì kyì ating agents (Evensen and Seeberg 1982; Cl arke et al . t9B4) .

ff-3-methyladenine-DNA g'lycosyìases have also been'identifjed in mammaljan

cells (Cathcart and Goldwa'ith i98i; Gaììagher and Brent 1982; Male et a/.

1985) and yeast (Chen et al. 1989, i990; Berdal et al. 1990). The yeast

enzyme is capable of removing rV-3-methyladenine as well as fi-7-methyl-

guanìne, its gene is alkylation inducible and its amino acid sequence

shows homology to the E. coli a/k4 gene product (Berda'l et al. 1990; Chen

et al. 1990).

The act'ion of an alkyì-DNA glycosyìase creates an AP site which needs

further processìng by an AP endonuclease to continue the repaìr process.

AP endonucleases hydroìyze the phosphodiester bond next to the AP s'ite.

The AP endonucl eases associ ated wi th al ky j ati on repa'i r are e'ither

characterized as class I or class II enzymes (Sancar and Sancar 1988).

Class I enzymes create 3'-0H and 5'-P termini 3'to the DNA lesjon whereas

class II enzymes create 3'-0H and 5'-P termini 5' to the les'ion. A'lthough

AP endonucleases are usualìy very specifìc'in the way they catalyze the

incjsion reaction, one enzyme has been descrjbed which can be classìfied

j n more than one category . Th j s AP endonucl ease ( 'i so'l ated from human

p'lacenta) can either act as a class I or a class Ii enzyme (Grafstrom eú

al. 1982). In E. colí, endonucleases Iii and IV (the xúh and nfo gene

products, respectively), have been imp'licated jn ihe repaìr of AP sjtes

followjng alkylat'ion mutagenesjs (Foster and Davjs 1987; Sancar and Sancar
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1988). Several class I and II AP endonucleases have been jdentified in

yeast (Arme1 and hlallace 1984; Johnson and Demple I988a;b) and one of

these (encoded by the APNI gene) shows sequence homology to the nfo gene

in E. coli. Therefore, APNI couìd possibìy be jnvolved 'in the repaìr of AP

sjtes anisjng after aìkyìatjon damage ìn yeast (Popoff et al. 1990).

Subsequent to phosphod'iester hydro'lys'is by the AP endonuclease, the

abasic sugar js removed by an exonuclease and the gap is then fjlled with

the correct nucleot'ide by DNA poìymerase and the remaining nick sealed by

DNA I ì gase.

Samson and Ca'irns (I977 ) discovered that E. coli cells which were

exposed to low doses of MNNG dispìayed a markedly increased resistance to

the mutagenic and kilìing effects of MNNG and other aìkyìatìng agents.

This inducible defense reactjon to alkyìation damage was termed the

'adaptive response'. Since then, it has been established that the adaptive

response involves the induction of genes encoding enzymes specific for the

repaìr of alky'lat'ion damage: 06-alky'ìguanine-DNA aìkyìtransferase (ada) and

ff-3-methyladenìne DNA glycosylase (alkA) (Evensen and Seeberg 1982;

Lindahl 1982; Karran et al.1982; McCarthy et al.1984; Dempìe et al.

1985). In addition, two genes wjth unknown functions (alkB, aidB) are also

part of the adapt'ive response (Kondo et al. 1986; Volkert eú a/. 1986).

The expression of these genes is regulated by the ada gene product, a

proteìn that functions as an aìkyìtransferase and a transcript'ionaì

actjvator (Teo eú a/. 1984; Nakabeppu and Sekjguchì 1986). The Ada proteìn

contai ns several cyste'i nes, one of whi ch (posj tì on 69) accepts methyì

groups removed from methyìphosphotriesters while another (position 321)

acts as an acceptoi for al kyì gì"oups from 06-aì kyì guan'ines and 0a-al kyl -

thymines (Demple eú a/. i985; Teo eú a/. 1986; Sedgwìck 1987). Methylation
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of the phosphotriester methyl acceptor site, but not the methyl acceptor

sìte, is requjred for the activation of the Ada protein as a transcrìp-

tjonal act'ivator. The act'ivated form then stìmulates transcrjption from

promoters of genes'involved in the adaptive response (Teo eú a/. 1986).

As for mammal ian cells (rev'iewed 'in Frosina and Abbondandolo i985;

hlani eú a/. 1989), the evidence for the existence of an adaptive response

in 5. cerevísiae js stjll controversjal. There are several reports that

yeast lacks an adaptive response to a'lkylation treatment (Maga and McEntee

1985; McBlane and Kì'lbey 1985; Polakowska eú al.1986) but a number of

genes can be jnduced by treatment wjth alkyìatìng agents 'includìng the

genes for DNA I ì gase , DNA pol ymerase I , ri bonucl eot i de reductase,

ubìquìtin and ff-3-methyl adenine DNA glycosyl ase and several damage

'inducible genes whose functions are stjll un'ident'ified (Johnston and

Nasmyth 1978; Peterson et al. 1985b; Ruby and Szostak I985; Johnson et al.

1986; E'lledge and Davis 1987,1989; Johnston et al.1987; Hurd et al.

1987; Treger et al. 1988, Chen et al. 1990). The presence of these damage

inducible genes suggests that yeast might be capab'ìe of a coordjnated

response to DNA damaging agents. However, although the AT proteìn of

eukaryotes shows homology to the [. coli ada gene product, jt lacks the

portìon correspondìng to the ada transcriptìonaì actjvator reg'ion (Tano eú

a|.1990). Therefore, it stìll rema'ins to be determined jf regulation of

enzymes involved in the repaìr of alkylation damage jn eukaryotes is

comparab'ìe to that for [. col i .

2.6 Purpose of This Study

The aìm of th j s project was

dNTP jmbal ances and al kyl ati on

to jnvestìgate the rel ationshìps between

mutagenesìs jn the yeast S. cerevisiae.



58

Three related parts were ìnvolved. F'irst, the mutatjonal spec'ificities of

three d'ifferent types of dNTP imbalance were determjned: dTTP depletion,

dTTP excess and dCTP excess. Second, EMS- and MNNG-induced mutat'ions were

characterized under condjtjons of balanced dNTP poo'ìs. Third, the effects

of elevated dCTP levels on the lethal'ity and mutagen'icìty of EMS and MNNG

were measured. In each of these three parts, DNA sequencing was used to

characterize forward mutations 'in the yeast suppressor transfer RNA (tRNA)

gene SUP4-o. Knowledge of the types of sequence alteration and thejr

frequency and location with'in a singìe gene can prov'ide valuable clues

about the les'ions and mechanisms responsible for the changes. This

'informati on, p'lus compari sons of mutat j onal spectra, facì I j tated an

examinat'ion of the following questions. i. Are mutat'ions jn strains w'ith

imbalanced dNTP levels caused by m'is'insertjon of the dNTP(s) in excess?

2. Are such m'isjnsertion events influenced by DNA sequence context and js

there evidence for a next-nucleotide effect jn yeast in vivo? 3. Do

mutatjons'induced by dNTP jmbalances show a strand bias? 4. Are 06-alkyl-

guani nes the major premutat'ional I es j on for EMS and MNNG mutagenes'is 'in

yeast? 5. Is there evidence for influence of DNA sequence context on EMS-

and I'INNG-induced mutations and do alkylation-induced mutations occur more

frequently on the transcribed or non-transcribed strand? 7. Do elevated

dCTP levels decrease EMS- and MNNG-induced mutat'ions'in yeast and, ìf so,

is this decrease associated with a reduction'in G.C to A.T transitions?
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MATERIALS AND I4ETHODS



60

3 MATERTALS ÅruD HETHODS

3.1 Strains and Plasmids

All haploid strains of the yeast S. cerevisíae used throughout this

study are'isogenìc derivatives of the wild-type strajn FlKp-0. MGK-d js

defjcient for dcMP deaminase (dcdl), sBT ìs dTMP-permeable (tup), sBT-T'is

dTMP-permeabìe and auxotrophic for dTMP (tmpl), whìle SBT-TL is a variant

of SBT-T that requjres less dTMP for normaì growth. Comp'lete genotypes of

these stra'ins are gi ven 'in Tabl e 2. Construct j on of MKP-o and MGK-d i s

described elsewhere (Pìerce et al. 1987; Kohalm'i eú a/. 1991) whereas the

constructi on of the vari ous SBT strai ns i s detai I ed i n the Resul ts

section. Stra'ins carryìng the plasmid YCpMP2 (see beìow) are designated

l',lKP-op, MGK-dp, SBT-p, SBT-Tp and SBT-TLp. The dipìoid yeast strain gtl2T

(Tayìor et al.1987) was used as a source of DNA for hybrìd'izatjon

controls. The F. coli strain JFi754 (Tabìe 2) was used to recover p'lasmid

DNA from yeast cel I s.

YCpMP2 (Pìerce et al. 1987) ìs a yeast-bacterial shuttle vector whjch

can replicate autonomousìy in yeast and in E. coli (Fìgure 8). The vector

contains a replication orìgin (/RSl), a centromere sequence (CEN4) and a

selectable marker (URA3) from yeast and the replication orig'in (REP) and

the ampicilljn resjstance determinant (AtfÊ), the ß-lactamase gene, from

the bacterial pìasmid pBR322. The cEN4 sequence allows YCpMP2 to be

majntained predomìnantly at a copy number of one (Newlon 1988) in hapìoid

yeast cel I s . In addi tì on, YCpMP2 carri es SUP4-o, an ochre suppressor

allele of a yeast tyrosine tRNA gene. In thìs study, SUP4-o.is used as a

mutatjonal target. The repììcatìon origin from the fjlamentous phage Ml3,

whjch permìts the generation of sìngìe-stranded p'lasm'id DNA (Dente et al .

1983; Levjnson et al.1984; Zagursky and Berman i984), ìs also part of
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ïable 2" Strajns Used in This Study

Strajn Genotype Reference or Source

MKP-o l4ATa canl-100 ade2-1 lys2-1 ura3-52 Pjerce et al. (198i)

his3-¡200 leu2-3,112 trpl-n901

MGK-d as for MKP-o but al so LEU2::dcdl constructed by M. Glattke

SBT as for MKP-o but al so tuproou

SBT-T as for SBT but also LEUZ::tnpl

constructed for this study

constructed for thìs study

SBT-TL as for SBT-T but tupro" jnstead of constructed for this study

t tJ p ,oo^

gtl2T MATa/MATa URA3/ura3-52 HI54/his4-519 Tayior et al. (1987)

I euZ-3, I 12/ I eu2-3, I l2 tuprs6/ tuprcr^

TMPl/LEU2::tmpl

JF1754b ¡/ac gat metB leuB hisB436 Pierce et al. (1987)

hsdR rpsL

" Subscrìpts jndjcate the concentration of dTMP (in pg/n1) requ'ired for

normal growth.

b Escheri chi a col i .
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Figure 8. Structure of YCpHP2" The 1.06 kb HindIII-Ba¡nHI fragment carry'ing

SUP4-o is not drawn to scale.
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thjs vector. pTL46 (Tayìor

descri bed i n secti on 4. 1 .

3"2 Media Recìpes

A. YPD (Sherman et al.

64

et al. 1987) was used for constructing SBT-T as

re83):

per ì ìter: 20.0 g dextrose
20.0 g Bacto peptone (Dìfco)
10.0 g Bacto yeast extract (D'ifco)

For yeast strai ns carryì ng a tup mutati on, i .5 g potassì um

phosphate (monobasìc) was added and the medium was then desìgnated
YPDP.

B. SD (Synthetic 14inimal Dextrose):

per I iter: 40.0 g

6.7 g

dextro se

Bacto yeast nìtrogen base w/o amjno acids
(Di fco)

Requìred nutrients were added at the concentratjons suggested by
Sherman et al. (I983). To enhance colourìng due to the ade?-l
a1leìe, adenine uras added at half (for SBT-TLp: at one third) the
recommended concentration (Zimmermann 1973).

SD media for yeast strains carry'ing a tup mutatjon contajned twice
the normal concentratjon of standard media components and requìred
nutrients. To prevent caramel'ization of the sugar, dextrose was
prepared as a 0.33 g/ml solution, filter sterilized and added after
autoclavìng and cooling of the medjum to 45"C.

C. l'1S (methotrexate,/suìfanìlamìde) :

per ì j ter: 100.0 mg methotrexate (Sigma)
5.0 g sul fanilamìde (Sìgma)

Methotrexate was added to water and concentrated NaOH was added
drop-wìse to increase the pH to i2.0. After the methotrexate
di sso'ìved, the pH was reduced to 7 .0 by addì ng HCI drop-w'ise.
Sulfanilamide was then added and d'issolved by heatjng the mixture
to 65"C. After cooling, components for YPDP oi SD medium were added
as described above.



D. All media used with SBT and

dTl'lP concentrat'i on i n med i a

YT (Mi I I er 1972):

per liter: 8.0 g Bacto
5.0 g Bacto
5.0 s NaCl
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SBT-T contained 100 p.g/m1 dTMP. The

for SBT-TLp was reduced to 20 pg/m1.

t.

tryptone (Dì fco)
yeast extract (Dìfco)

[{hen requìred, ampicìll ìn (f inaì concentration: I00 ¡",.9/n1) was

added after autoclavìng and cooì'ing of the medjum to 45"C. The
medium was then designated YT+amp.

F. M9+amp (Mi I I er 1972):

per 'l 
i ter: 500 pg th i am'i ne

500 mg NaCì

246 ng MgSOa

200 mg 91 ucose
100 mg casam'ino ac jds (vì tamì n free)
100 mg ampìcill in
10 mg CaClz
6 g NazHPOo

3 g KH2POa

i g NHaCì

Ampi cì I I i n was added after autocl avi ng and cool ì ng of the medì um

to 45'C.

G. For solìd media, ?0 g/1 agar (Difco) was added.

3.3 Advantages of the SUP4-o System

There are several advantages to using the SUP4-o gene (Fìgure 9) as a

mutational target. First, sìmple methods can be used to isolate mutations

occurring in thìs gene (see section 3.4). Second, the two transcrìpt'ionaì

promoters (A and B) are located withjn SUP4-o and only the gene'itself,

the first sixty 5' and the first seven 3' fìankìng base-pairs are

necessary for normaì express'ion in riro (Hall et al.1982; Shaw ancl 0lson

1984; Alljson and Hall 1985). The 5' sequence apparentìy acts to fine tune
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Figure 9. Dl{A Sequence of the SUP4-o Gene and'its Flank'ing Reg'ions. Shown

is the 242-base-paìr BanHI-EcoRi fragment carrjed on YCpMP2

which encompasses the SUP4-o gene and its 5'and 3'fìanking

regìons. The tRNA gene starts at posìtion +1 and ends at

posìtion +89. The internal promotors A and B are located at +8

through +19 and +68 through +78, respect'iveìy. The ochre

anticodon (AC) is at +36 through +38 and the l4 base-paìr'intron

(l) extends from +40 through +53. The transcription start site

(t)'is located at -5 and the transcriptjon termjnation signal

(TTS) extends from +90 through +97.
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transcription and the 3'sequence provides a transcription terminatjon

sìgnaì. Thus, s'ince suP4-o is on'ìy 89 base-pairs long (Goodman et al .

I977), the entire gene and its flankìng regions can be sequenced in one

operatì on. Thi rd, there are rel at'i vely few restri cti ons on the I ocati on

within the gene where a mutation can be detected or on the type of DNA

sequence alteration that can be recovered (Kunz et al. 1990a). Th'is js

most ìikely due to the ìnvolvement of various of the IRNA bases in:

1. pairìng to mainta'in the tRNA secondary and tertiary structures;

2. j nteracti ons wi th RNA polymerase I i I, transcrì pti on factors, processi ng

enzymes and the ribosome; or 3. codon recogn'itjon (Deutscher 1984; Sharp

et al. 1985; Bjork et al. 198i). A I ist of all s'ingìe base-pair

substitutions that can be detected 'in SUP4-o is presented jn Table 3. The

data are the result of analyz'ing more than 5,000 spontaneous orinduced

mutants and usì ng i n vi tro mutagenesi s to make al I of the subst'itut'ions

not detected in vivo (1. Kohalmj and B. A. Kunz, jn preparation). In

addjtjon to single base-pajr substitutions, tandem and non-tandem double

substìtut'ions, single and mu'ìtìple base-pa'ir delet'ions and insertions,

insertions of the yeast transposable element Ty, dupl'icatjons, and other

more compìex changes have been detected (Kunz et al.1990a). Finally,

different mutagenic treatments or condit'ions have been found to produce

distinctly djfferent SUP4-o mutat'ional spectra, reflect'ing the specìfic

types of DNA damage and/or mechanisms involved. Consequently, this system

js an extremely useful tool for the study of mutational mechan'isms.

3.4 Detect'ion of SUP4-o Hutants

Forward mutations jn the SUP4-o gene are detected by scoring for

reduced suppression of three ochre markers. The haploìd yeast strains used



69

Table 3. Single Base-Pair Substitutjons Detected in SllP$-o"

Sì teb Change Site Ch ange Si te Change

1G

2A
3G

4A
5G

6C
7C

8A
9T

10c
11G
T2G
137
147
15C
l6A
174
18C
19C
204
2tA
224
23r
24r
25C
26C
27G
28C
29G
307

T
ACG

ACT
AGT
AGT
AGT
CT
AGT
CGT
CGT
ACT
AG
ACG

AG
AGT
ACG
ACT
CGT
CGT
CGT
ACG
ACG

ACT
CGT
ACT
T
ACT
AGT
AGT
CGT
C

AGT
ACT
CT
C

ACG
AGT

CT
ACT
GT
ACT
CT
CT
CT
ACT
AGT
G

AGT
AG
AGT
ACG

AGT
AGT

317
32C
337
34G
354
364
37A
387
397
40A
41A
424
437
444
45G
467
47G
48A
497
50G
51C
52r
537
547
55A
56G
574
584
59C
607

61C
621
634
64G
65C
66C
67C
68G
69C
704
714
72G
73C
74r
75G
764
77G
78C
79G
80G
8lG
82G
83G
84C
85C
86C
877
88C
897

AGT

Modified from Kunz eú a/. 1990a.

For sìmpìicity, only the base at each position on the transcribed strand

i s gi ven.

c
CT
ACT
CGT
CGT
AGT
G

ACG
AC
AGT
AGT
ACT
A
CT
AG
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jn this study carry ochre mutat'ions wh'ich confer either resistance to the

argìn'ine analog canavanìne (canl-100), cause red pigmentati on (ade?-f) or

result in lys'ine auxotrophy (lys?-J). Since these mutations are suppressed

by SUP4-o, cel I s harbouri ng YCpMP2 are canavan'i ne-sensi tj ve and form

white, lysjne-independent colonies. Selection for reduced suppressjon of

all three ochre markers detects at least a30% decrease in the product'ion

of functional suppressor IRNA (Wang and Hopper 1988) and is unljkely to

b'ias mutant recovery s'ign'ifìcantly for several reasons. First, mutations

that prevent suppressjon of only two of the ochre mutations are rare (<1%

of mutat'ions anaìyzed) at the chromosomal SUP4-o locus (Kurjan and Hall

1982). Second, sequence alterations have not been detected jn the plasm'id

copy of SUP4-o from mutants isolated using less stringent select'ion

methods (Kunz et al. 1987). Third, 178 djfferent substjtutjons have been

recovered at 68 of the 75 exon sites and at 2 of the 14 intron positions

in the gene (Table 3) and a wide range of mutatjonal classes has been

identjfied using the selection protocol employed here (Kunz et al.

1990a, b; 1991 ) .

3 . 5 I so1 at i on of Spontaneous SUP4-o t4utants

To jsoìate spontaneous mutants, MKP-op or MGK-dp were grown from low

t j tre j nocul a (100 ce'ì'ì s/3 mì ) 'in urac j I omì ssi on medi um and grown to

statjonary phase (I-2 x 107 cells/mì) at 30"C wìth shak'ing. SBT-p, SBT-Tp

and SBT-TLp were inoculated (100 cells/5 ml) in uracil-leucjne om'issjon

medi um conta j ni ng dTMP (SBT-p and SBT-Tp: 100 ¡-¿glml ; SBT-TLp : ?0 pg/n1)

and grown at 30'C wi th shak'ing to exponentì aì phase (3 x i06 ce'll s/ml ) .

Cell suspensìons lvere diluted and plated on uracil or uracjl-leucine

omission medium to determjne the titre of viable, plasmid-conta'ining cells
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and on fully supp'lemented medium to assay p'lasmid retention. To select for

canavani ne-resi stant col onì es, the ceì 1 suspens'i ons were p1 ated on uraci I

or uracil-leucjne omiss'ion medium contaìning 30 ¡-cg/n1 (MKP-op, MGK-dp,

SBT-p, SBT-Tp) or 2 p,g/n1 (SBT-TLp) canavanine. All pìates lvere scored

after 6 days'incubatjon at 30'C. Red colonies that emerged on canavanine-

containing medium were transferred to uracil omission medìum, grovJn for 2-

3 days at 30"C, and rep'ììcated to uracil -lysine om'iss'ion medium which was

then incubated at 30'C for 2-3 days. Lys'ine auxotrophs were scored as

S:JP4-o mutants. Plasmjd retentjon, mutatjon frequency and mutation rate

per round of DNA replìcation were calculated as follows:

Plasmid Retention:

NP=--X100
/V.

P=
N_=

p'ì asmì d retent'i on

number of cel I s abl e to
med'i um

number of cel I s abl e to

Frequency:

grow on uraci I or uraci I -l euci ne omi ssì on

grow on medium containing uracìl,V+ =

Mut at i on

^N
t--

N
c

f = mutation frequency
N = number of mutants
/V" = number of viable cells pìated to select mutants

Mutation Rate for Spontaneous Mutants (Drake 1991):

(0.4343 f, )n=

/Vr =

ìog(tV,".m )

mutations 'in the target per DNA repììcatjon (soìved by iteratìon
us'i ng an al gori thm)

the med'ian popul ati on s'ize at the t'ime of sampì ì ng ì ncl ud'ing

residual growth on the selectjon plates (3.5 generatìons for
MKP-op and 3 generations for MGK-dp on canavanjne-containìng
medì um)

the med'ian mutat'ion frequencYf*=
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3"6 Induction of SUP$-o Hutant,s

3"6"1 dTffiP Starvation

SBT-TLp was inoculated (100 cells/5 ml) in urac'il-leucjne omission

medjum containìng 2Q p,g/nl dTMP and grown at 30'c with shaking to

exponent'iaì phase (2 x 106 ceììs/ml). To increase the culture volume,

whenever requ'i red , exponent'i aì ph ase cel I s lvere d j I uted and grown for

approximately 14 to 16 h to exponentìaì phase, usìng the same med'ium and

growth conditjons. cells were then peìleted by centrifugation (3,020 x g,

5 mjn, room temperature), transferred to a microfuge tube and washed once

by resuspension in I ml urac'il-leucine omission medium. The cells were

then pe'lìeted a second t'ime by centrifugatìon (Brìnkmann 5415C) and

resuspended 'in I ml uracil -leucine omiss jon medium. The fjnal cell t'itre
(2 x 106 cells/m'l) was achieved by transferring resuspended cells to
cul ture fl asks contai nì ng an approprì ate vol ume of uraci I -l euci ne omi ssi on

medium. These cultures were then div'ided into two equaì fractìons. To one,

dTMP was added to a final concentration of 20 ¡L,g/m1. Both cultures were

then incubated wjth shakìng at 30'C for a further 12 h. At the beginning

of each experiment, and thereafter at 2 h j nterval s, the ce'l'l t'itres were

determi ned and sampl es were removed, di I uted or concentrated when

necessary and p'lated to determìne vjabil ity, p'lasmìd retentjon and

mutation frequenc'ies and rates. The vjabilìty was calculated as follows:

Viabjlity:

V=
N,

n
V = viability
ff+ = fiuffiber of cel ] s
ffr = total number of

Pl asm'id retent i on

abl e to grow

cel I s present

and mutation

on uracil om'ission medium
(determìned by Coulter counter)

frequencì es were determj ned as
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Drake (1970):

Mutation Rate:

73

mutation rate was cal cul ated accordi ng to

(f"- f")n=
(ìnfl" -'ìnrV")

n = mutations in the target gene per DNA replication
f" = mutation frequency at the time of sampling
fo = fiìutation frequency at the beginning of the experìment
,V" = cell number at the time of sampl ing
/Vo = cell number at the beginning of the experiment

3.6"2 Treatment with Excess dTHP

SBT-TLp was jnoculated (100 cells/5 ml) in uracil-leucjne om'ission

medium contain'ing 20 ¡L.g/nl dTMP and grown at 30'C with shak'ing to

exponentiaì phase (2 x 106 ceììs/ml). The culture was then divided'into

four equal fractjons.One was used as a control, dTMP was added to the

others at final concentrat'ions of 0.25, 0.5 or I mg/m'l and the cultures

t,ere incubated with shaking at 30"C for 6 h. At the beginning of each

experiment, and thereafter at 1.5 h ìntervals, the cell titres were

determined and samples were removed, washed and resuspended in sterile

djstilled water (2-4 x 106 cel'ìs/mì). Cell suspensions were diluted where

necessary and viabjlity, plasmìd retention and mutat'ion frequencjes were

determi ned as descri bed i n secti ons 3.5 and 3.6. I .

3.6.3 Treatment

EMS:

with Alkylating Agents

Ethyl methanesulfonate (Sigma)
temperature.

Stored at room

ff-methyì -N' -n'itro-il-nìtrosoguanidine (Sìgma).
Stored at -20'C. MNNG (3 mglml) was d'issolved in
100 ml'1 sod'ium acetate, pH 4.8, immedjate'ly before
use and kept on ice.

MNNG:



Phosphate buffer:
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50 mM K,HPO4

50 ml'î KH2P04

Equìmol ar dj basi c and monobas'i c phosphate
solutions were mixed in a 61:39 rat'io to achieve
a pH of 7.0. Stored at room temperature.

Cul tures !{ere grown j n urac j I (ÞlKP-op) or urac'il -l euci ne (l'lGK-dp)

omjssion medjum at 30'C wjth shaking to exponentìal phase (3 x 106

ceìls/ml). The cells were then washed and concentrated by centrjfugation

(3,020 x g, 5 min, room temperature) to a final titre of 2 x 108cel'ls/mì

jn phosphate buffer. Subsequently, the cultures were djvìded into I ml

fract'ions and transferred to sterile 13 mm tubes (Sarstedt). One fraction

lvas used as a control while the others were treated with various

concentrat'ions of EMS or MNNG (the final volume for all treatments !{as

1.04 ml) for 45 min at 30oC with shak'ing. The treatments were terminated

by washing with 5 ml of 5% (w/v) sodium thiosulphate and the cells were

resuspended 'in I ml YPD medjum and incubated for I h at 30"C with shaking.

The cells in each fraction were then pelìeted by centrifugat'ion

(1,850 x g, 5 min, room temperature) and resuspended 'in I ml phosphate

buffer. These cell suspens'ions were diluted when necessary and p'lated on

uracjl omiss'ion medjum with, or without canavanine (30 ¡.¿g/ml ) to detect

canavanine-resìstant colonies or surv'ivors, respectively. Plasmid

retentjon and mutation frequencies were determ'ined as described in

section 3.5. The surviving fractjon lvas determined as follows:

Survjvìng Fractjon:

s^ =T

5r = surviving fraction
ffo = number of ceils able to grow on uracil omission medium
Ne= number of cells able to grow on uracil omission medium after

treatment with an aì kyì at'ing agent

^/o

^/^
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3.7 DNA Isol at,i on

3,7.1 Large-Scale Yeast DP{A Preparation

SE buffer: 900 mM sorbitol
100 mM ethylened'iam'inetetraacetic ac'id (Na2EDTA),

pH i.5

Zymol yase : Zymoìyase 100,000 (Se'ikagaku Kogyo Comp. ) was

dissolved at a concentratjon of 6 mg/ml in SE

buffer.

TE-1 buffer: 50 mM Tri s(hydroxymethyl )aminomethane
pH 7.4

20 mM NazEDTA, pH 7.4

(Trì s),

TE-2 buffer:

RNase:

10 mM Trìs, pH 7.4
I mM NazEDTA, pH 7.4

lmg/mì RNaseA was djssolved in 5ml'l Trjs
(pH 8.0), 4,000 U/ml RNase T1 was added and the
mixture was heated at 100"C for 10 mìn and cooled
sì ow'ly to room temperature. Aì ì quots (100 pl )

were stored at -20'C.

Total yeast DNA used for hybrid'izat'ion rvas isolated by a mod'ificat'ion

of a procedure described by Sherman et al. (i983). Yeast cultures were

grown 'in 50 ml YPD to stationary phase (I-2 x 108 cells/ml) and the cells

were pelìeted by centrifugation (3,020 x g, 5 m'in, 4'C), washed and

resuspended ìn 3 ml SE buffer. Zymo'lyase (250 ¡¡l ) was added and the cell

suspensìon was jncubated for 45 min at 37'C with gentìe shakìng. The

resul tì ng spheropì asts were peì'leted by centri fugat'ion (755 x g, 5 mi n,

4'C) and resuspended in 5 ml TE-1 buffer. Sodjum dodecyl sulfate (SDS,

500 ¡rì, I0%, w,/v) was added, the contents were mixed gentìy by inversion

and the tube was'incubated for 30 min at 65'C. Potassium acetate (1.5 ml,

5 M) lvas added and the suspensì on was ch j I I ed for 30 m'in on 'ice. The

prec'ipìtate was peìleted by centrifugatìon (34,800 x g,20 mìn, 4"C), the
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supernatant transferred to a fresh tube and 14 ml of ice-cold ethanol

(95%) tvas added. The precipitated nuclejc acids rvere pelleted by

centrifugation (3,020 x g, 5 min, 4oC) and the pelìet was dried and

resuspended in 3 ml IE-T buffer. RNase (150 ¡¿l) was added and the

suspens'ion was ìncubated for 30 min at 37"C with shaking. Then, 3 ml

isopropanol (room temperature) vlas added, the solution was mixed by

inversion and the precipìtate pel'leted by centrifugation (1,085 x g,

4 min, 4'C). The pe11et was dried, djssolved jn 300 pl IE-z buffer and

stored at -20"C.

3 "7 "? Yeast DNA

SCt buffer:

SCEM buffer:

Zymol yase :

TE buffer:

RNase:

Hi ni -Preparati on

77 mlt sorbitol
10 mM sodium citrate
6 mM NazEDTA, pH 8.0

SCE buffer containing 10% (v/v) ß-mercaptoethanol
(BME).

Zymoiyase 100,000 (Sei kagaku Kogyo Comp. ) was

dissolved at a concentration of 6 mg/m'l in SCEM

buffer.

50 ml'l Tri s, pH 7.5
20 mlvl NaTEDTA, pH 7.5

see sect i on 3 .7 .I .

During the earìy stages of this research, totaì yeast DNA used for

retrjeval of SUP4-o was isolated by modifying and scalìng down a procedure

described by Sherman et al. (1983). Yeast cultures were grown in 5 ml of

uraci'l omjssìon medjum at 30'C with shakìng to a titre of I x 107 cells/ml

and the cells were collected by centrìfugat'ion (1,850 x g, l0 mìn, room

temperature) , resuspended i n 5 ml YPD med j um and 'incubated overn'ight at

30'C wjth shaking. The cells were then collected by centrifugatìon
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(1,850 x g, l0 min, room temperature), resuspended in 500 ¡¿l SCt buffer

and transferred to a microfuge tube. After peììetìng the cells for 30 s'in

a microfuge (Brinkmann 5415C), they lvere resuspended jn 300 p1 SCEFî

buffer. Zymolyase (20 ¡.,,1) was added to the tube which was then vortexed to

mix the contents and incubated at 37"C for t h. During this incubat'ion

time, the tubes were jnverted at 15 m'in jntervals to resuspend the cells.

The resultìng spheropìasts were pelleted by centrjfugatìon for 20 s in a

mìcrofuge, resuspended 'in 357 p.1 TE buffer and 36 ¡rì SDS (10%, w/v) by

vortexing and incubated at 65"C for 30 min. Potass'ium acetate (107 ¡rì, 5 M)

was added to the tube wh'ich was inverted several times to mix the contents

and then chilled on ice for 15 mjn. The precipitate was pe'lleted twice by

centrjfugatìon at 4'C for 15 mìn, the supernatant transferred to a fresh

tube and 1 ml 'ice-cold 95% ethanol was added. The contents of the tube

were mi xed by 'i nvers ì on , and the tube was centri f uged bri ef I y to pel 'l et

the nuclejc acids which were then washed wjth I ml 'ice-cold 70% ethanoì,

dnied by aspìratìon and resuspended Ín 300 ¡rl TE buffer. RNase (1.5 pl)

was added and the tube was incubated at 37'C for 30 min. The nucieic acid

solution was then extracted once with 300 ¡rì TE-saturated phenol:chloro-

form: i soamy'l al cohol (25:24: I ) and tw'ice wi th 150 pì TE-saturated chl oro-

form. For each extraction the samples were centrifuged for 2 mìn at room

temperature and the upper aqueous layer was transferred to a fresh tube.

Foì 
'l 

owì ng the I ast extracti on, i sopropanol (300 pl ) was added, the

contents of the tube were mixed by invers'ion, and the tube was centrifuged

brì efly to pel'let the DNA wh j ch was then washed tw'ice wi th j ce-col d

70% ethanol , dri ed by aspì ratì on and d'i ssol ved j n 30 ¡rì TE buf fer. DNA

samples were stored at -20'C.
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3.7.3 Glass-Bead-Preparation for Yeast DNA Isolation

Gl ass beads: Glass beads (0.45-0.50 mm, Braun) were pìaced ìn
nitric acid for 1-2 h and then rinsed carefu'l'ly
in water for 2-3 h. The water was discarded and
the glass beads were dried for 2 h at 160"C.

100 mM NaCl

10 mM Tris, pH 8.0
1 mM NazEDTA, pH 8.0
2% (v/v) Trjton X-100 (Fìsher)
I% (w/v) SDS

50 mM Trjs, pH 8.0
20 mM Na2EDTA, pH 8.0

Triton sol ut'ion :

TE buffer:

The previous yeast DNA preparat'ion was replaced mìdway through this

study by a g'lass-bead technique (modified from: Hoffman and t,d'inston 1987)

which allowed more rap'id processing of a large number of samples. This

change had no obvious effects on the results. Putative SIIP4-o mutants were

gro!,,n to stationary phase (L-2 x i07 cells/mì ) at 30'C with shakjng in 7 ml

uraci I omi ssi on med'i um. Next, the cel I s were col I ected by centrì fugati on

(1,850 x g, 10 min, room temperature), resuspended in 200 p.1 Trjton

solut'ion and transferred to a microfuge tube containìng 300 mg acid-washed

gìass beads. Then, TE-saturated phenol and chloroform (100 /rl each) was

added to the tube which was vortexed for ? mìn and spun for 5 min at room

temperature jn a microfuge (Bninkmann 5415C). Subsequentl!,7.5 ¡rì of the

upper aqueous ìayer was transferred to a fresh tube, stored at -20'C and

used for bacterial transformat'ion wi thi n 4 days of i sol at'ion.

3,7 "4 Large-Sca'le Pl asm'id

GTE buffer:

DF{A Preparati on

50.0 mM glucose
25.0 mM Tris, pH 8.0
10.0 ml"î NaztDTA



NaOH/SDS:

Tnis/sodium acetate: 100.0 mM

50.0 mM
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200.0 ml'1 NaOH

7.0% (w/v ) SDS

Prepared just prior to use.

sodium acetate, pH 4.8
Tri s, pH 8.0

Tris, pH 8.0
NazEDTA, pH 8.0

TE buffer: 50.0 mM

50.0 mM

Plasmid DNA used in strain constructions and for nick translat'ion lvas

prepared by a scaled up version of the alkaljne procedure of Birnboim and

Doly (1979). Bacterial cultures were grown overnight in 5 ml M9+amp medjum

at 37'C with shakìng. The overnight culture was transferred to i I M9+amp

med'ium and grown to 0D6es = 0.6. At th'is poìnt chloramphenìcoì (250 p,S/n1)

was added and the culture was incubated for an addit'ional I2-L8 h at 37"C

with shaking. Cells were pe'l'leted by centrifugation (5,117 x g, 5 min,

4"C), resuspended in 4 ml of GTE buffer, 1 m'l 'ìysozyme (Boehrìnger

Mannhe'im, 10 mg/ml dissolved in GTE buffer) was added and the cell

suspens'ion was chilled on jce for 45 min. NaOH/SDS (10 ml) was added and

the mixture was jncubated for 10 mìn on ice. Sodjum acetate (7.5 m'|, 3 14,

pH 4.8) was added and the contents were mixed by inversion and incubated

on jce for 60 min. The precipitate lvas pe'ììeted by centrifugatìon

(39,100 x g, 20 min, 4'C) and the supernatant was transferred to a fresh

centrifuge tube. The nucleic acjds were precipitated by addìng 50 m1 of

ice-cold ethanol (95%) and incubatjng at -70'C for 20 min. The precipitate

was pe'lleted by centrìfugatìon (39,100 x g, 20 min, 4oC), the supernatant

was removed and the pe1let was dried and dissolved'in l0 ml Tris/sodìum

acetate. The nucleic acjds were precipitated by adding 25 ml jce-cold

et,hanol (95%) ancj i ncubaiì ng ai -7A"C ior 20 mi n . The precì p'itate was

peìleted by centrifugation (27,000 x g, 5 min, 4"C), the supernatant was
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djscarded and the pellet was dried and then dissolved in 8 ml TE buffer.

Then, I g CsC'l vrlas al so d'issol ved i n the TE buffer and the sol ut j on was

transferred to an ultra-centrìfuge tube. tthidium bromide (0.4 ml,

t0 mg/ml) was added and the tube was sealed and centrifuged at 300,000 x g

for 48 h at 4"C. The separated DNA bands were illuminated under a UV ìight

and the band contaì n i ng the p'l asm'id DNA was carefuì ì y removed wi th a

syringe and transferred to a sterjle l3 mm tube (Sarstedt). An equal

vol ume of CsCl -saturated ì sopropanol vlas added to extract the eth'id'ium

bromi de and the top 'l ayer was removed . The rema i n'i ng sol ut i on was

transferred to a d'ialysis tube and incubated twìce jn 2l TE buffer for

2 h at 4"C. The contents of the dialysis tube were transferred to a fresh

13 mm tube and centrifuged at 3,290 x g for I min at room temperature. The

supernatant was then transferred to a sterjle mìcrofuge tube and the

contents dehydrated by lyophilization. The pe'llet was dissolved ìn 100 ¡rì

of TE buffer and stored at 4'C.

3 " 7.5 Smal I -Scal e

GTE buffer:

Na0H/SDS:

Ammonium acetate:

TE buffer:

Pl asm'id DruA Preparat'ion

see secti on 3.7.4

see secti on 3.7.4

7.5 M ammoni um acetate was di ssol ved i n gl ac'ial
acetjc acìd while bejng heated to 65"C to obtajn
a pH bel ow 6.0.

see secti on 3.7.4

To isolate a large number of plasm'id DNA sampìes for DNA sequencing,

a modjfication of the procedure of Crouse et al. (1983) was used. Bacteria

lvere grown overnight 'in 5 ml YT+amp medium at 37"C w'ith shaking and the

cells were collected by centrifugatìon (1,850 x g, 10 mjn, room tempera-
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ture), resuspended jn 500 ¡rl of GTE buffer and transferred to a microfuge

tube. Cel I s were peì I eted by centrì fugatì on (Bri nkmann 5415C) , resuspended

in 180 /rl GTt buffer and 10 p,1 of lysozyme (Boehrìnger Mannheim, 25 ng/n1

dìssolved in GTE buffer) was added. The cell suspensjon was mixed gent'ly

and the tube was incubated at room temperature for 5 mìn. Next, the tubes

were transferred to ice, 400 pl Na0H/SDS tvas added sìow1y 'in spirals

starting at the bottom of the tube and the mixture was incubated on ice

for 5 m'in. Sodium acetate (300 pl , 3 M, pH 4.8) was added drop-wise, the

contents were mjxed by jnverting s'lowly and the tube was incubated on'ice

for l0 min. The precipitate was pelleted by centrifugation at 4'C for i5

min and the supernatant was transferred to a fresh microfuge tube. Thjs

procedure was repeated two more times. Then, 450 ¡¡l isopropanol was added,

the contents were m'ixed by inversion and the tube was spun for 2 mjn at

room temperature to peìlet the nucleìc acjds. The peìlet was washed with

70% ice-cold ethanol and drjed by asp'iratìon. The nucleic acids v{ere

d i s sol ved i n 200 p,1 Tt buf f er and then extracted tw'i ce wi th 200 p.1 TE -

saturated phenoì and once with 200 p,1 TE-saturated chloroform. For each

extraction the sampìes were centrjfuged for 2 min at room temperature and

the upper aqueous layer was transferred to a fresh microfuge tube. After

the last extraction, an equal volume of ammon'ium acetate was added, the

contents were mixed by inversion and the precìp'itate was pelleted by

centnifugat'ion for l5 min at 4'C. The supernatant was transferred to a

fresh tube and the nucleic acìds were precìpitated by addjng i ml of 95%

jce-cold ethanol and pe'ìleted by centrifugation for 1.5 mìn at room

temperature. The pellet was washed with I ml 70% ice-cold ethanol, dried

and dissolved'in 100 p'l TE buffer. DNA samples þrere stored at -20'C.
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3.7 .6 Rapi d A1 kal i ne Frocedure for Pl asmi d DruÅ Isol ati on

Towards the end of this study, the alkaline extractjon procedure was

repìaced by a more rapìd version (mod'ified from: Morelle 1989) whjch uses

the same solutions as described in the previous protocoì. Bacteria were

grown overnìght in 5 ml YT+amp medìum at 37"C with shakìng and the cells

were collected by centrifugation (1,850 x g, 10 min, room temperature),

resuspended'in 500 pl of GTt buffer and transferred to a microfuge tube.

The cells were pelìeted by centrifugatìon (Brinkmann 5415C) and

resuspended in 180 pl GTE buffer. Lysozyme (10 pl) was added and the cell

suspensjon was m'ixed gent'ìy and the tube was jncubated at room temperature

for 5 mjn. Next, the tubes were transferred to 'ice, 400 ¡rl NaOH/SDS was

added drop-wise and the mjxture was jncubated on'ice for 5 min. Ammonium

acetate (300 ¡¡l) was added drop-wìse and the m'ixture was incubated on ice

for 10 min. The precipìtate was peìleted by centrìfugatìon at 4'C for 15

min and the supernatant was transferred to a fresh mìcrofuge tube. This

procedure was repeated two more times. Then, 500 ¡.¿l isopropanol (room

temperature) was added, the contents were mjxed by inversion and the tube

lvas held at room temperature for l0 min. Fo'ììowing centrifugation for

5 min at room temperature, the nucleic acid pellet was washed wìth 70%

ìce-cold ethanol, drìed and dissolved ìn 70 ¡rl TE buffer. DNA samples were

stored at -20"C.

3,8 Transformat'ion Procedures

3.8.1 Yeast Transformation

TE buffer:

PEG:

10 mM Trìs, pH 7.0
I mM NazEDTA, pH 8.0

44% (w/v) po'lyethyì ene glycol oooo (S'igma) . Di s-
solved just prìor to use and filter sterilized.
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Yeast cells were transformed using the lith'ium acetate procedure

described by Ito et a7. (i983). YPD (100 ml) was inoculated with 3 x i06

cel'ìs/ml of an overnìght yeast culture and was then incubated with shakìng

at 30eC until the cell tjtre reached i x 107 ce'ìls/mì (approximately 2 h).

The culture was centrifuged (3,020 x g, 5 m'in, room temperature) to peìlet

the cells wh'ich were washed twjce in 5 ml TE buffer and resuspended in

I ml l'ithium acetate (100 ml'l dissolved in TE buffer). The suspensìon t^tas

jncubated at 30"C with shaking for I h and then l0 ¡.¿l spermidìne (I mg/ml

tr-[3-amìnopropy'ì ]-1,4 butane dìamìne, Sigma) was added. For each

transformation a i00 pì aliquot of the cell suspension was transferred to

a sterile 13 mm tube (Sarstedt). DNA (1 ¡rg) was added and the tube was

incubated at 30'C for 30 min without shaking. Next, PtG (440 ¡¿l) was added

gently and the tube was jncubated for an addjtional I h at 30'C without

shaking and then heated at 42'C for 5 min. Cells were then peììeted by

centrifugation (1,850 X g, 5 mìn, room temperature), washed twice'in 5 mì,

and resuspended in 1 ml SD medium containing no suppìements. Aliquots

(200 pl) of the celi suspensions were p'lated on approprìateìy suppìemented

mjnjmal medjum and jncubated at 30"C for 6 days.

3.8.2 Bacterial

Buffer A:

Transformati on

Buffer B:

100 mM NaCl

5 mM Trì s, pH 7.5
5 mM MgCl 2

100 mM CaCl,
5 mM Tri s, pH 7.5
5 mM MgC'12

Bacterjal cells were transformed usìng a modificatjon (P'ierce et al.

1987) of the calc'ium chlorjde procedure of Mandel and H'iga (1970). The

E. coli strain JF1754 was grown overnight ìn 5 ml YT medium at 37'C with
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shaking. The cells were diluted 1:100 jn fresh YT medjum (40 ml of YT

medium for every 10 transformat'ions), gror{n for I h 45 mjn at 37"C with

shakìng (0Duoo = 0.6) and chilled on jce for 10 mjn. The culture was

centrifuged (3,020 x g, l0 min, 4'C) to pel1et the cells. The pe]let was

washed and resuspended in Buffer A (10 m1 for every 40 ml of culture) and

then chilled on 'ice for 20 m'in. The cells were then collected by

centrifugation (3,020 x g, 10 m'in, 4oC) and resuspended jn Buffer B (10 mì

for every 40 ml of orig'inaì culture). The cell suspens'ion was chilled on

ice for t h, peì1eted by centnifugation (3,020 x g, i0 m'in, 4'C) and

resuspended in 2 ml (for every 40 ml of culture) of the same solution. For

each transformatì on, a 200 ¡1.1 a'ì ì quot of the cel ì suspensi on was transfer-

red to a sterile mjcrofuge tube containing 5 pì (Mìni-prep, section 3.7.2)

or 7 .5 ¡"1 (Gì ass-bead-prep, section 3.i.3) yeast DNA. Each tube was

chilled on ìce for i h, heated at 42"C for 2 mjn and then chilled on ice

for 2 min. 2x YT (200 pl) was added to each tube wh'ich was then jncubated

at 37'C for I h. The cell suspensions were then plated on YT+amp medium and

'incubated overn ì ght at 37"C .

3.9 Dl{A Sequenc'ing

10x Buffer 3:

RNase:

BanHI:

RP prìmer:

Reac@3 (BRL)

see section 3.7.1

50 U/ p.l BanHI ( BRL) was d j I uted to a concentra-
tion of I U/p,1 jn lx buffer 3 just prior to use.

0.1 Azoo U/ml M13 reverse sequencing primer
(Pharmacia). This 17 bp primer has the sequence
5'-d(CAGGAAACAGCTATGAC)-3' and binds at position
+167 to +183 relatjve to the first base-paìr of
the SUP4-o gene on YCpMPZ. Stored at -20"C.



¡"P] dATP:

DNA poìymerase:

Hin buffer:

Termination mixes:

ddA: 150.0
2.5

50.0
50.0
50. 0

25%

ddC: 250.0
2.5

50. 0
12.5
50 .0

25%

pM ddATP

¡¡M dATP

pM dGTP

pM dCTP

r¿M dTTP
(v/v) Hin buffer

pM ddCTP

pM dATP

¡¿M dGTP

¡rM dCTP

¡¡lv1 dTTP
(v/v) Hin buffer

250.0 ¡rM ddGTP

2.5 pM dATP

i2.5 pM dGTP

50.0 pfll dcTP
50.0 pM dTTP

25% (v/v) Hin buffer

400.0 pM ddTTP

2.5 pM dATP

50.0 pM dGTP

50.0 pM dcTP
8.0 pM dTTP

25% (v/v) Hin buffer
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3000 Cìlmmol aìpha-¡3'ze1 dAtR (Dupont). Stored at
- 70'c .

I V/p1 DNA polymerase i Klenow fragment from
E. coli (FPLC pure, Pharmacia). Stored at -20"C.

240.0 mM dj thi othrei tol (BRL)
60.0 mM Tri s, pH 7.5
60.0 mM NaCl

60.0 mM MgCì 2

I ml alìquots were stored at room temperature.

al I dNTPs and ddNTPs were purchased from
Pharmacia. All four mixtures were stored at -ZO"C.

ddG:

ddT:

Deionized formam'ide: 2.5 g of Amberlit@Na-l (sigma) were mixed wjth

Stop buffer:

50 ml formamide ( Fì sher) . The sol utì on was
covered with parafi'lm, stirred at 4"C for 2 h or
overnight and filtered twice through l^lhatman
f i I ter paper #1 . i ml a'l 'iquots were stored at
- 70'c .

10.0 mM NaTEDTA, pH 8.0
95.0% (v/v) deionized formamide
0.1% (w/v) xylene cyanoì FF (Sìgma)
0.1% (w/v ) bromopheno'l bl ue (Sigma)

Stored at 4'C.
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20.0 ml'1 Na2EDTA, pH 8.0
I.0 M Tri s

0.9 M boric acid
Stored at room temperature.

Insta-ge'ì : 7.6% (w/v) acrylamjde (BRL)

0.4% (w/v) b'is-acry'lamjde (BRL)
7 .0 M urea (t4a'lì inckrodt)
lx TEB buffer

Acrylamjde and bis-acrylamide were dissolved jn
10x TEB buffer and distilled water and urea were
then added step -w'i se . The sol ut j on was f i I tered
fjrst through a double ìayer of tlhatman filter
paper #1 and then through a 0 .2 ¡m Mì'l I i pore
fiIter. Insta-ge'l was stored'in a brown bottle
at 4'C.

The Insta-geì was poiymerized by the addjtjon of
ammoni um persul fate and TEMED (N,N,N ',/V'-tetra-
methylethylenedìamìne, Mal I inckrodt) to fjnal
concentratjons of 0.25% (w/v) and 0.1% (v/v),
respectiveìy. The poìymerized ge'l was stored at
4oC overnight.

Sequenci ng geì :

A modification of the dideoxynucl eotjde cha'in termjnation sequencìng

procedure (sanger et al.1977) as described by Korneluk et a/. (1985) was

used. To prepare double-stranded pìasm'id DNA for sequencing, the DNA was

I inearjzed using the fo'lìowìng enzyme digest: 1.2 ¡.r1 of l0x buffer 3,

1.0 pì RNase, 7.8 ¡'1 plasmìd DNA (approximatel y r pg) and 2 ¡rì BamHI were

mixed'in a screw cap mìcrofuge tube and'incubated for 30 mjn at 37'C. The

microfuge tube was then heated for 3 mjn at 100"C and allowed to cool at

room temperature for 5 mjn. Subsequently, I p1 of RP primer was added.

Then the tube was heated at 100"C for 3 min and immediately transferred to

jce-water and allowed to cool for I min before proceed'ing. Successiveiy,

r p1 dithiothreitol (i00 mFf), r p1 DNA poìymerase and i ¡rì ¡'2pldATpwere

added and the mixture was stjrred wjth the PipetmanR tìp. Two ¡rl of this
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mi xture tvas added to the s i de of each of 4 mi crof uge tubes conta'i n'i ng

ejther the ddA, ddG, ddc, or ddT terminat'ion mix and the tubes were spun

briefly (Brinkmann 5415C) to combjne both solutions. These mjcrofuge tubes

were transferred to a 46'C waterbath and incubated for 20 min and the

reactions were then term'inated by adding 2.4 ¡,r1 stop buffer. Fìnalìy, the

microfuge tubes were heated for 3 mjn at 100"C, transferred immedjately to

ice and ?.5 p1 of each reaction mixture was e'lectrophoresed on a

sequencing ge1 (electroìyte: Ix TEB buffer) at constant power, to heat the

gel to 50'c, for about 3.5 h. The gel was then vacuum-dried at 80'c for i h

and exposed to Kodak XAR-S film at room temperature (the exposure tjme

varied according to the rad'ioactiv'ity of the DNA in the gel ).

3. 10 Hybri di zat'ion

3.10" I Agarose Ge'l

Enzyme dìgest:

Stop buffer:

r DNA:

Ana'lys i s

Eì ectrophores i s

lx restriction enzyme buffer (10x buffer suppìied
with enzyme by BRL)

5 pg DNA

50 units of enzyme per ,øg of DNA

50.0 mM NaTEDTA

50.0% (w/v) sucrose
0.1% (w/v) bromophenol blue (Sigma)

Stored at 4oC.

lx buffer 3

50 ¡¡9 À DNA (Pharmacia)
200 U Hi ndIII

The reaction mìx was incubated for 1.5 h at 37"C
and the reactjon was termjnated by addìng stop
buffer (1/a of the react'ion volume). The DNA was
stored at 4"C and heated at 65'C for 5 mi n before
use.



Loenjngs buffer:
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40 ml4 Tri s

20 mþ1 sodium acetate
I ml'l NazEDTA

pH was adjusted to 8.0 w'ith glacia'l acetic acid.
Stored at room temperature.

Total yeast DNA was digested with the appropriate enzyme for 1.5 h at

37"C, stop buffer (I/4 of the reaction volume) was added to terminate the

reactjon and the resuìting DNA fragments were separated by agarose geì

e'ìectrophores j s (0.7%, w/v agarose (BRL) di ssol ved i n Loeni ngs buffer) ,

for 18 h at 1 Voll/cm. A.l DNA standard accompanjed the DNA samples each

time. The gel rvas sta'ined with eth'id'ium bromide (fìnal concentration:

10 pg/m1) and destained for 10 mjn jn djstilled water.A picture was taken

for subsequent s'izi ng of the hybridi zat'ion bands. Then, the gel r+as

sequentially ìncubated for t h in 0.5 M NaOH and I h in I M Tris (pH 8.0)

at room temperature with slow shakìng. Next, the gel was sandwiched

between 3MM Chr Whatman Chromatography paper and a sìngìe ìayer of Saran

l^lrap and vacuum-dried at 60"C for t h (Tsao et al. 1983). Dried gels were

stored at room temperature.

3. 10.2 Þ{i ck Transl ati on

10x NT buffer: 500 mM Trìs, pH 7.2
100 mM MgS0o

I mM dithiothrejtol (BRL)

500 ¡rg/m'l bov jne serum al bum'in (BRL)
Stored at -20'C.

see sect'i on 3 . 9['2P ] dATp :



Reaction mix:

DNase:
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NT buffer
DNA

dATP (th'is final
concentration of

concentrati on i ncl udes the
[32P]dATP in the reaction

kept on i ce.

(FPLC pure,

lx
Lp9

20 p.M

mì x)
20 pM dcTP

20 pM dGTP

20 ¡rM dTTP

50 ¡rCi ¡32l1dnlP
Each reaction was made in a final volume of 49 ptl

0.1 U/n1 DNase I (Pharmacia)
50% (v/v) g'lycerol
lx NT buffer
Prepared immedjateìy prìor to use and

5 U/p1 DNA polymerase I from E. coli
Pharmacia). Stored at -20'C.

DNA polymerase:

Salmon sperm DNA: 10 mg/mì salmon sperm DNA was djssolved 'in water
and then pressed through a fine syringe several
times to the shear the DNA. Aliquots were stored
at -20'C.

It'P]-labelled probes for hybridizatjon were prepared by nick

transl at'ion (Man'iati s et al . 1982). The reaction mix lvas added to a

sterile screw cap microfuge tube and chjlled to 11'C. DNase (l ¡rl) was

added and the contents of the tube rryas gent'ìy mixed by tappìng and

'incubated at 11-13'c for 10 min. Then, r pl DNA poìymerase was added and

the tube was kept at l6'c for 50 m'in. successive'ly, z pl NazEDTA (500 ml'1) ,

5 pl yeast IRNA (20 ng/n1, Boehri nger Mannheim) , 7 pl I'lgCì 2 (100 mM) ,

7 pl sodium acetate (3 l\4) and 200 ¡r1 ice-cold ethanol (95%) were added.

The tube was then transferred to -70'C for I h and the precìpitate was

pelleted by centrifugatìon for 15 min at 4'c (Brìnkmann 5415c). The

supernatant was removed with a pasteur pipette and the peì'ìet was washed

wjth 1 ml jce-cold ethanol (70%), ìncubated at -70"C for t h and

centrifuged for i5 m'in at 4"C. Again, the supernatant was removed wjth a
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pasteur pipette and the peìlet resuspended'in 100 pl sterjle water. To

this' 100 pl salmon sperm DNA was added and the tube was heated at 100"C

for 10 m'in and then rapid'ly transferred to.ice-water.

3. 10"3 Hybridization Procedure

20x SSC 3.0 M NaCl

0.3 M sodium citrate
pH was adjusted to 7.0 wjth 10 N NaOH.

Stored at room temperature.

50x Denhardt' s sol uti on :

10 mglm'ì F i col P 1S i gma ¡
10 mglmì poìyv'inylpyrrol idone (Sìgma)
10 mglmì bovìne serum albumin (BRL)
Stored at -20"C.

Prehybrìdization sol ution :

6x SSC

5x Denhardt's solution
0.5% (w/v) SDS

0.? mg/mì salmon sperm DNA

Prepared just prjor to use and heated to 65'C.

Hybridizatjon sol utjon:
10 mM Na2EDTA

6x SSC

5x Denhardt' s sol uti on

0.5% (w/v ) SDS

Prepared just prior to use and heated to 65"C.

Sol ut'i on I : 2x SSC

0.5% (w/v ) SDS

Sol ut'i on I I : 2x SSC

0.r% (w/v ) SDS

Solution Iil: 0.lx SSC

0.5% (w/v ) SDS

Dìrect DNA hybrìd'ization in agarose geìs was carrjed out as described

by Tsao et al. (1983). The dried gel was transferred into a pìastic bag
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(Philìps K85936), prehybridization solutjon was added (z m1/cnz of gel) and

the bag was heat-sealed and'incubated for 2-4 h at 65'c. The prehybridj-

zation sol ut'ion rvas removed and rep'ìaced w'ith hybridizat jon sol ution

(50 pl /cnz of gel), the nick translated DNA was added and the bag was heat-

sealed and incubated overnìght at 65"C. The geì was then removed carefu'l1y

from the bag and the following washes were performed: 1. 250 ml of solu-

tion I for 5 min at room temperature (twice). 2. 250 ml of solutjon II for

15 min at room temperature (twice). 3. 250 ml of solutìon III for z h, I h

and 0.5 h, respectively, at 65'c. The gel was then transferred to 3MM chr

lihatman chromatography paper, air-dried, covered wjth a sìngìe layer of

Saran Wrap and exposed to Kodak XAR-5 fìlm with an intensìfyìng screen at

- 70'c .

3.11 Label l ing Yeast Cel I s with [14C] Arg'inine

[1oC] argi nj ne: I ¡rCi ; 323.5 mCi/mmol (DuPont)

Exponentì al ìy growì ng yeast cel I s (2 x 106 ce1 ì s/mì ) were concentrated

by centrìfugatìon (3,020 x g, 5 min, room temperature) to a final titre of

I x 108 celìs/m'l ìn appropriately suppìemented, prewarmed (30"C) SD medium.

The culture was divided into two I ml fractions and l0 p1 of [1aC] arginine

and unlabelìed arginìne (finaì concentration: 115 /rM) was added to each

fract i on .

To examine the influence of the arginjne analog canavanine (Figure 10)

on ¡1aCl argìnine uptake, canavanìne (fìnal concentrat'ion: ll.5 mM

approxìmately 100 tjmes the fina'l arginine concentration) was added to one

of the fract'ions prìor to the addjtion of labelled arginine whjle the

other fractjon was used as a control (the canavanine volume was repìaced

by sterile water). The final volume of all cultures was 1.03 ml. The
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Figure 10" Chemical Structures of Arginine and Ganavanine.
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cultures were then incubated wjth shaking at 30'C. Aiiquots (150 pl) were

removed at reguìar jntervals and 'immediately transferred 'into 2 ml 'ice-

coìd, sterile water. The cell sampìes !{ere collected on nitrocellulose

filters (Millìpore, 47 mm, 0.45 pm) and washed 10 times wjth 4 ml jce-

cold, sterile water. After dryìng at 50'c for 30 min, the fjlters tlere

transferred to scintìllatjon v'ia1s, sc'intillation fluid (Scintiverse I,

Fìsher) was added and radioact'ivity was determined (Beckman LS-230, Itoc]-

wi ndow) .

To determine the jnfluence of dTMP on [10C1 arginine uptake, the

experiment was performed as described above except that the canavanjne was

rep'laced by 0.062 mM dTMP (= 20 pg/n1 - the concentration required for

growth of SBT-TLp and approximateìy 50% of the fi nal argi ni ne

concentration) or 11.5 mM dTMP (approxìmately 100 t'imes the fjna'l argin'ine

concentratì on) .

3. 12 Inh'i b'iti on of Cel I Growth by Canavan'ine

To examine the effect of canavanine concentratjon on the recovery of

spontaneous canavanjne-res'istant mutants ìn SBT-TLp, cells were grown in

urac'il-leucine omissjon medium to exponential phase (3 x 106 ceì1s/m'l) and

were then spread (1 x 106 ceììs/pìate) on uracil-leuc'ine omission medium

conta'ining different concentrations of canavanine.

The effect of canavanine concentration on the growth of MKP-0, SBT-TL,

SBT-T and SBT was determined by growing ceìls in uracil om'ission medium

(MKP-o), MS-uracil omjssìon medium containing 100 ¡rg/ml dTMP (SBT) or

urac'il-leucjne omission medium containing 100 pg/m1 (SBT-T) and 20 pg/n1

(SBT-TL) dTMP to exponential phase (2 x 106 ceìls/ml). The cultures were

then divjded jnto two (MKP-0, SBT, SBT-T) or fjve (SBT-TL) equa'l
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fractions. One fract'ion was used as a control , canavan'ine was added to the

other(s). The cultures were then grown wjth shakìng at 30'C for iZ h and

cell titres were determined at 3 h intervals.

To determjne the effect of jnhibitjng the genera'l amino acìd permease

on growth inhib'itìon by canavanìne, SBT-TL was grown to exponential phase

(2 x 106 celìs/ml) and the culture rvas then div'ided into seven equaì

fractions.One fract'ion was used as a control, canavanine (30 pg/n1, fìnal

concentration) was added to the other six. in addjtion, to five of these

six cultures, aìanine, phenyìaìanine, hjstjdìne, valjne or a m'ixture of

al I four am j no aci ds (f ì na'l concentrati on of each am'ino ac j d: I00 pg/n1)

was added. All cultures were then grown wjth shaking at 30"C for 12 h and

cell titres were determined at 0 and I? h.

3.13 l4easurements of dNTP Pools

3.13.1 Preparation of Cell Extracts

0.5 M TNO in FreorP:2.19 ml trj-n-octylamine (TNO, Sigma)
7.81 ml I,I,2-Jrìchloro-I,2,2-trifluoroethane

( FreorF, Mal I i nc krodt )

Solutions were mjxed just prior to use and were
kept on i ce.

The cell extracts for dNTP measurements were prepared by a modìfied

version of the method of Sargent and lvlathews (i987). Cultures of stra'ins

MKP-op, MGK-dp and sBT-TLp were each grown ìn appropriately supplemented

m'in'imal medi um (20 mì ) to exponent j al phase (3 x 106 ceì I s/mì for MKp-op

and MGK-dp, 2 x 106 ce]ls/m'l for SBT-TLp jf the cells were then treated

with, or starved for, drMP; sections 3.6.1 and 3.6.2). If extracts were

prepared from EMS or MNNG-treated cells, the alkylation treatment that

preceded sampìing was performed as described (sectjon 3.6.3) and the cells

were harvested for extraction'immediate'ly after the final wash and
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resuspens ì on 'i n KP04 buffer. For each strai n or treatment, cel I s were

harvested by rapid fjltration usìng 0.45 pm membrane filteis (Gelman GN-6

filters, 47 mm) wh'ich were immedjately immersed jn 3 ml ice-cold 5% (w/v)

trjchloroacetic acjd (TCA, Mallinckrodt) and jncubated for 30 mjn on jce

(extracts from dTMP-treated cells gave the same results whether the cells
were washed prior to transferning the filter to TCA or not). Next, the

extract was centrifuged at 17,000 x g for 15 mjn at 4"C and the supernatant

lvas transferred to a l5 ml cornì ng dj sposabl e centri fuge tube

(No. 2531315; modified poìystyrene). The pH of the supernatant was

increased (acids 'interfere with the subsequent procedures) to between 5.5

and 6.0 by vortexing wìth 1.5 volume of ice-cold 0.5 M TNO in FreorPfor

1 min (Khym 1975). In contrast to other neutraljzation processes, this

ensures that no salts (high salt extracts inh'ibit the DNA polymerase,

Sargent 1987) are added to the cell extract and that the nucleotides are

fu'ìly recovered jn the aqueous phase (Khym I975). To separate the phases,

sampìes were spun for 2 mjn at 1,850 x g at room temperature. pH values

between 5.5 and 6.0 were confirmed by using pH ìnd'icator stjckers (pHast:

pH 0-14, Merck) to test 2.5 ¡,,,1 of the aqueous ìayer. (lf the pH value of

the aqueous ìayer was below 5.5, the TNO/freon extraction was repeated).

Subsequentìy, the aqueous layer was carefuì1y transferred to a fresh tube

and the volume recovered was recorded. The samp'ìes were stored overn'ight

at -70"C and dried by lyophiljzation. The residue was dissolved jn 0.1 ml

sterile dìstilled water and stored at -20"C.

3.13.2 dNTP Pool Assay

1.5x dNTP buffer: 75.0 mF1 Tris, pH 8.3
7.5 mM MgCl 2

Stored at room temperature.
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BME: 1.0% (v/v) ß-mercaptoethanol
The dilution tvas prepared just prior to use.

BSA: 10.0 mglml bovine serurn albumin (BRL)
Stored at -20'C.

AT tempìate: 0.75 mglmì poly IdAdTl.pory IdAdTl (pharmac.ia)
Stored at -20"C.

IC template: 0.75 mglmì po'ly tdldcl.pory tdldcl (pharmacia)
Stored at -20'C.

DNA poìymerase d'il ut jon buffer:
100 mÞ1 KP0o, pH 7.0

1 mM djthiothreitol (BRL)
50% (v/v) glycero'l

Stored at -20"C.

DNA poìymerase: 50 u/p1 DNA polymerase I (Kornberg poìymerase,
endonuclease free; Boehringer Mannhejm: stored at
-20'C) from f. coli was djluted to a concentrat.ion
of 0.1 U/p1 jn DNA poìymerase dilutjon buffer
j ust prì or to use and kept on 'i ce .

[3H]dNTP: All [3H]dNTp were stored at -zo"C.

['H]dATP 1 mCi/ml [8-tH(N)]- deoxyadenosine 5,triphos-
phate, tetrasodj um sal t (Dupont) ;

speci f i c actì vi ty : 20.0 Cì/mmo'ì

[3H]dTTP 1 mCilm] [methyì -'H]- deoxythymid jne 5,trjphos-
phate, tetrasod j um sal t ( Dupont ) ;

spec'ific act'ivity: 20.5 C'ilmmoì

[3H]dCTP 1 mCì/ml [5,5,-tH]- deoxycytjdine 5,triphosphate,
tetrasod'ium sal t (DuPont) ; speci f ic
act i v i ty : 23 .7 Ci /mno1

[3H]dGTP I mCìlml [8-'H]- deoxyguanosjne 5,triphosphate,
tetrasod jum salt (DuPont); specìf.ic
act'ivity: 11.1 mCilmmoì

ICA/PPi: 5.0% (v/v) trichloroacetjc acid
2.0% (w/v ) sodi um pyrophosphate (Mal I i nckrodt)
Prepared just prior to use.
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An enzymatic assay (North et al. 1980) was used to measure the dNTP

pools. This method determines jncorporation of a l'imjting dNTP from a cejl

extract into an alternat'ing copolymer temp'ìate-primer (poly IdAdT] .poly

[dAdT] or (poly [dIdC] .poly IdldC] ) by E. col'i DNA poìymerase I i n the

presence of an excess of the labelìed complementary dNTP. By measuring the

amount of labelled nucleotides incorporated into the newìy synthesjzed DNA

(acid precipìtable counts), the concentration of the complementary

nucleotide can be established. The reaction cond'itjons are as described by

Sargent (1987) and Sargent and Mathews (1987).

For each cell extract to be anaìyzed, and for each dNTP to be

measured, a separate react'ion mixture was required. The reaction mjxture

consisted of 10 ¡r'l of cell extract and 90 pl of a reactjon buffer

formulated specjfically for the partìcular dNTP to be measured (Table 4).

The reactjon buffers were prepared prior to the experiment and were kept

on ice until needed. DNA po'lymerase and [3H]dNTP were the ìast components

added jmmed'iately before the assay was started. Deoxyaden'ine monophosphate

(dAl,lP) was present ìn the buffers to inhibit the exonuclease activity of

DNA polymerase I (Hunting and Henderson 1981). In add'ition, an endonuc-

lease free poìymerase preparat'ion was used. These steps were taken to

prevent degradatìon of newìy synthesized DNA which would artjficìa'ìly

lower the measured 'incorporation rate of the labelled nucleotides.

Unlabelled dNTP was included'in each reaction buffer to ensure that in the

reaction mix there was a vast excess of the nucleotide complementary to

that being measured.

Prjor to jnjtiatìng the assay, l0 pl of di'luted 0r undiluted cell

extract was added to a m'icrofuge tube and kept on ice. The reaction was

then started by adding 90 pì of the appropriate reaction buffer and
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Table 4. Reaction Buffers for d8{TP Pool Assay

dNTP to be measured"

dATP dTTP dCTP dGTP

1.5

BME

BSA

100

100

Hr0

Templ ate

Po1 ymerase

,H 
dNTP

x dNTP buffer

cold dNTP

dA¡4P

60

0.6

2

I (dTTP)

t0

1l

3

2

I (dTTP)

60

0.6

2

I (dATP)

10

10

J

3

I (dATP)

60

0.6

2

I (dGTP)

10

11

1

2

3 (dGTP)

60

0.6

2

1 (dcTP)

10

13

1

?

1 (dcrP)

mM

mM

" Val ues are g i ven i n ¡rl and

Mul ti pi es of these vol umes

are the volumes requ'ired for one reactjon.

were used jf several samples ulere analyzed.
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jmmediateìy transferring the mìcrofuge tube to a 37oC waterbath. The

incubation time for the AT and IG tempìates was 90 min and 110 mìn,

respectively, wh'ich allows unrestricted jncorporat'ion of the nucleot'ide to

be measured (Sargent 1987). To ensure the exact timing of each react'ion,

the individual reactions were started at 30 s intervals. The reactions

were stopped by spotting 25 ¡rì onto dried TCA/PPi-presoaked filters (see

section 3.13.4 for detaiìs). The filters were placed vertically jn a rack

to prevent cross contaminatjon and the spots were ajr-dried before being

processed further.

To ensure optima'l accuracy of the dNTP measurements, the following

steps were observed: 1. at least two different d'ilutions of each cell

extract were used and the ìncorporation of radioactive dNTP's t,las compared

to the diIutions used and checked for I'inearity. 2. every reaction was

spotted twi ce and the resul ts were averaged. 3. for each strai n or

treatment ana'ìyzed, results were obtajned from three independent cultures.

3. 13 " 3 dhlTP Standards

Each tìme dNTP pooì assays were performed, a separate standard curve

for each of the four nucleotides'involved was determined to allow the

conversion of the rad'ioactive counts into pmoì of dNTPs present. The

standard reactions were set up as described above but instead of 10 ¡rì of

cel I extract, l0 ¡i'l of a dNTP standard sol utì on was m'ixed w j th the

reactjon buffer. The dNTP standard solutjons used, 0 (djstjlled water),

0.5, 1, 2 and 4 pþ1, gave standard values for 0, 5, 10, 20 and 40 pmol,

respectìvely. Exampìes of the standard curves are shown ìn F'igure 11.

3.13,4 Chromatography and Scintjllation Counts

ICA/PPi: see sect'ion 3.i3.2
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Figure 11. dNTP standard curves. A: dATp. B: drrp. c: dcrp. D: dGTp.

Standard curves were fjtted by regression analys.is.
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Scintillatìon cocktail :

12.0 g
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2, 5-dì phenyì oxazol e (Sci ntanalyzed,
Fì sher)
1,4-bi s- [4-methy] -5-phenyl -2-oxazo'ìyì l
benzene (Scìntanaìyzed, Fisher)
tol uene (Scintanaìyzed, Fisher)
at room temperature.

0.4 g

4.0 I
Stored

To separate the newly synthesized DNA from the excess rad'ioactjve dNTp

jn the reactjon mixes, an ascendjng chromatographìc procedure ulas used.

Chromatography sheets (19 x i9 cm) were prepared from 3 MM Chr Whatman

chromatography paper. Njne sampìing squares (z x z cm) were drawn wjth a

soft pencil and labejled with samp'le numbers as shown in Figure 12. Before

us'ing the sheets for samplìng, each square lvas soaked jn 100 ¡rì TCA/ppi

and a'ir-drìed overnìght. Radioactive samples (25 p1) were spotted to the

centre of each square and allowed to air-dry, 500 ml of ICA/PPì solution

was added to a 2r x 21 cm g]ass dish 'in a chromatography tank and up to

6 chromatograms were suspended in the solutjon so that the bottom of each

sheet was submerged to a depth of I cm. Chromatography took place at room

temperature. The sheets were removed when the solvent front ran wjthjn

1 cm of the top margin (the runn jng t'ime was approx'imately 90 min). For

each chromatogram, the strip conta'ining the sampìe squares was cut out,

washed twjce for l5 mìn in 95% ethanol at room temperature and air-dnied

overn'ight or at 50'C for t h. Next, the strip vvas cut'into the jndjv'idual

samp'l ing squares, each square was pìaced in a scjntjllation vjal and

covered with 5 ml of scintillat'ion cocktaìì. Sampìes were counted (Beckman

LS-230) for 5 min (5% error) using a [3H] window. Fìgure 13 illustrates the

separatjon of the labelled DNA from the unìncorporated labelled dNTPs.

3.13.5 Calculations

To calculate the final concentration of dNTP's in an'individual cell
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Figure 12. Chromatogram Design.
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Figure 13. Separation of Acid Precip'itated DNA from Nucleot'ides. A 2 cm

wide strjp extending above the sampììng square(s) was cut into

2 x 2 cm squares (as indicated below the graph) after comple-

tion of chromatography and the radioactjve counts per square

were determined. ('): the sampling square was spotted wìth a

control sampì e; ( 
^ ) the samp'l i ng square was spotted wi th

labelled DNA obtajned by performing the nucleotìde pool assay

wi th a 40 pmol dTTp standard.
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extract, the followjng protocol was used:

1. The values obtained for the double spotting of eäch extract or

standard were averaged.

2. Standard curves were plotted using I jnear regressìon analysis.

3. The standard curves were used to convert all radioactive counts

i nto pmoì .

4. Aìthough each cell sample rvas extracted in 3 ml of rcA, only a

fractjon of the jnitial extract was recovered after neutraljzation. Thus,

the values 'in pmoì were corrected to the actual volume of extract

recovered.

5. Since all four dNTPs were present in each cell extract, the final
values had to take jnto consjderation the djlutjon of the labelled dNTp by

the corresponding coid dNTP present in the cell extract. To calculate the

corrected concentrat'ion of a particular dNTP, the follow'ing values have to

be known: l. the uncorrected concentration of the dNTP assayed (using dTTp

as an exampì e: IdTTP,"] ) , 2. the concentratj on of the compl ementary

labelled dNTP present in the reaction buffer ([dATPr]),3. the uncorrected

concentration for the compìementary dNTP determined 'in a separate assay

for that dNTP ([dATP""]) and 4. the concentration of the labelled dNTp

present'in the reactjon buffer for assayìng the compìementary dNTp

([dTTPL]). The correct'ion factor for dTTP reads as follows (corrected

concentrat'ions for the three other dNTPs are cal cul ated sim.il arly) :

I¡TTP^, - ldATP"'lldTTP'l (ldATP'l + IíTTP'"1)" c J 
WATP,"

6. All corrected values were normalized to pmol per i06 cells.

7. The results obtained from the three different cell extracts

prepared for each strajn or treatment were averaged and the standard
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devjatjon (Sokal and Rohlf 1969) was determjned.

3.14 Other Hethods

Cel I t i tres were determi ned us i ng a Coul ter el ectron'ic part ì c'ì e

counter (Coulter Electronics, Hialeah, Florida).

DNA concentratjons were determined by measurjng absorbance at 260 nm

(l'1ì ì ton Roy, Spectron'ic 601) .

3. 15 Statistical Anaìys'is

Chi-square contingency tests (Sokal and Rohlf i969) were used to

evaluate differences in a variety of parameters. When small values were

compared, Yates' correction for cont'inuity was applìed. The Monte Carlo

estimate of the P value of the hypergeometric test (Adams and Skopek l9B7)

was calculated to assess the signìficance of differences in the

djstributjons of base-pa'ir substjtutions (1,500 sìmulat'ions were run for
each comparison, the program was run on a Dìgìtal Equìpment Corporation

VAX/VMS Version V4.5 computer located at the Chemjcal Instjtute of

Industrjal Tox'icology in Research Triangle Park, North Carolina). For both

types of test, values of P < 0.05 were considered significant.
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4 RESULTS

4.1 Isolation of a Nucleotide-Permeable dTMp Auxotroph

Yeast lacks the enzyme thymìdine kjnase (Grìvell and Jackson i968).

Thus, yeast cells with a defective thymidyìate synthase gene (T/,pJ)

require thymìdylate (dTMP) rather than thymjne or thymidìne (Brendel and

Fäth L974; Bisson and Thorner 1973; Lìttle and Haynes 1929). yeast, 'in

common with most organìsms, normalìy can take up DNA bases and nucleosides

but not nucleotides. To overcome thjs barrier, yeast mutants which are

permeabìe to dTMP (tup) have been 'isolated (wickner 1974). Thus, in a

dTMP-permeable thymìdy'ìate auxotroph, dTTP levels can be modulated merely

by vary'ing the concentration of dTMP jn the growth medjum. For the

purposes of thì s study, ì sogen'ic deri vat'ives of MKP-o whi ch are permeab'ìe

to dTMP, or permeable to and auxotrophic for dTMP, were isolated.

4.1.1 Isolation of a dTl{P-Permeable Derivative of HKP-o

To isolate a dTMP-permeable derivative of l'lKP-o, cells of MKP-o were

pìated on MS med'ium conta'inìng dTMP (100 pglm1). Treatment with

methotrexate and sulfanjlamide blocks dTMP bìosynthesis (Jannsen eú aI.

I973; Laskowski and Lehmann-Brauns 1973; Little and Haynes Ig73, I979;

Fäth eú a/. r974; [^/ickner r974; Barclay and L'ittl e J,977), presumabìy by

inhibitìng synthesìs of tetrahydrofolate thereby reducing the level of ils,

rv10-methyì ene tetrahydrofol ate, the methyì donor for the thymidyì ate

synthase reaction (F'igure 3). Sjnce the biosynthet'ic pathways of adenine,

histidjne and methionine are also folate-dependent (Barcìay and Little
1977), meth'ionine had to be added as well (adenine and histjdjne are

necessary suppì ements for MKP-o and so were present 'in the med'ium) .

Colonies whjch were able to grow on this medium were checked on MS medjum
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lacking dTMP. isolates that were able to grow only in the presence of dTMp

had to be able to take up the nucleotide (tup).4 su'itable tup derivatjve
of MKP-o was sel ected and des.ignated SBT.

4.I.2 DÍsrupt'ion of the lffipl Gene

A yeast stra'in def i c'ient for thymì dyl ate synthase was constructed by

dìsrupting the TMPl gene in SBT. This was accomp'lished by transforming SBT

wjth the 4.2 kb HíndIII-Aval DNA fragment from pìasmid pTL46 (Taylor eú

al ' 1987). This fragment consjsts of the yeast LE)IZ gene ìnserted jnto

TI'IPl so that LEUZ js flanked by TMPl sequences (Fìgure l4A) . Transformants

that emerged on leucjne omission medjum supp'lemented with dTMp were tested

for thymidyìate auxotrophy on medjum lack'ing dTMP. An approprjate strajn
showì ng the correct growth pattern was chosen and des i gnated SBT-T.

Insertion of a s'ingle copy of the 4.2 kb HindIII-AvaI fragment at the Tl\pj

locus was confirmed by DNA hybrìdjzatjon analys'is. The ratjonale for the

hybnid'izatjon anaìysìs is as follows. The yeast HindIII chromosomal DNA

fragment carryìng the thymÍdy]ate synthase gene is 9.6 kb ìn size
(F'igure 148) . Repì acement of the 2.7 kb PstI-AvaI fragmen t of Tl,lpl with
the pTL46 PstI-AvaI 4.1 kb fragment carryìng LEIIZ gene should jncrease the

sjze of the HindIII chromosomal fragment carrying TMpJ from 9.6 kb to
11 kb (Figure 14c). Totar yeast DNA was isolated from Leu* Tmp-

transformants and dìgested wilh Hindlll. The resulting DNA fragments were

separated by geì el ectrophores i s and the dried ge] s were hybrì d.ized wi th
radioactive Tl'lPi or LE|Z DNA. Hybrjd'izatjon of TMPI or LEIJ2 to total yeast

DNA ìsolated from a wììd-type strain resulted in a single band of 9.6 kb

or 16.5 kb, respectively, the s'izes of the HindIII fragments encompassing

the wild-type Tl|Pi or LEU2 genes (Fìgures l5A and B, lane 1). ,As ant.ici-
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Figure 14. Disruption of the chromosomal TNPI Gene with LEU| (modìfied

from Tayìor eú al. I9B7). (A) pTL46; (B) chromosomal Hindrrr

fragment carrying TI|P1. (C) chromosomal HindIII fragment

carryìng TMPl dìsrupted with the HindIII-Aval fragment of pTL46

j ncl ud j ng LE|J2. ffi Tt\Pl;

DNA; 

- 

yeast chromosomal DNA. The restrjctjon sjtes are

'ind i cated wi th the fol ì owì ng I etters : A: Avar; B: Banïr

Bg: BgIII; H: HindIII; p: pstI.
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Figure 15" Hybridjzation Ana'lysis of Tota'l Yeast DNA. (A) Hybridization

with a TMPI probe; (B) Hybrìdizat'ion with a LEU2 probe.

HindIII-digested genomìc DNA of the following strains was used

for the hybrìdization analysis: Lane l: wiìd-type (leu2, TMPl)i

Lane 2: SBT-TL (leu?, tnpl::LEUZ); Lane 3: StlZI (leu?/leu2,

TI,IPl/ tnpl: : LEU2) .
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pated, a s'ingle hybrìdization band of l1 kb was detected for SBT-T DNA

probed wjth the TllPl lragment (Figure l5A, lane 2). Hybrìd'ization wjth the

LEU2 probe resulted jn an 11 kb band and the 16.5 kb band observed for DNA

from the wiìd-type strain (Figure 158,'lane 2). For DNA from a diploìd

strai n hav'ing one of the two copi es of TIIPI d'isrupted wi th LEIJ2, the

9.6 kb and l1 kb bands are detected when hybrìdizing w'ith the TI\PI probe

(Fìgure 154, I ane 3) whereas the i1 kb and 16.5 kb bands appear for

hybridizat'ion w'ith the LEIJ2 probe (F'igure ISB, iane 3). Thìs pattern js

consistent with rep'lacement of the wìld-type TMPl gene with the disrupted

TMPl gene.

4.1.3 Isolation of a Thymidylate Auxotroph Able to Grow on 20 ¡L.g/n1 dTHP

Preliminary experìments indjcated that SBT-T, whìch requìres 100 pg/n1

dTMP for growth, was not greatly affected by excess dTMP concentrations jn

the growth med'ium. Therefore, SBT-TL, a derivatjve of sBT-T abìe to grow

at a lower dTMP concentratìon, was jsolated by screenìng for growth on

medjum conta'inìng onl y 20 ¡.,g/nl dTMP. This reduced dTMP requìrement could

be due to the acquis'it'ion of a second tup mutatjon which ìncreases dTMP

uptake (Bisson and Thorner 1982b), to a more efficjent utjljzation of
jntracellular dTMP or to a decrease'in the breakdown of excess dTMP (Toper

et al. 1981)

SBT ' SBT-T and SBT-TL were transformed wi th the p'l asm'id YCpMP2 to

generate SBT-p, SBT-Tp and SBT-TLp.

Together wìth MGK-d, in whjch the dCMP deam'inase gene (DCDI) is dis-

rupted with LEU2 (Kohalmi eú a/. 1991), sBT, SBT-T and sBT-TL are isogenìc

derivat'ives of MKP-0. Consequentìy, any observed djfferences between MKP-o

and these stra'ins can be attributed to the tup mutation and/or to



di sruptì ng the

background.

4"2 Association

Canavani ne

1i8

TMPl or DCDI gene instead of vaniations jn the genetìc

of l{ucl eot j de Permeabi ì 'ity wi th Enhanced Uptake of

In pre'lìminary stud'ies, it was found that when SBT-TLp was plated on

medjum containing 30 pg/nl canavanine, the concentration norma'ììy used to

select canavanine-resistant (CanR) mutants wjth the SIJP4-o system, the

spontaneous CanR frequency was more than 100-fold lower than for MKP-op.

To invest'igate th'is unexpected result in more detail, the foììowing

experiments were carrjed out.

4.2"1 Effect of Canavanine on Hutant Recovery

Selection for canavanine resjstance on media hav'ing decreased levels

of the drug revealed that even smalì changes in canavanine concentration

dramati cal ly i nfl uenced the recovery of canR mutants i n SBT-TLp

(Fìgure 16) . Thi s was not due to a generaì reduction in spontaneous

mutagenesis since the frequencìes of locus reversion and suppressjon of

the ade2-l and lys2-l alleles were similar for MKP-o and SBT-TL (Table 5).

However, when the canavanine concentratjon was increased from 2.5 to
30 p,g/n1, the frequencies of both canR and sllP4-o mutants (each type of

mutant js scored on the bas'is of canavanine resìstance) were reduced by

more than 600-fold (Tabìe 6).Thus, while the effect was not ljmited to

events at the cANl I ocus, ì t appeared to be restri cted to the canR

phenotype.

As descrjbed prevìousìy, SBT-TLp is permeable to and auxotrophic for

thymidy'late. To determine whether ejther of these factors p'layed a role jn

reducìng the frequency of CanR mutants jn thjs strain, r,ve examined the
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Figure 16. Recovery of Spontaneous Canavanine-Res'istant ffiutants in SBT-TLp

as a Function of Canavanine Concentration. The pìates shown

contain djfferent concentrations of canavanine (from bottom to

top: 1, 2,3, 4 or 5 pg/m1).The results for two independent

experiments are shown.
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Table 5. Reversìon Frequencies of the ade2-L and lys?-l Alleles

Suppressor mutants" Locus revertantsb

Stra i n

Viable cells

pì ated

Al I el e (x 10e)

No.

detected

Frequency

(x 1o-7)

No. Frequency

detected (x tO-8)

l'lKP-o

SBT-TL

I ys2- I

ade2- l

I ys2-1

ade2 - 1

3.?

3.3

5.5

4.3

16

99

505

567

435

377

1.6

r.7

0.9

0.9

74

1I1

0.5

3.0

1.3

2.6

a

b

Phenotype: Lys*,

Phenotype: Lys*,

for reversion of

Ade*, Cans.

Ade-, CanR for reversion

ade2- 1 .

of tys2-J or Ade*, Lys-, CanR
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Table 6. Effect of Canavanine Concentration on the Frequencies of

Spontaneous CanR and SIJP$-o Hutants in SBT-TLp

Total CanR mutants SUP4-o mutants
Viable cells

pl ated

(x toz)

Canavan'ine

(ps/n1)

No.

detected

Frequency

( x 1o-ó)

No.

detected

Frequency

(x to-8)

2.5

5.0

10.0

20.0

30.0

3.6

28

31

70

70

l3,755

1 ,443

652

620

434

380

5.1

2.1

0.88

0.63

69

317

t23

I

0

190

110

39

0.14
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influence of canavan'ine on the recovery of spontaneous CanR colonies 'in

MKP-op, SBT-p, SBT-Tp and SBT-TLp, straìns carrying d'ifferent comb'inatjons

of TUP and TMPI alleles (Table 7). The frequencies of the total CanR

mutants were jdentical for SBT-p and SBT-Tp but were 40-fold lower than

the value for MKP-op. In addition, the total canR frequency for SBT-TLp,

which requ'ires less dTMP for growth than SBT-p or SBT-Tp, was six-fold

lower than for these stra'ins. These results demonstrated that the effect

of canavanjne on the recovery of CanR mutants was dependent on the tup

mutatjon(s) and suggested that ìt might be correlated with the effìciency

of dTMP uptake.

4.2,2 Effect of Canavan'ine on Cell Growth

The frequencies of the total CanR and SIIP4-o mutants selected jn

SBT-TLp at 2.5 ¡-r.g/n1 canavan'ine vlere very close to the corresponding

values found for MKP-op at 30 pg/n1 canavanjne (compare Tables 6 and z).

This suggested that the mutatjons responsib]e occurred at the normal

frequencies in SBT-TLp but the tup a1ìeìe(s) caused growth of th'is strain

to be more efficiently inhjbited by canavanine so that fewer mutants were

detected at the hìgher canavanjne concentrations. To test thi s

poss'ibility, the effect of canavanine on the growth of canR cells was

assayed using MKP-0, sBT-TL, sBT and sBT-T, strains that do not carry

YCpMP2 so that the canl-100 allele js not suppressed. The growth of MKP-o

was unaffected by a canavanjne concentrat'ion of 30 ¡tg/n1 (Fìgure i7A) . 0n

the other hand, the growth of SBT-TL was progress'ively'inhibited with

increasing canavanjne concentrations (Fìgure i7B). For both SBT and SBT-T,

growth was also jnhibited by 30 pg/n1 canavanine (Fìgure 17c and tzD).

Thus, the reduced recovery of CanR mutants in SBT-TLp was assocjated wjth



Table 7. Effect of Canavanine on

SUP4-o Mutants in HKP-op

124

the Recovery of Spontaneous CanR and

and Its Derivat'ives"

Vi abl e

cells

pl ated

(x to7)

Total CanR mutants SUP4-o mutants

Strai n

No. Frequency

detected (x iO-ó)

No. Frequency

detected (x 1O-8)

MKP-op (TUP, TMPI)

SBT-p (tuprco, TMPJ)

SBT-Tp (úuproo, tnpl)

SBT-TLp (tupzo, tnpl)

7.2

1.8

2.8

70

10,833

68

105

434

150

3.8

3.7

0.63

20r

t

0

0

300

5.6

" þ{ed'ium for mutant selectjon contained 30 pg/nl canavanine.



F'igure 17.
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Effect of Canavanine Concentration on the

its Derivatives. (A) MKP-o; (B) SBT-TL;

Canavanjne: (,) 0 pg/m1; (^) 5 ptg/nl;

20 pg/n1; (.) 30 pg/n1.

Growth of þîKP-o and

(c) SBT; (D) SBT-T.

(ø) l0 pg/m1; (')
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apparent sensitizat'ion to growth jnhibition by canavanjne and both effects

were related to dTMP permeabjl'ity rather than the TMpj defjcjency.

4.2"3 Inf I uence of 8{ucl eot j de Permeab'i ì 'ity on Uptake of Label 'led Argi ni ne

The most reasonable explanatìon for the enhanced growth inhibjtion by

canavanjne seemed to be that the tup mutat'ion(s) present 'in the dTMp

permeabìe strains somehow increased uptake of canavanine. This was tested

by comparing the uptake of radioactive'ìy labelled argìn'ine (both,

canavanjne and argìnine are transported into the cell by the arginìne

permease which is encoded by CANL gene) by strains MKP-o and SBT-TL and

their derivatives carrying YCpMP2 (Tabìe 8). The measurements showed that

the amount of labelled argìnine 'incorporated by [vlKP-o increased sìowly

over the treatment perìod. Thjs m'ight have reflected leakjness of the

canl-100 allele. Under jdentjcal cond'itjons, SBT-TL also took up labe'ììed

arginìne but by two hours, had ìncorporated approxìmately four tjmes as

much as MKP-o. l.lhen the canl-100 alleles in MKp-op and SBT-TLp were

suppressed by suP4-o, both strains rapidly ìncorporated argìn.ine as

expected, but sBT-TLp took up two-fold more at each tjme point than

lvlKP-op. A 100-fold excess of canavanìne (11.5 mM) substantially jnhibjted

argìnine uptake jn all of the strains tested. These results argued that

the tup mutatjon(s) was promoting the uptake of argìn'ine and canavan'ine by

the same mechanism.

To show that the fup mutation does not enhance uptake of canavanine

v'ia the same mechan'ism responsible for uptake of dTMP, the effect of dTMp

on the uptake of radioactive arginine was measured ìn SBT-TL and SBT-TLp.

The results, presented jn Table 9, jndjcate that dTl'1p, at the normal

growth concentration (0.062 mfv,l = 20 pg/mì) or at a concentration exceedìng



Tabl e 8. I 
toC] Arg'ini ne Uptake

Stra'ins"

r28

i n Canavani ne-Resi stant or Sensitive

Ti me

(min)

MKP-o (CanR)

-Canavani ne +Canavan'ine

SBT-TL (CanR)

-Canavanine +Canavanine

0

15

30

60

120

275

1 ,062

2,17 6

3,776

9, 139

141 (4e )

36e (65)

2e4 (86)

422 (8e)

I,509 (83)

394

2,155

4, 566

14,288

35,432

161 (5e)

603 (72)

544 (88)

I,558 (89)

3, 184 (91 )

Time

(min)

MKP-op (Cans)

-Canavani ne +Canavan'ine

SBT-TLp (Cans)

- Canavan'i ne +Canavan i ne

0

1

2.5

5

IO

20

824

3,379

7,088

15,321

30, 253

60,802

t74 (7e)

37e (8e)

s84 (s2)

1, 1 15 (93)

I,838 (94)

2,935 (95)

1 ,607

7, 119

16,080

35,874

6g, 454

147 ,781

t25 (e2)

462 (e4)

ssT (e4)

I,537 (96)

3,333 (95)

9,239 (94)

The values for uptake are given jn cpm. Plasmjd retentjons in MKP-op and

SBT-TLp are 90% and 57%, respectìvely. Cpms for these strajns were

normalized to take pìasmid retentjon into account. Numbers in paren-

theses are the per cent decreases jn uptake of ['oC] arginìne in the

presence of canavan'ine (11.5 mFî).
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Tab'le 9. Effect of dTMP on [tuC] Arginine Uptake in Canavanine-Resistant

or Sensitive Strains"

dTMP concentration (ml'l)
Ti me

(mìn)Strai n 0.062 11.5

SBT-TL (CanR)

SBT-TLp (Cans)

0

t

2.5

5

10

20

0

I

2.5

5

10

20

270

484

618

1 ,354

2,709

5,643

2,250

9,253

22,,389

39, 557

87 ,279

161,115

265

354

7t7

1,232

2,7 67

5,325

2,752

7 ,157

19,393

37,938

76,4r8

162,731

2t8

364

504

1,231

2,096

4,612

1 ,395

5,857

15,860

35, 186

66, 502

141,422

The val ues for uptake

plasmid retention into

are given in cpm.

account (pl asmìd

Cpms were normalized to take

retentjon in SBT-TLp is 57%).
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that of labelìed arginine by 100-foìd (11.5 mF4), had ljttle effect on the

uptake of arginìne. Although the uptake of rad'ioactive arginìne in the

presence of 11.5 mM dTMP seemed to be somewhat lower than the control

values, the decrease was small compared to the more dramat'ic reductjon

caused by canavan'ine (at 20 mìn: 18% for dTMP vs. gI% for canavan'ine in

SBT-TL and 12% for dTMP vs. 94% for canavanine jn SBT-TLp; compare Tables

8 and 9). Furthermore, the values at t'ime 0 were almost the same for cells
kept at 0 or 0.062 mM dTMP while the value for ii.5 mM dTMp was reduced.

Consequently, the lower uptake observed'in the presence of l1.S mM dTMp

was probabìy an experimental art'ifact. In any event, these results do not

seem to support the possibilìty that the same mechanism enhances the

uptake of canavanjne and dTMp jn the tup strains.

4.?.4 Canavan'i ne Sens j tì vi ty vs . the GAp System

In addition to argìnìne permease, the general amino acjd permease

(GAP) can also transport arginine and canavanjne into yeast (Grenson et

al. 1970). Concejvabìy, the tup mutatjon(s) might promote canavanine

uptake by ìncreasing GAP actìvìty. The GAP system can be inhjbjted by

several amino acids that do not inhibjt arginine uptake by arginine

permease (alan'ine, meth'ion'ine, phenyìaìanine, vaìine). However, when

sBT-TLp was grown jn medjum contaìning canavan.ine (30 pg/n1) and these

am'ino acjds (100 ¡rg/mì), jnhibition of cell growth was not allev'iated as

would be expected if increased canavanine uptake was due to jncreased GAp

actjvjty (Tabìe i0). Thjs suggests that the jncrease jn canavan'ine uptake

is not correlated with actìvìty of the GAp system.

4"2.5 Selection of GanR Hutants 'in SBT-TLp

The potentjal relationships between the tup mutatìon(s) and canavanine
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ïable 10. Effect of Amino Acids That

Permease on Growth Inhibition

Inhibit the General Amino Acid

of SBT-TLp by Canavanine

Cel I s per m1 (x 106)

Amino acidu Canavani neb 0 hours l2 hours

n one

n0ne

ala

met

phe

val

al a, met, phe, va'l

+

+

+

+

+

+

2.0

2.r

2.r

2.r

2.0

2.t

2.0

15.0 (7.5)"

6.8 (3.2)

7 .6 (3.6)

6.7 (3.2)

6.4 (3.2)

7 .t (3.4)

6.7 (3.3)

al a: al anj ne; met: methi on'i ne; phe: phenyì al anj ne; val : val i ne. The

concentration for each amìno acid was I00 pg/m1 .

Concentrati on: 30 pg/n1 .

Number in parentheses indicates the increase 'in the cell t'itre between

the 0 and 12 h tìme poìnts.
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uptake are consjdered'in greater detail in the Discussjon. For now, jt is

suffjcient to real'ize that recovery of CanR mutants ìn the nucleotjde-

permeabìe strain js inhibjted by the canavan'ine concentration (30 ¡ig/mì )

routinely used to select these mutants jn MKP-op. However, the results

presented in Fjgure 16 and Table 6 indìcated that in SBT-TLp, spontaneous

CanR and S|JP4-o mutants could be recovered at frequencies very sjmilar to
those for MKP-op by reducing the canavanine concentration to 2 or

2.5 pg/m1. consequentìy, â louler canavanjne concentration (z pg/n1) was

used in all further mutation experìments with SBT-TLp.

4.3 Analys'is of Spontaneous l4utations in hlKp-op

The j sol atj on and characteri zati on of SIJP4-o mutati ons occurrì ng

spontaneously in MKP-op was a collaborative effort in whjch I part'ic'i-

pated. MKP-op is the parentaì strajn for all the other yeast strajns used

for analysìs of mutatjonal specìfìcity jn this study and so the analys'is

of spontaneous mutagenesis'in MKP-op serves as the basjs for other

comparì sons. Therefore, data for MKP-op were used as control data

throughout this study.

In a culture of lvlKP-op grown under condjtions selective for YCpMp2,

88% of the cells retained the plasmìd (37,299 colonjes scored on medium

selective for YCpMP2 vs. 42,231 colonies which formed on medium that

allows ceils with or wìthout the pìasmid to grow). To isolate spontaneous

mutants, cultures were grown from low titre inocula to statìonary phase 'in

medjum selective for YCpMP2. Among the total canavanine-resjstant colon'ies

detected, 3.1% were red, lysìne auxotrophs and so were classifjed as

suP4-o mutants (Table li). 0n th'is bas'is, the mean sup4-o mutat.ion

frequency was determined to be 2.0 x 10-6, correspond'ing to a spontaneous
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Table 11. Spontaneous Mutation Frequencies in ffiKP-op

Col ony types

exami nedu

of tota'l )

Frequency"

(x lo-ó)

No.

(%

Total b

Red, Lys

31,923 ( 100.0)

e84 (3.r )

65

2.0

Colonies were isolated from, and frequencies are the

means for, 45 ìndependent cultures.

The total includes canavanine-res'istant mutants that

are (i) wh'ite or (ii) red and Lys* or Lys'. The

whi te or red and Lys* col onj es I i kely refl ect

mutation at the CANi locus or at anti-suppressor

1 ocì , respectìveìy.
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mutatjon rate of 4.7 x !07 events per round of repljcation. To ensure the

ìndependence of each mutant analyzed by DNA sequencing, not more than two

mutants were selected from an jndjvidual culture. If the same sequence

alteratjon was detected jn both mutants, one lvas excluded from further

analysis. A collection of 334 spontaneous SuP4-o mutants was characterjzed

by DNA sequencing.

The majorjty (8r%) of spontaneous changes were sìngle base-pa.ir

substj tuti ons and these were recovered at a mutati on frequency of

1.6 x 10-6 (Table 12). The rate of mutation was calculated to be 4.3 x lo-e

per base-pair per generation. Both types of transition and all four

transversjons were jdentjfied (Table l3), but there was a s1ìght excess of

transversions (59% vs. 4I%), and four tjmes as many events occurred at G.C

sites as at A.T s'ites (79% vs. zr%). In addjtjon to sìngle base-paìr

substi tutì ons, two non-tandem, doubl e-base-paì r changes were detected

(Table 12). Each involved A.T to G.c and G.c to A.T transjtions, ìn one

case at positions +8 and +10 (for correl at'ion of pos jtion numbers w'ith

SUP4-o s'ites see Figure 18) and'in the other at positìons +14 and +12,

respectìveìy. While the spontaneous base-pair substitutjons were

di stri buted throughout the SIJP4-o gene, mutati ons occurred at some

locations more often than others w'ith positjons +lB, +51, +g3, +94, and

+88 be'ing the most f requent'ly mutated (Fì gure 1g) . No base-pai r
substjtutions rvere detected 5' or 3' to the regìon encoding StJp4-o and

base-paìr changes were found at only one posìtìon (+51) wjthjn the tRNA

i ntron .

Deletìons, ranging from the loss of a singìe base pair to the

eljmination of up to 807 base-pairs, were also detected (Tabìe 14). These

events ( i ncl udi ng 4 del etj ons recovered as part of compì ex changes)
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Table 12. Spontaneous Sequence Ålterations in SUP$-o in HKP-op

Sequence

al terat i on

No. detected

(% of totaì )

Frequency

(x l0-7)

Substi tut'ion

Single change

Non-tandem doubl e

Del et i on

1bp

>l bp

Inserti on

lbp

Ty eì ement

Dupì ì catj on

Compì ex change

Total

272 (81.4)

2 (0.6)

2? (6.6)

7 (?.r)

16.4

0.1

1.3

0.4

I (0.3 )

26 (7.8)

I (0.3)

3 (0.e)

334

0.06

1.6

0.06

0.2

20.t2
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Table 13. Spontaneous Base-Pair Substit,utions in MKP-op

Substitution

No. detected"

(% of totaì )

Frequency

(x to-7)

Transitions

G.C to A.T

A.T to G.C

Total

Transvers i ons

G .C to T.A

G'C to C .G

A'T to C .G

A.T to T.A

Total

72 (26.1)

42 (1s.2)

114 (41.3)

4.3

?.5

6.8

5.5

3.3

0.3

0.6

9.7

el (33.0)

55 ( 1e. e)

5 (r .8)

11 (4.0)

162 (58.7)

" Including double substitutjons.
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Fi gure 18. Di stri but'ion of Spontaneous Base-Pai r Subst'ituti ons i n the

SUP4-o Gene of HKP-op. For simp'licìty, onìy the region of the

transcribed strand encoding the tRNA is shown. Double base

substitutions are indicated by 'lower-case letters. The jntron

extends from +40 through +53.
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Tabl e 14, Spontaneous De'let,i ons"

Site

No. of base-

pai rs 'invol ved

No. detected Frequency

(% of total ) (x 10-8)

-724 Lo +83

-555 to +70

-248 to -1

-12? to +13

+15

+18 to +19

+58 to +64c

+63 to +83

+79 to +83

+84 to +86

+88 to +119d

+89 to +96

+89 to +97

Total

g07b

625

24gb

135

I

I

7

27

I

I

32

8

9

r (3.2)

r (3.2)

r (s.2)

I (3.2)

l (3.2)

r (3.2)

2 (6. s)

I (3.2)

17 (55.0)

2 (6.5)

I (3.2)

i (3.2)

I (3.2)

3l

0.6

0.6

0.6

0.6

0.6

0.6

t.2

0.6

10.3

0.6

0.6

0.6

0.6

18. 7

a

b

Incl udes del eti ons j n compì ex changes.

Values are on'ly estjmates because sequence repeats are

present at the deletion terminj.

A 5-base-pair insertjon in the deleted reg'ion accompanjed

the deletion.

A sìngìe-base-pair deletjon ìn +79 to +83 accompanìed the

mul ti p1 e-base-pa'i r deì etjon.
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accounted for 9.0% of the total mutations identified, correspondìng to a

frequency of r.7 xr0-1 .ln zo of the mutants, s'ing1e G.c paìrs were

deleted from runs of G.c pairs extend'ing from +Ig to +19, +79 to +g3 or

+84 to +86. In one mutant, an insertjon of a singìe G.C paìr ìn the run of

G'c paìrs extending from +79 to +83 occurred. sl ipped mìspairing of

nascent and tempìate strands during replication in runs of repeated base-

paìrs (Streìsinger et al. 1966) could have been responsibìe for these

events (gaìn or loss of a sjngle base-pa'ir) and the loss of g and 9 base-

pairs from +89 to +96 and +89 to +91, respectìvely. Two mutants,

contain'ing very large delet'ions (248 or 807 base-paìrs) retaìned s'ingìe

copìes of short, repeated sequences (4 or 2 base-pairs, respectively)

originally present at both deletion term'ini and s0 may have been generated

by i I I egi timate recomb'inati on occurr j ng between the repeats (Na]bantog]u

et al. 1986). Three other mutants featured more complex alterat'ions. In

one mutant, a deletion of 32 base-pairs (+88 to +i19) was accompanied by

the removal of a sing'ìe G.C pair (+79 to +83). The two other mutants both

had the sequence 5'-GATCTCA-3'at +58 to +64 rep'laced by 5'-ccGGG-3,.

Base-pa'irìng wìthin a quasi pa'ì indromìc sequence could have been jnvolved

in the formation of th'is mutation as detailed in the Discussion.

Non-pìasmid DNA extending 5'from position +u, +3r or +43, with

position +37 be'ing a hotspot for this type of insertion, was found in 7.8%

of the total spontaneous mutants analyzed, correspond'ing to a frequency of

1.6 x i0-'/ (Table 15). Sequenc'ing of the first 100 to 200 nucleotides of

the'insertjons showed that they had conserved features of the 330 base-

paìr deìta sequences that are ìong terminal repeats for transposabìe Ty

elements jn.S. cerevisiae (Roeder and Fjnk i983; Rothsteìn eú a/. 1987;

Boeke 1989; Garfinkel et al. 1989). In particuìar, the insertjons ejther
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Tab'le 15. Spontaneous Ty Insertions

Locat i on

No. detected

(% of total )

Frequency

(x lo-8)

+17

+37

+43

+ 18"

+38

+44

2 (7.7)

23 (88.s)

I (3 .8)

26

1.3

14 .4

0.6

16.3

The symbo'l <> means that the

i s presumed to have occurred

two jndjcated positìons.

Ty jnsertjon

between the
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began with the sequence 5'-TGTTGGAATA-3'or started with 5'-TG-3, and had

a HínfI recognit'ion s'ite at posìtìon +34. Computer-facjl itated comparisons

of the sequenced ends of twel ve of these j nserts wi th establ i shed

sequences for delta elements revealed striking homolog'ies (up to 100%). 0f

the twelve mutants'involved, eleven contained pìasmids whjch were larger

than YCpMPZ by 6 kb, the approximate size of a Ty element (Roeder and Fink

I983), and so ljkeìy carrìed an intact transposon. The remaining plasmjd

was only sìightly'larger than YCpMP2, consistent with the presence of a

sìng]e delta sequence. Thus, th'is 'insert'ion was most I ikely the remnant of

a transposon that had exc'ised by homologous recombinatjon between jts

flankjng deìta sequences (Roeder and Fink 1983; Rothstein et al. l98Z).

4.4 Mutational Specifìcity of dTTp Depletion

dTTP depletion ìs known to cause mutations ìn a ìarge number of

organìsms (Kunz 1982, 1988). To gaìn a better understandìng of the

processes which might be invoìved, dNTp pools were measured jn a

thym'idylate auxotroph foììowìng starvation for dTMP. Mutants recovered

under the same condjtjons were analyzed by DNA sequencìng.

4"4.1 Heasurement of dh{TP Poo'l Imbalances Induced by dTffiP Starvation

To determ'ine the effect of dTMP starvation on dNTP pools'in yeast, an

enzymati c assay (Sargent and Mathews 1987) was used to measure the

concentrations of all four DNA precursors ìn exponential phase cells of

MKP-op and cells of SBT-TLp starved for dTMP for r2 h. In MKp-op, the

levels of dATP, dcTP and dGTP were similar (0.6 - 0.7 pmol/106 cells) with

the concentration of dTTP beìng about Z-foid greater (Tabìe i6). The

removal of dTMP from the growth medium of the úmpJ strajn SBT-TLp reduced

dTTP levels to such an extent (<0.001 pmo'l per 106 celìs) that calculatjons
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Table 16. Intracellular dl{TP Concentrations for HKP-op and SBT-TLp"

Strai n dATP dTTP dGTP dCTP

l'1KP-op 0.68 + 0.04" I . 55 t 0.04 0. 58 t 0.02 0.61 t 0.04

sBT-TLpb 81 .46 t 7 .34 BDL' 4.93 t 0.65 2.2t t 0 .22

' Concentrations are gìven jn pmol /706 ce1ls. Each value js the mean + S.D.

of three ìndependent measurements.

b Treatment: 0 ¡.rg/m1 dTMP, 12 h.

" Bel ow detect'ion I evel .
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of dTTP concentrations were not reljable (Tabìe l6). 0n the other hand,

the pooìs of dATP, dGTP and dCTP were increased, a'ìthough.to djfferent
extents (120-, 8.5- and 3.6-fold, respectively). changes .in the latter
three pooìs are considered in the Discussjon.

4"4.2 Induct'ion of SItP4-o t{utants by dTTp Depletion

To evaluate the effect of dTTP depìetìon on cell viabjlity, plasmid

retention and SUP4-o mutatìon frequency, cells of the tnpl straìn SBT-TLp

were grown to exponentìaì phase in medium supplemented with dTMP and then

transferred to medjum ìackìng dTl'lP. The cells were p'lated on medium

selectjve and non-selectìve for YCpMPZ, to determ'ine the extent of cell
killing and pìasmid loss, and on medium containìng canavanine to select

for SUP4-o mutants. The effects of 12 h of dTMP starvatìon are shown in

Table 17. l'Jith increasìng treatment times, an increasing number of cells

were kjlled and a successjvely greater fraction of cells lost YCpMp2.

The i n iti al 'increase i n mutati on frequency dìd not occur unt'il after
cel I vì abi ì 'i ty had started to decrease (6 h of dTMp starvati on) . In

addj ti on, there was no i ncrease j n mutati on yì e'l d regardì ess of the

treatment tjme (the lower values calculated for yìeìd compared to the

mutat j on f requency at 0 t'ime are a consequence of the I ow p'l asmì d

retentj on 'i n SBT-TLp) . Thus, i t seemed that the apparent i ncrease i n

mutatìon frequency might be an artjfact related to cell kilì'ing. However,

although cell number did not jncrease after 4 h of dTMP starvatjon, the

yield did not decrease as would have been expected'in the absence of a net

jnduct'ion of mutants and a cont'inued reduction jn v'iabil ìty. Furthermore,

partìal starvation wjth 4 or 6 p,g/n1 dTMP caused a smalj increase jn the

suP4-o mutation frequency (2- and 2.5-fold, respectively) without
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Table 17. Effect of Thym'idy]ate Starvation on Viability, Plasmid Retention

and SIJP$-o ffiutationa

Time

(h)

Survivìng

fract i onb

Pl asmi d

retent i onb

(%)

l'1utat i on

frequency

(x 1o-ó¡

Mutat i on

yìe1d

(x to-6)

0

2

4

6

I
10

t2

I .00

0.97

0.89

0.62

0.45

0.2r

0. 10

100

93

90

80

73

55

35

4.0

5.1

4.7

8.4

11

22

60

3.1

3.5

3.2

I.9

3.9

4.0

3.6

a

b

Data are the means for 4

Data have been normal i zed

ì ndependent cul tures.

to time 0. Plasmid retention at time 0 = 57%.
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affecti ng cel I vi abì ì ì ty and j ncreased the mutati on yi e'l d by 3.2-fol d

(Tab'le 18) . These f ì nd'ings argued that there was a net j nduct j on of

mutants and the increase jn the SIIP4-o mutation frequency was genuìne.

Overa'll, the magnjtudes of the effects of partial dTMP depletjon on cell

viabil'ity, p'lasmìd retent'ion and SIIP4-o mutation depended on the exogenous

dTMP concentratjon (Table 18).

dTTP depìetion for 12 h increased the SuP4-o mutation frequency

30-fold compared to the spontaneous frequency for MKp-op (Table l9). In

MKP-op, mutants were selected after twenty generatìons of growth. However,

growth was restricted to less than one generation durìng the 12 h of dTMp

starvatjon. Consequentìy, and assuming that the mutat'ions were randomly

d'i stri buted among vi abl e and non-vi abl e cel I s, the rate of SuP4-o mutatj on

per round of DNA repììcatjon was calculated to be 171-fold (g.l x l0-s)

greater for dTMP starvati on than the spontaneous rate for MKp-op

(4.7 x 10-') .

4"4.3 Characterizatjon of SIIP4-o Hutations Induced by dTTP Dep'letion

To determìne the mutational specìficìty of dTTP depìetìon, 89 SIIP4-o

mutants 'i nduced by dTMP starvat i on for rz h rvere anal yzed by DNA

sequencing. To ensure that the isolated mutants were due to ìndependent

mutat'i onal events, not more than 5 mutants were sel ected from each

culture. In addjtion, âhy member of a group of 5 mutants that was found to

have a sequence alterat'ion identifìed in another member of the same group

was excluded from further ana'lysis. The results for dTTP depletìon were

then compared to those for 334 spontaneous mutants selected in MKP-op.

Fewer mutational classes were detected in sBT-TLp (Tab'le z0), but this

could reflect the smaller number of mutants analyzed for dTTP depìet'ion



Table 18. Effect of Low

Retention and

r47

dTHP Concentrations

SUP$-o Hutation"

( 12 h) on V'i abi l i ty, Pl asmi d

dTMP

concentrati on

0'g/n1)

Survì vi ng

fract i onb

Pl asmi d

retent i onb

(%)

Mutat'i on

frequency

(x 1o-ó)

Mutat i on

y'ieì d

(x 10'ó)

0"

0.5

1.0

2.0

4.0

6.0

20.0'

0. l0

0.19

0.40

0. 55

I .00

1.00

I .00

35

40

49

61

100

100

100

60

48

17

19

10

8.5

4.0

3.6

7,7

5.5

8.8

10.0

7.7

3.1

Data are the means for 3 independent cultures.

Data have been normalized to values obtained for

20 pg/m1 dTMP. Plasmjd retent'ion at 20 pg/n1 dTMP =

Data are taken from Tabl e 17 .

cells growing with

57%.
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Tab'le 19. Effect of dTMP Starvation on CanR and SIIP$-o Hutation

No. examined" Frequency"

Strain Colony types (% of total) (x 1O-ó)

MKP - opb Total' 31,923 (100.0) 65

2.0

SBT-TLpd

Red, Lys-

Total

Red, Lys-

e84 (3.I )

99,469 ( 100.0) 9600

620 (0.6) 60

" Colonies were'isolated from, and frequencies are the means for,45
(MKP-op) or 42 (SBT-TLp) independent cultures.

o Data for spontaneous mutation in MKP-op are taken from Table 11.

' The total jncludes canavanìne-resistant mutants that are (i) wh'ite or

(ji) red and Lys* or Lys-.The white or red and Lys* colonjes ljkely

refl ect mutatj on at the CANi I ocus or at antj -suppressor 1 ocì ,

respect'ively.
d Treatment: 0 ttg/m1 dTMP, 12 h.
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Table 20. Sequence Alterat'ions Induced by dTTp Depìetion

l'1KP- op" SBT-TLpb

Sequence No. detected Frequency No. detected Frequency

alteration (% of total) (x t0-?) (% oî totall (x t0-?)

Substìtution

Si ngl e change 272 (Bl .4) i6.4 76 (85.4) 5rz

Non-tandemdouble 2 (0.6) 0.1

Del etì on

lbp 22 (6.6) 1.3 e (i0.1) 6I

>1 bp 7 (?.1) 0.4 3 (3.4) z0

Inserti on

lbp 1 (0.3) 0.06 I (1.1) l
Tye'ìement 26 (7.8) 1.6

Complex change 3 (0.9) 0.2

Dupl ìcatjon I (0.3) 0.06

Total 334 20.12 89 600

' Data for MKP-op are taken from Tabl e 12.

b Treatment: 0 pg/n1 dTMP, 12 h.
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rather than being a sìgnifìcant change in the types of sequence alteration

recovered. In both cases, the majorìty of alterations were sing'ìe base-

pair events but these accounted for sìgnìficantly more of the total

mutatjons in sBT-TLp (97%) than in MKp-op (BB%) (p < 0.0s). A detajled

anaìysis of the base-pair substitutjons is present below.

Deletions and insertions constituted approx'imatel y I1% of the total

mutati ons characteri zed fol I owì ng dTTP depì etì on and 7% of the spontaneous

events for MKP-op (Table 20). Thjs difference was not sign'ifìcant

(P > 0.2). For drrP depìetion, the majonity of the deletjons (l/9) and one

insertion þrere detected withjn the run of 5 G.C pairs at +79 through +83.

The other delet'ions (2/9) occurred in the run of 3 G.c pa'irs at +g4

through +86 or at +65 to +67. Formatjon of these mutatjons could have

involved sììpped mìspaìr'ing of the tempìate and nascent strands during

replicat'ion through these runs as described by Streisìnger et al. (1966).

Mechan'isms potent j al ly respons'ibl e for the si ngì e-base-pa'ir del et'ions are

further addressed in the Discussion.

Three mu]tipìe base-pair deletions were also detected after dTTP

depìetion (Table 20): 1. the el'im'ination of lz bases encompassing

positjons -6 to +1I;2. the loss of 5 bases from positions +25 through +29

and 3. the removal of 5 bases from posìtions +3S to +43.

4"4.4 Analysis of Sìngle Base-Pair Substitutions Induced by dTTP Depletion

Analys'is of the base-pair substjtutions showed that the relatjve

fract'ion of transversi ons was 4-fol d greater than that for transi t'ions i n

sBT-TLp (Tabl e 2r). By compani son, there was on'ly a sì ìght excess

(1.4-foìd) of transversions among the spontaneous substìtutjons recovered

'in MKP-op. This djfference was signìficant (P < 0.001) and was due
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Table 21" Base-Pair Substitutions Induced by dTTP Dep'letion

l'lKP-op" SBT-TLpc

Substitution

No. detectedb

(% of tota'l)

Frequency

(x to-7¡

No. detected

(% of total )

Frequency

(x 1o-7)

Tran s i t'i on s

G.C to A.T

A.T to G .C

Total

Transvers'ions

G.C to T'A

G.C to C.G

A'T to C .G

A.T to T.A

Total

72 (26.1)

42 (15.2)

114 (4r.3)

4.3

2.5

6.8

74

27

101

ll
4

15

( 14. 5)

(5.3)

( 1e.8)

?6 (34.2)

16 (2r.0)

3 (4.0)

16 (21.0)

61 (80.2)

e1 (33.0)

5s ( 1e. e)

5 (1 .8)

11 (4.0)

162 (s8.7)

5.5

3.3

0.3

0.6

9.7

t75

108

20

108

411

a

b

Data for MKP-op are taken from Table 13.

Includjng double substitutjons.

Treatment: 0 pg/m1 dTl,lP, 12 h.
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primariìy to a decrease jn the relatjve fractjons of both types of

transition (G.c to A.T: P < Q.05; A.T to G.c: p < 0.025) and an jncrease

in the proportìon of A'T to T.A transvers'ions (p < 0.00i) 'in sBT-TLp

compared to MKP-op. The rel at'ive fract.ions of the other three

transvers'ions were simjlar for the two strains. Interestingly, the largest
jncreases in mutatìon frequency foì1owìng dTTP depìetjon were observed for

A'T to T'A and A'T to C.G transversions (178- and 67-fold) consjstent with

T (the dNTP havjng the smallest pooì) being rep'laced by A or G (the dNTps

havi ng the I argest poo'l s ) .

The distnibut'ions of the subst'itut'ions are compared in F'igure 19. No

changes were detected 5' or 3'to the slJp4-o cod'ing sequence and

substitut'ions were recovered at only one sjte wjthin the tRNA jntron

(posìtìon +51). compared to MKP-op, the djstrjbut'ion of base-pair

substi tutj ons 'i n SBT-TLp appeared quì te dj fferent. Al I si tes mutated i n

sBT-TLp were detected in MKP-op. However, only 30 of the 64 djfferent

sjtes recovered in l',lKP-op were mutated'in SBT-TLp. Again, thjs observat'ion

has to be interpreted cautiously due to the small number of mutatjons

analyzed for SBT-TLp. Despite the elevated dATp pooì in SBT-TLp (120-

foìd), substitut'ions that could have involved a replacement wjth an A

occurred at only 52% (31/60) of the positìons where such changes can be

detected on ej ther strand j n suP4-o. rn addi ti on, changes were not

recovered wìth equaì frequency at all s'ites, rather there were hotspots

and coldspots indjcating that the mutations d'id not occur at random.0nìy

one of the sites (+51) mutated most frequent'ly in both d'istributjons

coincided. However, the relative proportions of the specific substitutions

detected at thjs site differed cons'iderably for the two distributions. The

hypergeometric test developed by Adams and Skopek (lggi) was used to
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F'igure 19. D'istri but j on of SIIP{-o Base-Pai r Substi tuti ons Induced by dTTp

Depletìon. For sìmp'ìicity, only the codìng region of the

transcri bed strand i s shown. Doubl e base substi tuti ons are

'indjcated by ìower-case letters. The intron extends from +40

through +53. (A) MKP-op: spontaneous; (B) SBT-TLp: 0 pg/n1

dTMP, T2 h.
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compare the djstrjbution of substitutions induced in SBT-TLp to that for

changes occurring spontaneously ìn MKP-op. The result jndjcated that the

probabìl ìty of random sampl ing error beìng responsible for differences in

the two djstributions was less than i in 333 (the upper limjt of the 90%

confidence interva'ì on the estimate of p was 0.003).

4.4.5 Sequence Context and Strand Specificity of Base-Pair Substitut'ions

Induced by dTTP Depletion

As outl ined in the Introduct'ion, dNTP 'imbal ance m'ight inhibit proof -

readìng by DNA polymerases in vitro by enhancing the rate of poìymeri-

zat'ion when the next correct nucleotide to be inserted is one present ìn

excess. Clearly, one manifestation of this next-nucleot'ide effect in vivo

would be a preference for mutations to occur at sites where the next

nucleotide to be inserted is present in excess. To check for such a bias,

the DNA sequence context of base substitutions jnduced by dTTP depìetion

was analyzed. For the purpose of the anaìysìs, it was assumed that the

majority of mutat'ions jnduced by dTTP depìetìon mìght be due to mjs-

incorporation of dATP since the dATP pool was jncreased 120-fold by dTMp

starvation and 70% of the resulting substitut'ions involved replacements

wjth A.T pairs. There was no obvious preference for dATP misìncorporation

to occur at suP4-o s'ites preceded or followed by a part'icular 5'or 3,

base, respecti veìy (Tabl e 22). An even more detai I ed anaìysì s of

repìacements did not reveal any preference for sites followed by an A

(Tabì e 23) . The number of G.C to A.T trans'it'ions was too smal I to attach

any statìstìcal significance to the apparent bias assoc'iated with these

events.

To determjne whether the productìon of mutatjons by dTTP depletìon
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Table 23. Bases 3' to Sites of Specific Substitutions Induced by dTTp

Depl eti on

No. of No. of No. of Average no.

Sequence' ava'i I abl e sites mutants of mutants per

Change 5'to 3' sitesb detected recovered available site

CtoA XA 4 I I 0.3

18 25 0.7

GtoA XA 12 6 7 0.6

x c/c/r 23 4 4 0.2

TtoA XA

x c/G/r 17 16 0.9

' X: site of misinsertion.
b Sjtes where the particular substjtutjons can be detected in SIJP4-o.

x c/G/r 34

0

5
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featured a strand bias, the strand specifìcìty of base-pa'ir substjtutions

presumed to result from dATP misinsertion lvas analyzed (Table 24). No

preference for such changes to occur on either strand of SuP4-o was

detected, whether or not the next base jncorporated 3'to the mjsinsertion

site was an A.

4.5 þlutational Specific'ity of Deoxycytidylate Deaminase Deficiency or

Treatment with Excess dTHP

Elevated dcTP and drTP pools caused by defjciency in the dcMp

deamjnase gene or by treatment w'ith excess thymid'ine, respectiveìy, have

also been reported to be mutagenjc in bacteriophage T4 and mammaljan cells
(t'lì ì I i ams and Drake 1977 ; wei nberg et al . r985; Aronow et al . 1994;

Sargent and Mathews 1987). To probe the relationships between mutatjon

'inductjon and these dNTP pooì imbalances, dNTP levels in a dCMP deaminase

defjcjent strain or in SBT-TLp treated with excess dTMP were measured and

SUP4-o mutations induced by these conditions were characterized by DNA

sequenc'i ng .

4.5"1 þleasurement of dNTP Poo'ls in HGK-dp and SBT-TLp Treated w'ith Excess

dTMP

To determine whether dCMP deamjnase defjcìency and dTMP treatment led

to dNTP'imbalances in yeast, an enzymatic assay (Sargent and Mathews 1gB7)

was used to determ'ine the concentratjons of all four DNA precursors in

exponential phase cells of MGK-dp and SBT-TLp (measurements for the latter
strajn were made follow'ing two different treatments with dTMP). Compared

to MKP-op, the dcTP concentration was markedìy enhanced (16-foìd) .in

MGK-dp and the dTTP pool was djm'inished by 40% resulting in a 127-fold

jncrease 'in the dCTP:dTTP ratio (Tabìe 25). In add'ition to alterat'ions .in



159

Tabl e 24. Strand Speci f j ci ty of Substi tuti ons Induced by dTTP Dep'l et'ion"

Seq uen ceb

5' to 3'

No. of

avai I abl e

s i tes"

No. of

sites

detected

No. of

mutants

recovered

TS NTS

Average no.

of mutants per

available site

NTSTSd NTSd TS NTS TS

0.3 0.5

0.8 0.6

35
26 19

34
16 11

11 10

34 30

XA

x c/G/r

' Mi si nserted base: A.

o X: s'ite of m'isinsertion.

" S'ites where A mi sì nserti ons

o TS: transcribed strand; NTS:

can be detected tn SUP4-o.

non-transcri bed strand.
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Table 25. Intrace'llular d$üTF Concentrations for MKP-op, ffiGK-dp and SBT-TLp

Treated with Excess dTHPa

Strai n dATP dTTP dGTP dCTP

MKP-opb 0.68 t 0.04 I . 55 t 0.04 0. 58 t 0.02 0.61 t 0.04

MGK-dp 1.19 t 0.12 0.93 + 0.08 0.24 t 0.02 46.53 ¡ 2.76

SBT-TLp' 1.69 t 0.16 16.94 t 2.01 5.06 t 1.13 0.Sl + 0.tZ

SBT-TLpd 2.86 t 0.37 214.80 t 27.52 13.58 r 1.27 0.69 + 0.20

" concentratjons are gìven jn pmol/10ó cells. Each value'is the mean

I S.D. of three ìndependent measurements.

b Data for MKP-op are taken from Table 16.

c Treatment: 250 pg/n1 dTMP, 1.5 h.

d Treatment: t mglml dTMP, 6 h.
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the concentrations of the pyrìmidjne dNTPs, a 75% increase in the dATp

concentration and a 50% decrease in the level of dGTP ìn MGK-dp relatjve

to MKP-op were noted.

Growth of SBT-TLp ìn medium contaìning excess dTMP led to jncreases

in the dTTP, dGTP and dATP pools (Table 25) with the degree of.increase

depending on the severity of the treatment (11-, 9-, and 2. b-fold,

respective]y, after exposure to 250 pg/n] dTMP for l.s h; 139-, 23- and

4-fold, respect'ively, after treatment wjth I mglmì dTMp for 6 h).The dcTp

concentration was not altered by either treatment and so the dTTP:dCTP

ratjo was increased by as much as rzz-fo1d over that for MKp-op (see

Djscussion for comments on these results).

4.5"2 Induction of suP4-o f{utants by Elevated dcrp or drrp Levels

Cultures of MGK-dp were grown to statìonary phase from low t'itre
jnocula and pìated to measure pìasmid retention and to select canavanjne-

resistant colon'ies. Plasmid retention was not affected by the dCMp

deamjnase deficiency (Table 26) s'ince 86% of the MGK-dp cells tested

carried YCpMP2 and thjs value is typicaì for maintenance of the pìasmid in

MKP-op. However, dìsruptìon of the DCDI gene increased the SuP4-o mutatjon

frequency by 2.7-fold relative to that for MKP-op (p < 0.001) (Table zt).

Th'is corresponded to a doubì'ing of the SIIP4-o mutat jon rate per round of

DNA repl'icatjon jn the dcdl strajn (9.5 x l0-7 vs. 4.7 x l0-7 for MKp-op).

Prolonged treatment of growing SBT-TLp cells with dTl'lP concentrations

above 250 p,g/m1 dimin'ished pìasmìd retention whjch was reduced to 52% by

6 h exposure to I mg/mì dTMP (Tabìe 26). dTMP treatment was also lethal

and mutagenìc with the magnitudes of these effects jncreasing wìth the

severjty of dTMP stress (Fìgure 20). For example, the mutation frequencies
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Tab'le 26. Effect of Elevated dCTP and dTTF Levels on Plasmid Retent.ion

Strai n

No. of

col oni es on

non - sel ect i ve

med i um

No. of

colonies on

sel ect i ve

med i um

Pl asmi d

retent'i on

(%)

MKP-op"

MGK-dp

SBT-TLpb

42,231

I?,787

23,909

37 ,299

11,027

7,099

88

86

52"

" Data for MKP-op are taken

b Treatment: I mg/mì dTMP,

" Value has been normalized

from section 4.3.

6 h.

to time 0. Plasmid retention at time 0 = 57%.
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Tab'le 27" Effect of dCMP Deaminase Deficiency on Spontaneous B{utation

Stra'in Col ony types

No. exami ned"

(% of tota'ì)

Frequency"

(x to-ó)

MKP - opb

MGK-dp

Total "

Red, Lys-

Total

Red, Lys-

65

2.0

257

5.4

31,923 (100.0)

e84 (3.1 )

67,666 (100.0)

t,446 (2.t)

u Colonies were ìsolated from, and frequencies are the means for,45
(MKP-op) or 26 (MGK-dp) ìndependent cultures.

Data for MKP-op are taken from Table lI.
The total i ncl udes canavan'ine-res'i stant

(ii) red and Lys* or Lys-. The whjte or

reflect mutation at the CANi locus

respectively.

mutants that are (i) whjte or

red and Lys* co'l on j es I i kel y

or at antj -suppressor I oci ,
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Figure 20. Cell Kjlling and SUP$-o Hutagenes'is Induced by Treatment with

Excess dTt'lP" For each dTMP concentrat'ion, the data poìnts are

the averages for 3 independent experiments. (A) survivìng

fractjon; (B) jnduced mutation frequency. The mutatjon fre-

quencìes have been corrected for the spontaneous value. dTMP:

(') 250 pg/n1; (') 500 ¡tg/n1; (^) 1 mglmì.
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for 6 h treatment wjth 0.2s, 0.5 or I mg/mì drMp were 5-, 19- or 2g-fold

higher, respectiveìy, than the spontaneous frequency for MKp-op. To fuì'ly
apprec'iate the signìf icance of these 'increases, it must be real jzed that

the spontaneous frequency for MKP-op reflects mutat'ion select.ion after
growth for approximately 20 generat'ions. In contrast, 'less than two rounds

of DNA rep'l 'icati on occurred durÍ ng the 6 h exposure to excess dTMp. 0n

this bas'is, and assumìng that the mutatjons were randomìy dìstributed

among viable and non-v'iable celìs, the rates of SUP4-o mutatjon per round

of DNA replication durìng treatment with 0.2s,0.5 or 1 mglml dTMp for 6 h

were calculated to be 9.5- (4.0 x 10-u), 64- (3.0 x 10-s) or 104-fold

(4.9 x 10-s) greater, respectjvely, than the correspondìng rate for MKp-op

{4.7 x 10-') .

4.5.3 Characterization of SItP4-o l4utat'ions Induced by Elevated dCTp or

dTTP Level s

The mutatjonal specificjties of the dNTP jmbalances were determjned

by characterizing 207 SllP4-o mutants arisìng in the dcdl strajn and

200 mutants induced by excess dTMp (1 mglm'ì dTMp for 6 h). Then the

results were compared to those for 334 spontaneous mutants selected in

MKP-op. For MGK-dp, each mutant was selected from a separate culture to

ensure that the SUP4-o mutati ons characteri zed by DNA sequencì ng

origìnated independent'ly. For the same reason, only five mutants were

selected from each culture of SBT-TLp treated with excess dTMP and any

member of a group of five mutants that was found to have a sequence change

'identifjed jn one other member of the same group was not consjdered

further. Henceforth, jn this section (4.5) reference to results obtained

with SBT-TLp wìll mean SBT-TLp treated wjth I mg/n1 dTMP for 6 h. Table 28
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shows that fewer mutational classes were detected under conditions of dNTP

imbalance wjth sing'le base-pair events accounting for sìgnìficantly more

of the total mutat'ions than in MKP-op (>98% vs. 89%, respectively,

P < 0.001 in both cases). A detailed analysis of the substjtutions and

singìe base-pair deletions and insert'ions'is presented below.

Three other classes of mutation were identified. A multiple base-pa'ir

deletion jnduced by excess dTMP el iminated the 183 base-paìrs encompassing

pos'itions +76 in suP4-o through -107 in YCpMP2 (see Figure zr for

correlation of positjon numbers with 5UP4-o sites). There was no sequence

homology at the deletion endpoints and so thìs event might have resulted

from some form of illegitimate recombìnation. Although the fractions of

mutatjons due to jnsertion of Ty elements were markedly decreased

(>15-foìd)'in MGK-dp and sBT-TLp, one such event lvas found to have

occurred 'immediately 5' to posit'ion +38 in MGK-dp (this is the trans-

posìtion hotspot'in MKP-op). Recovery of 5 Ty insertions in MGK-dp and

onìy i after treatment with excess dTMP would have given transposjtion

frequencies sjmilar to that for MKP-op. Thus, it might be that the

preferentiaì increase jn sjngìe base-paìr events under cond'itions of dNTP

'imbalance effectjvely reduced the probabìi ìty of detectìng Ty insertions.

The three complex changes characterized in MGK-dp each featured the same

sequence rep'l acement ( 5' -GATCTCA-3' at +58 to +64 converted to

5'-CCGGG-3') recovered twjce in MKP-op. Furthermore, one compìex change

jnvolving the compìementary sequence rep'ìacement (5'-CCCGG-3' at +82 to

+86 converted to 5'-TGAGATC-3') was detected after treatment wjth excess

dTMP.
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4.5.4 AnalysÍs of Single Base-Pair Events Induced by Elevated dCTP or dTTp

Level s

The majorìty (78%) of base-pajr substitutions recovered jn the dCMp

deamjnase def icient stra'in could have jnvolved rep'lacement with C compared

to 37% of the substjtutions detected jn l'1KP-op (Tab1e 29). Sjmiìarly, 87%

of the substitutions jnduced by treatment with excess dTMP could have

jnvolved rep'lacement wjth T relative to 63% for MKP-op. These differences

t.Jere significant (P < 0.00f in both cases) and were consjstent wjth the

maiorjty of substitutions occurring spontaneousìy ìn MGK-dp or induced by

excess dTt'lP being due to misìncorporat'ion of the nucleotjde jn excess.

Since the dATP and dGTP pools were also increased by treatment with excess

dTMP, it 'is conceivable that all the substitutions recovered 'in SBT-TLp

were promoted by dNTP imbalance.

Given the inverse relationship of the dCTP:dTTP ratios ìn MGK-dp and

SBT-TLp, one might have expected a reduction in the proportjon of G.C to

A.T events with an associated jncrease in the proportion of A.T to G.c

events in MGK-dp and vìce versa for SBT-TLp. Although the fractjons of

G'c to A.T transitjons in MGK-dp and A.T to G.c transjtjons jn sBT-TLp

decreased compared to the correspondìng vaìues for MKp-op (p < 0.01), the

fract'ions of A.T to G.C trans'itions in MGK-dp and G.C to A.T transjt1ons

in SBT-TLp did not change significant'ly relat'ive to those for ¡'1Kp-op

(P > 0.30 jn both cases). Instead, the presumptive biases for repìacement

wjth C in MGK-dp and w'ith T in SBT-TLp were prìmariìy associated with

3-fold 'increases in the fractions of G.c to c.G and A.T to c.G

transvers'ions in MGK-dp (P < 0.02) and a i0-fold increase in the fraction

of A.T to T.A transversjons in sBT-TLp (p < 0.01) compared to MKp-op. For

both straìns, these features resulted jn a sìgnificantly hìgher ratjo of
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transversions to transitjons than for MKP-op (p < 0.05).

The distributions of the substitutions that occurred in the three

strajns,'includ'ing doubìe events, are shown in Figure 21. No substjtut.ions

were detected 5' or 3' to the slJP4-o coding sequence and changes were

recovered onìy at one site wjthin the IRNA 'intron (position +51). The

three d i stri but i ons appeared to be qu i te d'i fferent . Al together, 6l

distinct sjtes were mutated but substitutions occurred at markedly fewer

sjtes ìn MGK-dp (47) and sBT-TLp (34) than in MKp-op (64).Thjs did not

sìmp]y reflect a preference for repìacement with C jn the dcdl strain, or

T after treatment w'ith excess dTMP, because such substjtutjons occurred at

only 67% (44/66) or 52% (31/60) of the positions, respect'ively, where they

can be detected on e'ither strand ìn SIIP4-o. The presence of hotspots and

co]dspots indicated that the mutations did not occur at random. There was

no overlap'in the sites that were mutated most frequently ìn MGK-dp (+64,

+79, +89) and MKP-op (+6, +18, +51, +83, +84, +88). Although three of the

sites mutated most often in SBT-TLp (+2, *6, +55, +83, +84) and MKp-op

cojncided, the relatìve proportions of the spec'ific substitutions at these

s'ites varjed considerably between the two strajns. The hypergeometric test

(Adams and Skopek 1987) was used to statjst'ically compare the distrjbu-

tjons of substitut'ions occurring in MGK-dp and SBT-TLp to each other, and

to that for MKP-op. For all three comparisons, the probability of random

sampl ing error be'ing responsible for d jfferences 'in the d'istributions was

less than 1 in 500 (the upper l im'it of the 90% confidence interval on each

est'imate of P was 0.002).

Sìng1e base-paìr deletìons and ìnsert'ions accounted for approximateìy

10%of the total mutations characterized in MGK-dp and SBT-TLp (Tabìe 28).

The majority of deletjons in MGK-dp (18/19) and SBT-TLp (18/20) and one
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F'igure 21" Distribution of Base-Pair Substitutions Arising jn a dcdl

stra'in or Induced by Excess drMp. For s'imp'l icìty, on'ly the

cod'ing regì on of the transcri bed strand 'is shown above each

distrjbutjon. Double base substitutions are'indicated by'lower-

case letters. The intron extends from +40 through +53. (A)

MKP-op; (B) Î.4GK-dp; (C) SBT-TLp treated with I mglmì dTMp for

6 h.
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jnsertion in each strain were detected wjthin the run of 5 G.C paìrs at

+79 through +83. Anothelinsert j on occurred after treatment w j th excess

dTMP in the run of 3 G.C pairs at +65 through +67. The remajning deletjons
jnvolved the loss of G.c paìrs at site +64 (MGK-dp) and site +6 or +T

(sBT-TLp) and the loss of an A.T pair at posit'ion +89 (SBT-TLp). Thus, the

formation of most of these events could have'involved sììpped mìspairìng

of tempì ate and nascent strands duri ng repl i cati on through the runs

(Streisinger et al. 1966), a process independent of nucleotide mis'inser-

tion (but see Djscussìon).

4.5.5 Sequence Context and Strand Specific'ity of Base-Pair Substitutions

Induced by Elevated dCTP or dTTp Levels

As emphasized above, mutations induced by dNTP imbalance in eukaryotìc

cells mìght be due, in part, to inh'ibjtjon of proofreading by a next-

nucleotide effect. An indication of such inhibitjon would be a preference

for mutatìons to occur at sites where the next nucleotide to be'inserted

is the one present in excess. To probe for such a bìas, the sequence

context of substitutjons recovered in MGK-dp and SBT-TLp was exam'ined.

There was no obvious preference for dCTP mis'incorporation in MGK-dp, or

dTTP mis'insertjon jn SBT-TLp, to occur at slJP4-o sites preceded by a

particular 5' base (Table 30). The same appeared to be true wìth regard to

the 3'base for dcTP misinsertjon. Yet, Table 3l shows that T to c

transitions, and possìb1y A to C transversions, were 5-fold more likeìy to
occur at s'ites flanked by a 3'c (5'-xc-3'where x'is the site of m'is-

jnsertion) than at sites followed by A, G or T (T to C: P < 0.02; for the

transversion, the small number of events involved makes the statjst'ical

significance uncerta'in). This bias was not observed for G to C trans-
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Table 31. Analysis of

dcdJ Strain

176

Bases 3' to Sites of

or Induced by Excess

Substitutions Occurrjng in a

dTHP in SBT-TLp

Strai n Change

Sequenceu

5',-> 3',

No. of

avai I abl e

s i tesb

No. of

sites

detected

No. of

mutants

recovered

Average no.

of mutants

per site

MGK-dp TtoC

AtoC

GtoC

SBT-TLp" C to T

AtoT

GtoT

XC

x A/c/r

XC

x A/c/r

XC

x A/G/r

7

16

3

t5

t7

I

5

5

5

6

I

4

7

22

2.4

0.5

t.7

0.3

3.9

?.4

x T/G

x A/c

35

72

9

30

47

7

T7

9

23

l2

l1

1l

T7

21

15

J

73/36d

I

2.0

0.6

6.6/3 3d

0.1

i.0

0.4

7

I

I
oU

x r/c

x A/c

x r/G

x A/c

u X: site of m'is'insertion.

o Sites where the particular

" Treatment: I mg/mì dTMP, 6

á D.tu for A to T hotspot at

substitutions can be detected in SUP4-o.

h.

pos i t i on +2 'i nc.ì uded/excl uded .
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vers'ions uJhich expìajns the apparent lack of preference for s'-Xc-3' sites

in Table 30 because G to C changes const'ituted 75% of the substitutjons

considered there-

Mutat'ions potentiaì1y due to mìsincorporatjon of dTTP were, on

average, ôt least 7-fold more 1 ikeìy to occur at sjtes jmmedjately

followed by thymine or guanìne, than by adenjne or cytosine (p < 0.00i for

each comparison) and 95% (L36/I43) of the substitut'ions were at the former

sites (Table 30). If the hotspot for dTTP misjnsertjon at the second

position in SUP4-o is excluded from this comparjson, the preference for

5'-XI/G-3' sites js still 4- to 5-fold greater than for 5,-XC-3, or

5'-xA-3' sites (P < 0.005 in both cases). A more detaìled analys'is

revealed that c to T and A to T events were, respect'iveìy, 3-fold and at

least 33-fold more ljkely to occur at s'ites followed by T or G than by A

or C (Tabìe 29, C to T: P < 0.02; A to T: P < 0.001). G to T events also

were recovered 2-fold more often at 5'-XT/G-3'sjtes but this preference

was not s'ignifjcant (P > 0.05). It can be determined from Figure 18 that

most (22/24) of the substitut'ions that could have resulted from misìn-

sertion of dGTP occurred at 5'-XG-3' s'ites. The majonity of these changes

(16/22), however, were at a single position (+83).

The di stri buti ons of the substj tuti ons presumed to resul t from

misinsertion of dCTP or dTTP were also examined to determine whether

mutatjon'induction by dNTP excess featured a strand bias. Potential dCTP

mjsinsertion events did not exhjbit a preference for e'ither strand of

SUP4-o whether or not the next base ìncorporated 3'to the misinsertjon

sjte was C (Table 32, P > 0.20 or 0.50, respectively). 0n the other hand,

it appeared that dTTP misincorporation was 2.5-fold more likely to occur

on the transcribed strand when dTTP or dGTP was the next correct nucleo-
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tjde to be inserted. When the A to T transversion hotspot at position +Z

was omitted from this comparìson, there also was no sìgnificant strand

preference for dTTP mjsinsertjon (p > 0.10).

4"6 Influence of Elevated dcrp Levels on EHS and HNNG Mutagenesis

06-alkylguanjne is thought to be major the premutatjonal lesion for

Eltls- and MNNG-induced changes. It is bel ieved to mispair with thymjdine

during DNA synthesis in vivo lead'ing to an increase in G.c to A.T tran-

sitjons (Abbott and saffhìll 1979; Dodson et al. IgBz; Ead'ie eú al. 1984;

Loechler eú a/. 1984; Burns et al. 1986, r9B7; sjnger 1986). ilevated dcTp

levels have been found to reduce EMS-jnduced cell killing and mutagenesis

(Meuth 1981b), possibìy through competitjon with dTTP for paìr'ing opposìte

06-alkylguanine. To investigate whether such competition can offset the

mutagenic effects of alkyìat'ing agents, the wild-type strain MKp-op and

MGK-dp, whìch has an elevated dCTP pooì, were treated separateìy with EMS

and MNNG and the resultìng mutants were anaìyzed by DNA sequencing.

4"6.1 EþlS and I4NNG Mutagenes'is in HKp-op

To be able to evaluate the jnfluence of elevated dCTP pools on tl'1S and

MNNG mutagenesis, it was first necessary to determine the mutational

specifìcìty of EMS and MNNG in MKP-op, a strain with normal dNTP levels.

4.6.1.1 Effect of EHS or HNNG Treatment on Intracellular dñ{TP Pooìs in

HKP-op

Earl'ier studjes indicated that treatment with alkyìatìng agents could

affect the balance of dNTP pools (Das et al. 1983). To determjne if the

treatment condìtions empìoyed ìn this study for aìkylation mutagenes'is

cause dNTP poo'l alterations, the concentrations of all four dNTPs were
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measured jn l4KP-op after exposure to EMS or MNNG. txtracts for dNTP

measurements were prepared after treating cells in buffer wìth an

al kyì atì ng agent for 45 m'in and then i ncubat'ing the treated cel I s j n YpD

medium for I h. During this perìod, no cell growth occurred. Control

values were obtained for these treatment condjtions by repìacing the

alkylating agent with an equ'ivalent volume of water. Folìowing this mock

treatment, the concentrations of all four DNA precursors were reduced by

55% to 72% when compared to values obtained for exponentiaììy growìng

cells (Table 33). However, the dNTP pools still retained the same

relatìonships to each other with dTTP having the highest levels. The

dTTP:dATP:dcrP:dGTP ratio for exponentially growing cells þras

l:0.44:0.39:0.37 while the rat'io calculated for the mock-treated cells was

1:0.34:0.32:0.23. In comparison to mock-treated cel'ls, cells exposed to

EMS or MNNG had increased dNTP Ievels (2- to 6-fo'ìd) with the increases

beìng slightly greater for MNNG treatment.

4 "6 "l "2 Ef fects of EF1S and HN8{G on Vi abi I i ty, P'l asm'id Retenti on and

Hutation in t4KP-op

To determine the effects of EMS and MNNG on cell vjabjìity, retention

of the plasmid YCpMP2 and the induction of SIIP4-o mutants ìn MKP-op, cells

were exposed to'increasìng concentratjons of e'ither one of the alky'lating

agents. Cell killjng was sjmilar for each agent over the dose ranges used,

but the frequencies and yjelds of induced SIIP4-o mutants were greater for

l',lNNG than EÞlS (Fìgure 22). Neither treatment had any effect on pìasmid

retention (Table 34). Even for the highest doses used in this study (3%

for EMS, 90 ¡"9/n1 for MNNG) at least 87% of the cells plated to select

canavanine-resjstant colonjes retained YCpMP2. To minimize the contrjbu-
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Table 33. Intracellular d${TP Concentrations after Alkylation Treatment of

HKP-op"

Strai n dATP dTTP dGTP dCTP

MKP-opb 0.68 I 0.04 I .55 t 0.04 0.58 t 0.02 0.61 t 0.04

MKP-opc 0.23t0.07 0.68t0.17 0.16t0.04 0.22t0.03
MKP-op + EMSd 0.77 t 0.?3 i.83 t 0.64 0.48 t 0.17 0.48 t 0.09

MKP-op + MNNG" 1.32 t 0.38 2.74 t 0.62 0.74 + 0.24 0.70 + 0.15

u concentratjons are g'iven in pmol/10ó cells. Each value is the mean

I S.D. of three independent measurements.

b Data for MKP-op (exponent'ial phase) are taken from Table 16.

" Mock-treated cel I s.

d Treatment: 1% EMS.

e Treatment: 30 pg/n1 MNNG.
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F'igure 22. EhlS- and Hñ{NG-Induced Cel'l Killing and SUP$-o Hutagenesis. For

each agent, the data poìnts are the means for fourindependent

experiments. (A) surv'iving fractìon; (B)'induced mutation

frequency; (C) jnduced mutation yieìd. The mutation frequencjes

and yields have been corrected for spontaneous values. (') EMS;

(.) l'lNNG.
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Table 34. Effect of EHS and ffiN${G Treatment on Plasmid Retention in HKP-op

Strai n

No. of

colonies on

non - sel ect i ve

med'i um

No. of

col on i es on

sel ecti ve

medi um

Pl asmi d

retent i on

(%)

Control "

EMS (1%)

EF1S (3%)

MNNG (30

MNNG (e0

pg/n1)

pg/nl)

42,23r

5, 831

4,852

6,994

6,612

37,299

5, i01

4, 198

6,244

6,0r2

88

87

87

89

90

u Spontaneous data for MKP-op are taken from section 4.3.
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tjon of spontaneous events, SIIPL-o mutants tvere selected for sequence

analysjs followìng doses of EMS (I%) or MNNG (30 pg/n1) that increased the

SUP4-o mutation frequency by 33- or 60-fold, respectively. At these doses,

both agents reduced cell survival to approximatel y 50% wh'ile the induced

mutat'ion frequencies and yields were ât, or near, the maxjmum values

(Figure 22). Characterjzation of the Et'lS- and MNNG-induced canavanjne-

resistant colonies revealed that for each agent the fraction of SUP4-o

mutants (red, Lys-'isolates) was approxìmately 9% (Table 35). Thus, the

fraction of SUP4-o mutants induced by El4S or MNNG was about 3-fold hìgher

than the corresponding spontaneous value (P < 0.001 for both agents).

4. 6 " I .3 Characteri zati on of Et'lS- and HF{NG- Induced Hutants 'in MKP-op

A collection of 152 EMS-induced and 166 MNNG-induced mutations in the

SUP4-o gene was anaìyzed by DNA sequenci ng. In both cases, excl us'ive'ly

base-pair substitutions were recovered and jn each case G.c to A.T

trans'itjons accounted for over 96% of the mutat'ions detected (Tabìe 36).

Thjs contrasts markedly wjth the spectrum of spontaneous SllP4-o mutatìons

where on'ly 23% of the total base-pair substitutions lvere G.c to A.T

transjtions and where transvers'ions outnumbered transitions by 50%

(Tabìe 13). The remaining mutations detected after El'lS or MNNG treatment

were A.T to G.C transìtions and G.C to C.G and G.C to T.A transversions.

In additìon, two double base-paìr changes were recovered after treatment

wjth tl'1s, each invoìv'ing a G.C to A.T trans'ition (at +l and +65,

respectively) with a G.C to T.A (+1i) or a G.C to C.G (+67) transversjon

at a second nearby G,C sjte.

The distnibutions of the El4S- and MNNG-induced mutations within the

SUP4-o gene are compared in Fìgure 23 and summarjzed in Table 37. For both
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Tab'le 35. EffiS- or MNruG-Induced Ganavanine-Resistant Colonies in HKP-op

Treatment

Col ony

types

No. exam'ined"

(% of total )

Frequency'

(x to-4)

Control b

EMS (t%)

MNNG (30 ¡¿glml )

Total'

Red, Lys

Total

Red, Lys

Total

Red, Lys

31,923 (100)

e84 (3)

7,429 (100)

674 (e)

10,804 ( 100)

e76 (e)

0.65

0.02

10.9

1.0

20.5

1.8

Colonjes were isolated from, and frequenc'ies are the means for,45
(spontaneous), 6 (EMS) or 4 (MNNG) 'independent cultures.

Spontaneous data for þlKP-op are taken from Table 11.

The total includes canavanjne-resistant mutants that are ('i) white or

(i'i) red and Lys* or Lys-. The white or red and Lys* co'lonies ljkely

refl ect mutatj on at the CANl I ocus or at anti -suppressor I ocì ,

respectìvely.
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Tabl e 36. EHS- or HN8{G- Induced Base-pai r subst,i tuti ons 'in HKp-op

EMS' ( 1%) MNNG (30 ps/m1)

No. detected Frequency No. detected Frequency

Substitutìon (%of total) (xi0-?) (%of total) (xI0-?)

Transitions

G'C to A.T 150 (97.4) 97.4 160 (96.4) 173.4

A.TtoG.C i (0.6) 0.6 z (L.z) z.z

Total 151 (98.0) 98.0 162 (97.6) 17s.6

Transversion

G'CtoT.A I (0.6) 0.6 2 (1.2) z.z

G.C to C.G 2 (1.4) I .4 2 (r.2) z.z

A'T to C .G

A.T to T.A

Total 3 (2.0) 2.0 4 (2.4) 4.4

" Incl udi ng doubl e subst'itut j ons.
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F'igure 23. Di stri buti on of SIJP{-o Base-Pa'ir Subst'itut'ions Induced by EHS

or MN¡{G 'in hlKP-op. For sìmpl icity, onìy the region of the

strand encod'ing the tRNA is shown. Double base substitutions

are ind'icated by ìower-case letters. The intron extends from

+40 through +53. (A) tl'ls (I%); (B) l'lNNG (30 ¡rslmt).
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Table 37. G.c to A.T Transitions Induced in HKF-op by EHS or MNNG

MNNG (30 pslml )

No. Frequency

detectedb (x to-6)Pos i t'i on

Sequenceu

5' to 3'

No.

detectedb

Frequency

(x Io-6)

3
32
56
61
88
10
25
I

t5
34

86
11
26
67
79
66

7

19

5

5l
64
72
77
27
78

6
65
83
84
69

59
18

AGA

AGA

AGA

AGA

AGA

AGC

AGG

AGT
AGT
AGT

GGA

GGC

GGC

GGC

GGC

GGG

GGT

GGT

CGA

CGA

CGA

CGA

CGA

CGC

CGC

CGG

CGG

CGG

CGG

CGT

6.5
2.6
7.2
0.65
2.6

1.9
9.8
0.65
9.8

3.2
2.6
1.9
1.3
0.65
6.5
5.2
1.3

6.6
3.2
0.65

4.5
6.5

0.65
2.6
1.9

2.6

1.3
2.6

10
4

11
I
4
0
3

l5
1

15

5

4
3
2

t
l0
I
2

10
5

1

0
7

10
0
I
4
3

0
4

2

4

1

13
t0

0
4
0
5

53
I

15

2

2

0
0

I
3

I
2

0
0
0
0

0

2

1.1
14.3
1t .0

4.4

s.s
58. 5

1.1
16.6

6.6
3.3

14.3
9.9
3.3
7.7
3.3
1.1

2.2
,_,

1.1
3.3
f.i
,_,

2.2

6
3

13
9

3

7

3

I

TGA
TGG

In each trjnucleotide, the central G

G.C to A.T events can be detected

Tabl e 3) .

'is the mutated base.

at all the sites listed ( see
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agents, base-pair substitutjons occurred throughout the gene, wjth the

exception of the IRNA intron where mutations were recovered only at one

posìtìon (+51). Furthermore, there rvas considerable overlap in the sites

that were mutated by both agents. l,ljth regard to G.C to A.T transitions,

tMS-induced events occurred at 22 of the 23 G.C sites detected for MNNG.

In addition, mutation frequencies were similar at a number of sjtes (+7,

+11, +15, +18, +19, +27, +51, +56, +86, +88), many s'ites were mutated

often by EMS and MNNG and the two sjtes most frequently mutated (+1, +34)

were the same for both agents. El'1S missed 7 (+10, +12, +6g, +lz, +7g, +g0,

+84) of the 32 G'C sjtes where transjtjons can be detected and MNNG missed

6 of the same sites. However, some d'ifferences were noted. tMS mutated

6 sites (+59, +61, +64, +65, +69, +83) that were not targets for MNNG and

I'1NNG mutated 1 sjte (+78) not found for EMS. A pronounced hotspot was

found onìy for MNNG (positjon +l) and at several sites mutated by each

agent (+1, *3, +26, +32, +34, +67), the mutatjon frequencies dìffered

considerably for EMS and MNNG (Tabìe 37). By usìng the hypergeometrjc test
of Adams and Skopek (198i) to statjsticalìy compare the two d'istributjons

to each other, it was establjshed that the probab'ilìty of random sampling

error beìng responsible for any djfferences was less than I jn 500 (the

upper limjt of the 90% confjdence interval on the estimate of p was

0.002).

4.6"1.4 Sequence Context and Strand Specificity of Substitutions Induced

by Et4S or Hô{NG 'in HKp-op

Earl i er studi es of E . col 'i and bacter j ophage .r j nd j cated that

mutations jnduced by MNNG occurred more frequentìy at s'ites where the

guanìne of a G'c pair was preceded (5') by a guanjne or where the guanìne
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was located on the non-transcribed strand (Burns et al. 1987; Reed and

Hutchinson 1987; Rjchardson et al. 1'987a). The presence of hotspots and

coldspots 'in the distrìbutions of EMS- or MNNG-induced base-pair

substitutions tn SIJP4-o indicated that these mutations did not occur at

random.0f the 32 sites where G.C to A'T transitions can be detected in

suP4-o, 20 have the guanìne preceded (5') by a purine (5'pur-G) and the

remainder by a pyrimidine (5'Pyr-G) (Table 38). Interestjngly, El'lS- and

F1NNG-'induced mutations were recovered at the same l6 5'pur-G sites

although an add'itional site was found after EMS mutagenesis. Despite thìs

simìlarity, tMS and MNNG mutagenesis differ wìth regard to the frequencies

at wh'ich mutations were recovered at 5'Pur-G or 5'pyr-G sjtes (Table 38).

Sjtes having a guanine preceded by an aden'ine or a guanine were ll- or 6-

fold more likely to be mutated by MNNG, respect'ively, than if preceded by

a pyrìmid'ine (Tabìe 38). If the MNNG hotspot at position +f is excluded

from this comparison, the preference for s'A/G sjtes is stjll 6-fold

greater than for 5'Pyr-G sjtes. All of these d'ifferences are hìghly

sìgnificant (P < 0.001). 0n the other hand, EMS mutagenesis exhibjted no

signifjcant preference for guanines flanked by a 5' purine. The base 3' to
the guanine had no jnfluence on EMS mutagenesis or MNNG mutagenes'is when

the hotspot at position +1 was excluded from the analysìs (Table 39).

From Table 40, jt appears that both El'1S and MNNG mutagenesis were

2-fo1d more likely to occur at sjtes hav'ing the guanìne on the transcrjbed

strand. However, ìf the MNNG hotspot at posìtjon +1 js omitted from thjs

analys'is, then MNNG mutagenes'is exhjb'its no preference for either strand.

Moreover, even with the hotspot data included for MNNG, the apparent

strand preferences are not s'ignificant for ejther agent (P > 0.05).
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4.6.? 8ffi5 and HNNG Hutagenesis in MGK-dp

To determine the infl uence of el evated dCTP on .tMS and MNNG

mutagenesìs, cells of MGK-dp were treated with each alkyìating agent and

thei r effects on dNTP poo'l 'leveì s, cel I survi val , pl asmìd retenti on and

mutation induction were examined.

4"6.2"1 Intracellular dNTP Levels in EHS- or M?{${G-Treated MGK-dp

As observed previousìy for MKp-op (Tabìe 33), the exper.imental

conditions used for alkylation treatment caused about a 3.0-fold reductjon

in the dATP, dTTP and dCTP concentrations in MGK-dp (Table 41). The dGTP

concentratìon dropped beìow the level whjch can be reliably detected wjth

the dNTP poo'ì assay (the standard deviatjon was greater than the value

calculated for the concentratjon of dGTP). The relatìve proportjons of the

djfferent dNTPs 'in mock-treated cells (dCTP:dATP:dTTP = 1:0.023:0.015)

were quite simjlar to those observed for exponentìaì'ìy growing MGK-dp

( I :0.025:0.020) . After aì kyl ati on treatment, dATp and dTTp I evel s were

about 2-fold higher than'in the mock-treated cells. The dCTP levels were

slightly less than'in the mock-treated cells but were stjll much greater

(EMS: 30-fold; MNNG: 18-foìd) than the correspondìng pool s in MKp-op

treated wjth the alkylatìng agents (compare Tables 33 and 4l).

4.6 "2 "2 Effects of El evated dCTP Leve'l s on Vi abi I i ty, Pl asmi d Retenti on

and Hutation in EHS- or H${Ì{G-Treated Cells of HGK-dp

Table 42 compares the effects of elevated dCTP levels on the toxicity

and mutagenicìty of EMS and l4NNG. Cells (lVlGK-dp) having elevated dcTp

poo'ls surv'ived ElllS treatment better than celìs (MKP-op) wjth 'normal' dCTP

levels (84% vs. 50%, respectìvely; P < 0.001). In contrast, MNNG-'induced

cell kjll ing þras s'lìghtly more severe for MGK-dp than MKP-op ce'l'ls (62%
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Tab'le 41 . Intracel I ul ar d${TP Concentrat'ions after Al kyl ati on Treatment of

FIGK-dp^

Stra'in dATP dTTP dGTP dCTP

MGK-dpb i . 19 t 0. 12 0.93 t 0.08 0.24 t 0.02 46.53 t 2.76

MGK-dp" 0.39 t 0. 10 0.26 I 0. 13 BDLd 16.94 1 1 .00

MGK-dp + EMS" 0.59 t 0.29 0.50 t 0.27 0.11 t 0.06 14.33 t 3.40

MGK-dp + MNNGf 0.73 + 0.17 0.65 + 0.11 0.27 + 0.10 12.85 + 1.62

u Concentratjons are gjven in pmoì/106 ceìls. Each value is the mean + S.D.

of three'independent measurements.

o Data for MGK-dp (exponentjal phase) are taken from Tabl e ZS.

" Mock-treated cel I s.

o Below detection level.

' Treatment: 1% El'lS.

r Treatment : 30 pg/n1 I4NNG.
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El evated dCTP Level s on

EHS or MN${G Treatment

Survival and Hutant Recovery

Treatment Stra i n

Surv'i v'i ng

fract i on

Coì ony

types

No. examjned' Frequencyu

(% of total ) (x 10-4¡

EMS

(ru)

MGK-dp

MNNG MKP-opb

(30 pslml )

MKP - opb 0.5i

0 .84

0.44

MGK-dp 0.38

Total "

Red, Lys

Total

Red, Lys

Total

Red, Lys

Total

Red. Lys

7,429 (1oo)

674 (e)

3,673 ( 100)

416 (1r)

10,804 ( 100)

e76 (s)

4,323 ( 100)

343 (8)

10.9

1.0

4.6

0.5

20.5

1.8

12.6

1.0

colon'ies were'isolated from, and frequencies are the means for, 8 (El'1S:

MKP-op) or 6 (MNNG: l',lKP-op and t',lGK-dp, tMS: l'lGK-dp) independent

cul tures.
b

c

Data for MKP-op are taken from Table 35

The total includes canavanine-resistant

(ii) red and Lys* or Lys-. The whjte or

refl ect mutati on at the CANI I ocus

respect i vel y.

and F'igure ?2.

mutants that are (j) whjte or

red and Lys* coì on i es 'l 
ì keì y

or at anti -suppressor I ocì ,
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vs. 56%, respectjvely; P < 0.001). Aìthough the relative fractjons of

SUP4-o mutatjons were unaffected, the frequencjes of the CanR and SUP4-o

mutatjons were both reduced by about 60% for EMS treatment and 40% for

MNNG treatment of MGK-dp compared to MKP-op (P < 0.001 for treatments wjth

ei ther aì kyì ati ng agent) . Thus, eì evated dCTP I evel s decreased the

mutagenicìty of both EMS and Þ1NNG, but the magnitude of the effect was

smaller for the latter agent. Elevated dCTP levels did not'influence
plasmid retention in EMS- or MNNG-treated cells (Tab're 43).

4.6 .2.3 Characteri zati on of SIJP{-o Mutants Induced by Ef4S or HruruG i n

HGK-dp

To evaluate the jnfluence of elevated dCTP levels on the types of

sequence alteration induced by alkylating agents, SIJP4-o mutants jnduced

by EMS (203) or MNNG (202) in MGK-dp were analyzed. The result'ing spectra

were then compared to those for SIJP4-o mutants induced by EMS or MNNG in

MKP-op or occurring spontaneousìy in MGK-dp (Tabìes 44 and 45). As for

MKP-op, the majority (>98%) of El'lS- and MNNG-.induced sequence alteratìons

recovered in MGK-dp were base-pa'ir substitut'ions. One tandem (Ellls) and one

non-tandem (MNNG) double base-paìr change were al so recovered, each

invo'lving two G'c to c.G transversions (EMS: s'ites +84 and +g5; MNNG:

sjtes +78 and +83). Two mutants recovered after EMS treatment each had a

deletìon of a sìng]e G'c paìr, one in the run of 5 G.c pairs extendìng

from +79 to +83, the other at pos'it'ion +68. In addjt'ion, three complex

changes were identjfied.One, for EMS treatment, featured the same se-

quence repìacement (5'-GATCTCA-3' at +58 to +64 converted to 5'-CCGGG-3,)

found to occur spontaneousìy ìn lulGK-dp (section 4.5.3). A complex change,

in an MNNG treated celì, combined a two base-pair deìetjon in the G.C run
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Table 43. Plasmid Retent'ion jn MGK-dp Treated with EHS or ffiN${G

Strai n

No. of

col on i es on

non - sel ect'i ve

med i um

No. of

col on'i es on

sel ect i ve

med i um

Pl asmi d

retent'i on

(%)

Controlu 12,787 lI,0Z7

EMS (I%) 7 ,909 7,063

MNNG (30 pglmì ) 5,484 5, tig

86

89

93

" Spontaneous data for MGK-dp are taken from Tabl e 26.
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from +65 to +67 wìth an A.T to T.A transversion at +76. The thjrd change,

also for MNNG treatment, resuìted jn a run of g Gs (with respect to the

transcribed strand) between the sites +78 and +84 whjch jncreased the

ìength of the suP4-o coding sequence from 89 to 90 bp. Thjs could be

expìaìned e'ither by a G.C to C.G transversjon at posit'ion +78 accompanied

by a sìngìe base-pa'ir jnsertion in the run from +79 to +83 or by a sìngle

base-pa'ir deletion at +78 and a double base-pair insertjon in the run from

+79 to +83. The frequenci es of the s'ingì e base-pa'ir del et j ons and the

compìex changes were s'imilar to those for the same events occurrìng

spontaneously'in MGK-dp. Thus, these two classes of mutat'ion detected jn

the EMS- or MNNG-treated cells could be spontaneous ìn or.igìn.

4.6"2"4 EHS- or MNNG-Induced Base-pair substitutions in hlGK-dp

G'C to A.T trans'itions were responsible for the majority (>96%) of all
EMS- and MNNc- jnduced base-pa'ir subst'itut jons jn MKp-op (Table 36).

Increased levels of dCTP would be expected to successfu'lly compete with

guan'ine foLincorporat'ion across from 06-al ky'lguanìne durjng DNA synthesìs.

Consequent'ìy, a decrease jn the fract'ion of G.C to A.T transjtjons among

EMS- or MNNG-jnduced mutatjons would be anticipated. in agreement with

this expectat'ion, the frequencies of Eþ,lS- and l'1NNG-jnduced G.c to A.T

trans j t'ions 'in MGK-dp were reduced by 90% and 70%, respectì vely, rel at j ve

to the corresponding values for MKP-op (Tables 46 and 47). However, these

reductjons were consjderably ìarger than the decreases observed for the

overall base-pa'ir substitution frequencies (compare Tables 44 and 46 for

EMS and Tables 45 and 47 for MNNG). The differences were due to 35- and

12-fol d i ncreases i n the frequencì es of EMS- and I'INNG- i nduced G.C to C.G

transversions, respectively, ìn MGK-dp. Although this transversjon was the
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most frequent spontaneous base-pair substjtutjon in this strain, jt was at

least 7.5-fold more frequent after EMS or MNNG treatment of MGK-dp

(Tabì es 46 and 47) . Thi s i ndi cated that the I argest porti on of the

increases jn the frequencies of induced G.C to C.G events was rejated to

the alkylatìon treatments. The frequencjes of A.T to G.c, G.c to T.A and

A'T to T'A events detected after EMS or MNNG treatment of F1GK-dp were

s'im j I ar to the correspond'ing spontaneous val ues.

Fìgures 24 and 25 show the distributions of SIJP4-o base-paìr subst'i-

tutions induced ìn MGK-dp by EMS or MNNG, respectìve1y. To faciljtate the

comparisons, the djstributjons for aìkylation treatment of MKP-op and

spontaneous mutagenesis in MGK-dp are also presented. In no case ¡yere

subst jtutions detected 'in the 5' or 3' fl ankjng reg'ions of the gene but

changes were always recovered at intron site +51, the on'ly posjtion within

the i ntron that was mutated. G.c to A.T transi ti ons and G.c to c.G

transversjons accounted for more than 85% of the changes 'induced by

aìkylation treatment ìn MGK-dp and so these two classes of substjtut'ion

are considered here separateìy.

For both, EMS and MNNG treatment,60% of the total s'ites where G.C to

A'T transitjons occurred in l'lGK-dp and MKP-op were common to both strains

(EMS: 18/29; MNNG: 17/28) (Table 48). However, EMS jnduced these events at

fewer sjtes in l'lGK-dp than MKP-op (19 vs. 28) whereas they occurred at

similar numbers of sites jn the two stra'ins following MNNG treatment (22

vs. 23, respectiveìy). [,Jith one exceptìon for i'1NNG treatment (posit'ion

+27) ' the El'lS- and MNNG-induced trans'it jon frequencìes were lower at all

sj tes where these events were detected i n both MGK-dp and MKp-op

(Tabìe 48). However, the sìte frequencjes were not unjformly reduced w'ith

the decreases ranging from 3I% to 98% for El'1S treatment and from 10% to
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Distribution of SUP$-o Base-Pair Subst'itutions

HGK-dp by EhlS" For sìmpìicìty, only the regìon of

encod'ing the IRNA is shown above each distributjon.

substitutions are ind'icated by ìower-case letters.

extends from +40 through +53. (A) MKP-op: EMS (l%);

tMS (I%); (C) Ì'lGK-dp: spontaneous.

Induced in

the strand

Doubl e base

The i ntron

(B) MGK-dp:
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Figure 25. D'istribution of SUP$-o Base-Pair Subst'itutions Induced in

hlGK-dp by FINNG. For s'imp'ìicìty, only the region of the strand

encoding the IRNA is shown above each d'istributjon. Double base

substjtut'ions are indjcated by lower-case letters. The intron

extends from +40 through +53 . (A) MKP- op : MNNG (30 ¡rglm'l ) ;

(B) MGK-dp: MNNG (30 pglml); (C) l'lGK-dp: spontanoeus.



Ã
 

+
 l 

+
 r

 0
 

+
20

 
+

30
 

+
40

 
+

50
 

+
60

 
+

70
 

+
g0

 
+

gg
#d

 3
'G

A
G

A
G

cc
A

T
c 

G
G

T
T

cA
A

cc
A

 A
A

T
T

cc
G

cG
T

 T
cT

G
A

A
A

T
T

A
 A

A
T

A
G

T
G

A
T

G
 c

T
T

T
A

G
A

A
cT

--
cT

A
G

cc
cG

cA
 

A
G

cT
G

A
G

cG
G

 c
cG

C
cc

T
C

T
 

5,
A

A
A

T
T

 
A

 
T

 T
T

A
A

T
T

A
T

.A
 

C
T

 
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

A
A

ry
 ,'å

À
.o

nr
ro

rð
to

.n
rr

r*
rr

Å
to

*r
rr

rr
rn

îto
rr

rr
oo

or
rio

o*
.o

nr
ro

rå
uo

rr
rr

on
*r

îu
or

ro
or

rr
rr

Å
to

on
rr

ru
rr

rå
uo

r.
rr

rr
rr

T
tn

u,
A

G
A

 A
G

G
T

 G
 A

C
A

A
A

G
T

 
A

C
A

A
A

G
T

 
C

C

A
A

C
G

T
 

C
C

A
C

 T
 

C

A
C

 
T

A
C

 
T

A
C

A
A

A
A

A
A

A
A

A
A

A
M

A
C

C
C

T
T

A
T

T
A

T
T

A
T

T
T

T T T T T T

T
T

T

T
A

T
A

T
A

T
A

T
A

T
A

T
A

T
A

T
A

T
 A

A
A

T
T

T
 A

A
A

G
T

 
C

G
C

A
 

+
r 

+
r0

 
+

20
 

+
30

 
+

40
 

+
50

 
+

60
 

+
70

 
+

80
 

+
gg

q-
 3

' G
A

G
A

G
C

cA
T

c 
G

G
T

T
cM

cc
A

 A
A

T
T

C
cG

cG
T

 T
cT

G
A

A
A

T
T

n'
-n

nr
¡C

re
nT

c-
-C

T
T

T
A

cM
cÌ

--
C

rn
cc

cc
ec

R
 

A
G

C
T

cA
G

cc
c 

cc
cc

cc
T

cT
 5

,

T
T

A
 C

A
T

T
A

 C
T

T
A

 C
T

T
A

 C
T

T
A

 C
T

T
A

 C
T

T
A

 C
T

A
T

C

T
A

T
A

A A A A A A A A

A
G

C
 A

G
G

G
C

G

C
G

C
 A

G
G

G

C
G

C
 C

G
T

C
G

C

A
C

A
G

 C
A

C
A

 C
A

C
A

 C
G

A
T

A
T

A
T

A
T T

T
T

T
T

T
T

T
C

T
T

T
T

T
T

T
C

C

C
C

C
 A

C
G

C
G

c c C

C
 T

T
 

A
 

A
T

A
T

 C
 

T
T

C
T

T
 

A
 

T
T

T
T

 
A

 
T

T
T

T
 

T
T

T
T

T
T

T
T

T
T T T

G
A

C
G

A
C

G
A

C
A

C
A A A

A
A

A A A A A A

G
C

A
C

C
 G

G
G

C
G G

T
T

 
C

 A
G

G
T

C
G

G
C

 A
T

G
T

C
C

T
T

T
T T

A
G

C
tc

aC
C

 C
A

G
A

T
A

A
C

 A
C

 
C

cG
 

C

A
C

 A
C

 
C

C
G

c 
c 

cT

A
 

A
G

G
G

A
 

C
G

A
 

C
G

A
 

C
G

C c c

C
A

A
G

C
C

 G
C

G

C
C

A
G

T
C

 G
C

G

C
C

G
G

 C
 G

C
G

C
C

T
G

 C
 

G

C
C

T
G

 C
 

G

C
C

T
G

 G
 

G

c c c c C

cA
 c

c
A

C
C

cc
c

cc T
C c c c c c

cc
cc

l\) o

C
C

A
G

G
 G

A

C
G

G
G

 G
A

C
G

G
G

 G
A

G
T

 A
T

A
T

A
T

A
T

C c c c



ztr

Table 48. G.c to A.T Transitions Induced in HGK-dp by Effis or ffiNNG

Frequency 1x t0-6)

Si te'

Sequenceb

5' to 3' MKP- op" MGK-dp

EMS (1%)

MKP-op" MGK-dp

I4NNG (30 ¡rglmì )

3
32
56
61
88
10
25
I

15
34

86
11
26
67
79
66

7
19

5
51
64
72
77
27
78

6
65
83
84
69

59
18

AGA
AGA

AGA
AGA
AGA

AGC

AGG

AGT
AGT
AGT

GGA

GGC

GGC

GGC

GGC

GGG

GGT

GGT

CGA

CGA

CGA

CGA

CGA

CGC

CGC

CGG

CGG

CGG

CGG

CGT

TGA
TGG

0.2
0.2

o.s
0.2

0.8

0.5
0.2

0.2

o.g
o-,

0.2
o-'

0.3
0.7

0.3
0.8
0.3
0.5

1.1
14.3
It.0

4.4

s.s
58. 5
l.i

16.6

6.6
3.3

14.3
9.9
3.3
7.7
3.3
1.1

2.2
,_,

1.1
3.3
i.I
,_,

?.2

(4)

6.5
2.6
7.2
0.6
2.6

1.9
9.8
0.6
9.8

3.2
2.6
1.9
1.3
0.6
6.5
5.2
1.3

2.6 (4)

( l0)o
(4)

(11)
(1)
(4)

(3)
(15)
(1)

( 15)

(1) I .0 (4)
(13) 2.3 (5)
(10) 3.3 (7)

(1)
(1)

(s)
(3)

(1)
(1)

(2)
(4)

(s)

o_u (1)

3.3 (7)
10.3 (22)

3.3 (7)

0. e (2)
10.8 (23)
0. e (?)

(3)
(1)

(l)

(s)
(2)

(s)
(4)
(3)
(2)
(1)

(10)
(8)
(2)

(2)
(4)

(2)
(5)
(2)
(3)

(2)
(1)

(1)
(2)

(5)
(53 )
(1)

(15)

(6)
(3)

(13)
(e)
(3)
(7)
(3)
(1)

(2)
(2)

1.4
1.4

6.6 ( 10)
3.2 (5)
0.6 (i)

4.5
6.5

0.6
?.6
1.9

1.4 (3)

(7)
( r0)

(s)
(4)
(3)

(1)
(3)
(1)
(2)

0.9
i.4
0.9
3.7

0.5
1.4
o_u

0.5
0.5

(?)
(3)
(2)
(8)

(1)
(3)
(l)

1.3
2.6 1.8 (1r) (2)

c

d

G.C to A'T events can be detected at all sites ljsted (see Table 3).
In each trjnucleot'ide, the central G is the mutated base.

Data for MKP-op are taken from Tabl e 37 .

Numbers in parentheses are the number of mutants recovered.
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9l% for I4NNG treatment. Although these ranges lvere simjlar, the mean

reduction in the mutation frequency was greater for EMS (84%) than MNNG

(62%). Th'is was also true for the indjvjdual frequency decreases at sjtes

+l and +34, the transitjon hotspots for treatment of MKP-op with EMS (98%

and 92%, respectiveìy) or Þ1NNG (82% and B0%, respectiveìy). These results

are consistent with the elevated dCTP level in MGK-dp having a greater

effect on EMS than I'1NNG mutagenesis. In addition, the data indicate that

the jnfluence of dNTP imbalance lìkely was medjated, at least in part, by

DNA sequence context.

The G'C to C.G transversi ons consti tuted the major cl ass of

substitutjon occurrìng spontaneously in MGK-dp or jnduced in this stra'in

by EMS but not MNNG (Tabìes 46 and 4z).0f the 39 sites where G.c to c.G

changes can be detected j n SIJP4-o, thi s transvers'i on occurred

spontaneousìy at 29 sjtes and was induced by EMS or MNNG at 3s or zs

s jtes, respect'ive'ly (Figures 24 and 25, Tabie 49). The spontaneous and

EMS-induced transversìons were found at a total of 37 sites with 27 common

to the two djstributions. Sim'ilarìy, the spontaneous and MNNG-jnduced

transversi ons were detected at 35 dj fferent s'i tes but onìy i9 were

'identi fj ed j n both dj stri butj ons. The sj tes mutated most frequentìy

differed for the Elu1S (+6, +84), MNNG (+12, +29) and spontaneous (+64,, +7g)

d'istrjbutions. l.ljth a few exceptions for EMS treatment (+11, +56, +64,

+67), the transversion frequencies at the sjtes common to the djstrjbu-

tjons for spontaneous and El'1S- and MNNG-jnduced substjtutions were hìgher

for the induced events. The increases ranged from 1.7- to 33-fold with a

mean of 12-fold for tMS treatment and 1.8- to 78-fold with a mean of

17-fold for MNNG treatment. Taken collectively, the data indjcate that the

G'C to C.G transversjons were djstributed dissjmìlar1y for the three
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Table 49. G.G to c'G Transversjons Induced in HGK-dp by EHS or ffif{NG

Frequency (x lO-'Z)

Site'
Sequenceb

5' to 3' Spontaneou s EMS (r%)

¡4NNG

(30 pslmì )

3
32
56
88
10
25

1

15
34

86
il
26
67
79
66
80
81
82
85

7

19

5
51
64
72
73
77
27
68
78

6
65
83
84
69

59
29
l2
18

AGA
AGA

AGA
AGA

AGC

AGG

AGT
AGT
AGT

GGA

GGC

GGC

GGC

GGC

GGG

GGG

GGG

GGG

GGG

GGT

GGT

CGA

CGA

CGA

CGA

CGA

CGA

CGC

CGC

CGC

CGG

CGG

CGG

CGG

CGT

TGA
TGC

TGG

TGG

8.3
r.7
1.7
T,7
6.7
3.3
1.7
t.7
1.7

5.0
1.7
5.0
1.7
8.3
5.0

3.3
3.3

TT.7
t.7

6.7
3.3
1.7
3.3
3.3
8.3

10.0
10.0

33 .3
6.7
5.0

18.3
t.7
5.0

i0.0

6.7

4.7
4.7

18.7
9.4
4.7

18. 7
4.7
9.4

0

0

.3 (5)"

.0 (4)

.6 (6)

.8 (3)

:3 (1)

0.8 (3)
r.6 (6)
0.8 (3)
I .6 (6)
t _, (14)

0.3 ( 1)
0.8 (3)
0.5 (2)

2.6 (10)
0.8 (3 )1.6 (6)
0.5 (2)

(s)
(1)
(i)
(1)
(4)
(2)
(r)
(r)
(1)

(3)
(1)
(3)
(l)
(5)
(3 )

18.7 (4)
u _, (i)

4.7 (1)

r+. o (3)
n_u (2)

s.4 (?)

18.7
9.4
4.7

18.7

i4.0
4.7

0.5 (2)

0.8 (3 )

0.3 (1)

0.3 (1 )

1.0
0.3
0.8
o_t

1.0
1.0
0.3
0.5

(2)
(2)
(7)
(r)

(20)
(4)
(3)

(11)
(1)

(4)
(2)
(1)
(4)

(3)
(1)

4)
2)
1)
2)
2)
s)
6)
6)

o _, (r)

o _, (1)

(1)
(t)
(4)
(2)
(1)
(4)
(1)
(?)

(4)
(1)
(3)
(3)

(4)
(4)
(1)
(2)

4.7 (t)
(3)
(6)

(4)

¡2. a
23.4

(7)
(s)

a

b

c

G.C to C.G events can be detected at all sites listed (see Table 3).
In each trìnucleotide, the central G 'is the mutated base.
Numbers in parentheses are the.number of mutants recovered.
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conditjons. In additjon, they argue that the site-specificity of

transvers'ion'induction by the aìkylatìng agents was'influenced by DNA

sequence context.

The hypergeometric test (Skopek and Adams 198i) was used to statjstj-
ca11y compare the differences between all pair-w'ise combjnations of the

five distrjbutions shown jn Figures 24 and zs. For all possib]e

comparisons' the probabil ity of random sampì ing error being responsìble

for differences in the distributions tllas less than I in 500 (the upper

limit of the 90% confidence jnterval on each estimate of P was 0.002).

4"6"2.5 Sequence Context and Strand Spec'ific'ity of EHS- or HI{NG-Induced

Base-Pa'ir Substi tuti ons 'in HGK-dp

It was shown in this study that G.c to A.T transjtions lvere

preferentìally jnduced at 5'Pur-G sites in l'4Kp-op by MNNG but not EMS

(Tabìe 38) and that there was no strand bias for the inductìon of these

events by either agent (Tabìe 40). To determine whether the elevated dCTP

levels in MGK-dp affected these features of EMS and lvlNNG mutagenesis, the

bases ìmmedjately fìankìng the transition sites and the strand specìfìcity

of mutation 'inductjon were examjned in greater detail. This analysis

revealed that wh'ile EMS-induced G.C to A.T transitions did not occur more

frequently at 5'Pur-G than 5'Pyr-G sites, 'inductjon of these changes by

FiNNG occurred 2.8-fold more often at the former than the latter sites

(Table 50). Aìthough this bias was less pronounced than observed for MNNG

mutagenesis ìn MKP-op, ìt was sìgnìfjcant (P < 0.01). For EMS treatment

the inductjon of G.C to A.T transitjons djd not show a strand preference

(Table 51). Yet, the induct'ion of these events by MNNG djd show a slight

bjas for the transcrìbed strand (P < at least 0.02) and'it was sign'ificant
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whether the data for the hotspot at positjon +1 and +26 were jncluded in

the calculat'ion or not (Table 5l).

in the previous sectjon jt was reported that elevated dCTp levels
jncreased the frequency of G.C to C.G transversions jnduced by EÞlS and

MNNG treatment. The site and strand specificities of thjs effect were

investigated assuming that G.C to C.G transversions resulted from

misincorporation of dCTP. There was no obvious preference for the

EMS-jnduced transversions to occur next to a particular 5/ base, whjle

there did seem to be a sl jght b'ias (2-fold) for MNNG-induced transvers.ions

to take pìace at 5'-TX-3's'ites (Table 52). However, thjs preference was

not signìfjcant (P > 0.05) when compared to the expected random d.istri-
bution of mutations based on the number of sites available. Analys.is of

the 3' bases at EMS- or MNNG-induced G.C to C.G transversion sites did not

reveal any signìficant preferences. EMS-induced G.C to C.G transversjons

djd not preferentìaì'ìy occur on the transcribed or non-transcrjbed strand

whether the base inserted immed'iately after the misinsert'ion sjte was a C

or not (Tabìe 53). 0n the other hand, MNNG-induced transvers'ions at

5'-XC-3' s'ites exhibited a 7.6-fold preference for the transcribed strand

(P < 0.05) but only when the MNNG transvers'ion hotspot data (position +29)

were included in the calculatìon. When the hotspot data are omjtted from

the anaìys'is, the bjas 'is not signifjcant (p > o.z). Sjmilarly, the

apparent, aìbeìt sììght, preference for the transcribed strand when the

next base to be'inserted was other than a c was not significant (p > 0.I).
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DISCUSSION
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5 DISCUSSToru

5.1 Hucleotide Permeabìlity and canavanine sensitiv'ity

Yeast strains wjth defects in the thymidylate synthase gene (TMpi)

requ'ire dTMP rather than thymine or thymìd'ine (Little and Haynes |glg)
because 5. cerevisiae lacks the enzyme thymidine kinase (Grìve1l and

Jackson 1968) and so is dependent on the de novo pathway for the synthesis

of thymine nucleotides. Normalìy yeast is ìmpermeable to nucleotides but

mutants (tup) abl e to take up thym'idy] ate have been i sol ated (Jannsen et

al. r973; Laskowskj and Lehmann-Brauns 1973; Fäth et al. r974; t{ickner

1974). To date, fjve different compìementat'ion groups have been descrjbed

and others may exist (wickner r974 Bjsson and Thorner l9g2a).

Aì though the prec'i se mechanì sm(s) of drMp uptake remai ns to be

el ucidated , tup mutations al so al I ow uptake of other nucl eotides and

nucleotide analogs jncluding AMp, IMp, aracMp, dAMp, dcMp, dGMp, duMp,

BrdUMP, FdUMP and IdUMP as well as inorganìc phosphate and jts anaìog

arsenate (Kunz et al. 1980; Bisson and Thorner i982a; l'lclntosh and Haynes

i984; Brendel 1985; lvlclntosh et al. 1986; Ross et al. 19gz).0n the other

hand, entry of purine and pyrìmìd'ine bases and nucleosìdes is not promoted

(Bisson and Thorner 1982a). Furthermore, Tup- straìns are no more sensitive

to the metabol i c 'i nh'i bì tors cycì ohexi mì de, nystat i n and cordecyp i n than

are their Tup* parents (Bisson and Thorner 1982a). Taken collectìveìy,

these f ì nd'ings suggest that tup mutat'ions spec'if ì caì ìy faci I j tate the

transport of phosphate and certai n phosphate-contaì n'i ng mol ecul es.

consequently, jt was rather surprising to find that recovery of

canavanjne-res'istant (CanR) mutants was severeìy reduced jn a thymidyìate

auxotroph and that this decrease rvas associated wjth enhanced sensiiivity
to canavanine (Fìgure 16, Tabìe 6). The effect could only be observed jn
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stra'ins carryìng a tup mutation whether they also had a mutatjon in the

Tl|Pl gene or not (Tabìe 7).This was particularly intriguìng because there

lvas no obvious connection between dTF1P permeabiìity and the uptake of
canavanine, a molecule showing no structural resemblance to compounds

known to be affected by tup mutatjons.

How then mìght enhanced sens'it'ivity to canavanine in tup strajns be

expìained? Arginìne permease transports canavanjne and arginìne into yeast

cells and js believed to be encoded by the CAN| gene (Grenson et aI. 1966;

Hoffmann 1985; Ahmad and Bussey I986). In MKP-o and its derivatives, th.is

gene carrìes an ochre mutation (canl-100) and so ìs defective, although

the results of the labellìng experiment for MKP-o (Table 8) suggest that
jt is somewhat leaky. Even so, the canJ-100 allele confers res'istance to

30 pg/n1 canavan'ine on MKP-o but not on SBT-TL, SBT-T or SBT (Figure 17).

In addit'ion, jt was shown that dTMP uptake was not linked to the arginìne

permease function (Table 9).Thus, one possible explanatjon for elevated

canavanj ne uptake i n the dTMP permeabl e straj ns i s that the tup

mutation(s) might somehow suppress the ochre canl-100 allele thereby

increasìng the synthesis of argìnine permease. Thjs seems unljkely s.ince

nejther ade2-J nor lys?-J, which are also ochre alleles, were suppressed

in SBT-TL (Tabìe 5). Furthermore, ìncorporation of labelìed argjnine was

markedly ìncreased in SBT-TLp, where canl-100 is effìc'iently suppressed by

SUP4-o, to levels greater than those attributable to suppress'ion of

canl-J00 alone (Tabìe 8).

Uptake of argìnìne and canavanine'in yeast can also occur vja the

genera'l am'ino acìd permease (GAP) (Grenson et al. 1970). The GAp system is
jnhibjted by ammonia and ammonium jon is found in the yeast meciia used in

this study. Concejvab'ly, the úup mutation(s) might cause loss of ammonia
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jnhibjtion of GAP activity. Th'is conditjon sensitjzes arginine permease-

defjcient strains to canavanine (Grenson et al. 1970) but canavanjne

res.i stance can be restored by growi ng the cel I s 'i n h'igh concentrat j ons

(100 pg/nì) of the amino acids that inhib'it the GAP system (the mechanjsm

of inh'ibìtjon by the amìno acids d'iffers from that for GAp jnhjbitìon by

ammonium ions) (Grenson et al. 19i0). The effect'ive am'ino acids include

several (alanine, methionine, phenylalanine and vaìine) that do not

inh'ibjt uptake of arginine by argìnine permease. So jt was reasoned that
jf enhanced sens'itivity to canavanine jn SBT-TL resulted from loss of

ammonia inhìbit'ion of GAP activity, specifjc jnhibit'ion of the GAp system

by these am'ino acids should restore resjstance to canavanjne. However,

when SBT-TL was grown'in media contajnìng canavanjne (30 pg/mì) and the

amino acids (100 pg/nl ) l'isted above, canavan'ine inhibitjon of celì growth

was not affected (Table 10). Thjs'indicated that the úup mutation(s) djd

not render SBT-TL sensi ti ve to canavani ne by al I evi ati ng ammon.i a

inhibitjon of the GAP system.

Another expì anatìon for increased canavan'ine sensjtivity jn the tup

strains js that the úup mutat'ion(s) mìght enhance the activ.ity of any

argìnine permease synthesized as a consequence of leakjness or suppression

of the canl-100 allele. At present, I cannot expìain how defjcjencìes in

genes that play roles jn phosphate transport or metaboljsm could have such

an effect. Perhaps membrane alteratjons wh'ich affect argìnìne permease

mìght be ìnvolved. In any event, it should be noted that tupl has been

found to be pleiotropic, conferring high levels of jso-2-cytochrome c,

clumpy growth, morpho'logÍcal abnormal ities and insensjtjvity to catabol.ite

repression as well as defects 'in sporulation, mating and possibly UV-

induced mutagenes'is (Lemontt et al. 1980). Possìbly, other tup mutations
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a'lso might'influence processes unrelated to nucleot'ide uptake. In this
regard, it 'is lvas recently suggested that transcrjptional reguìation mìght

be altered in tupl strains (Thrash-B'ingham and Fangman lg8g) and several

findings are consistent with thjs possibil ity. First, the TUpj gene

product was i mpì ì cated as a negati ve regul ator i n the phenomenon of

catabol'ite or g'lucose repressìon, sjnce mutations jn the TIlpl gene result

i n constj tuti ve expressi on of several catabol i te-repressj bl e genes ì n

yeast (Trumbìy 1986). Second, the predì cted T\JPi protein sequence features

poìyglutamine tracts whjch have been detected in several yeast regulatory

proteins (lrliìl iams and Trumbly 1990). Thìrd, experimental evjdence

suggests that the TUPI gene product mìght be part of a proteìn complex

that possibìy can jnteract wjth transcriptionalìy actjve doma'ins of

chromosomes (l,l j I I 'iams et a /. lggl ) .

Yeast cells carry'ing a tupl mutation are dumbbell-shaped durìng growth

and form clumps in liqu'id medium (Lemontt et al. l9g0). However, sBT, as

well as its úrnpl derivatives SBT-T and SBT-TL, did not clump duning growth

and exhibited normal cellular morphology. This indicates that the dTMp

permeabi'lity of lhe tup strains used in this study was not due to a tupl

mutat'ion. Nevertheìess, jt js conceivable that the tup mutation(s) in

SBT-TLp might promote transcription of the apparenily ìeaky canl-100

allele so that suffjcient arginine permease could be produced to increase

cellular sensitjvjty to canavanjne. If so, the increased transcrjptìon of

canl-100 and suppress'ion of this allele would have to 'interact

synergìsticaììy. The uptake of labelled arg'inìne ìn SBT-TLp, where both

the tup phenomenon and suppress'ion of canl-100 contribute to arginìne

transport' was markedly greater than the combined uptakes jn SBT-TL and

MKP-op where onìy the tup effect or suppression function, respectively
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(Table 8). Furthermore, the findjng that uptake of the chemica]ìy distinct
substrates, canavanjne and dTMP, wh'ich are associated with two separate

uptake mechanjsms (canavanine but not dTMP interfered with the uptake of

labelled arginìne) js affected by the same úup mutatìon(s) supports the

jdea that the TUP gene product could be 'invorved in reguìatjon.

In conclusion, permeabilìty to thymidylate jn a drMp auxotroph of
yeast is associated with jncreased uptake of canavanjne. This phenomenon

might also be a charactenist'ic of other mutations that promote dT¡4P

permeabi ì ì ty. A search of the I 'iterature, prompted by these f .i ndì ngs ,

revealed that tup strains 'isolated by other investìgators also exh'ibit

abnormal'ly I ow frequenci es of spontaneous mutati on to canavani ne

resistance (Lemontt 1977; Lemontt et al. 1gB0; Brendel l9g5; Bender and

Brendel 1988).

5.2 Anal ys ì s of dt{TP Pool s

The concentrations of all four DNA precursors were measured jn MKP-op,

MGK-dp and SBT-TLp,'in the latter case folìowìng either dTl'1P starvatjon

(0 ¡rg, 12 h) or treatment wjth excess drMP (l mg, 6 h).The dNTp levels in

MKP-op were used as a reference to determine the extent of dNTP jmbalance

ìn MGK-dp and SBT-TLp. In MKP-op, dATP, dcrp and dGTp had about the same

concentration (0.6 - 0.7 pnol/106 cells) while the dTTP levels were about

two-fold higher (1.4 pmol/106 cells) (Table 16). These results were very

sjmjlar to earlier measurements of dNTP levels in asynchronously growìng

yeast cells (Ecksteìn eú a/. 1974) cons'istent w'ith the sìzes of the dNTP

poo'ls j n yeast be'ing i ntermedi ate to those i n bactenia (<0.2 pmol/106

cells) and mammal'ian cells (>5 pmoì/106 ceììs) (Snyder 19g4; Albert and

Gudas 1985; Platz et al. 1985; Arezzo 1987; Erjksson et al. rgBT; Myers eú
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al. i987; Sargent and l'4athews 1987; Arecco et, al. igBS).

It can be roughly estimated that the dNTp pooìs'in MKp-op would

suffjce, at best, for several minutes of chromosomal DNA synthesìs. A

normal haploid yeast celì has a chromosomal DNA content of i.6 x 1g'/bp

(= 53 pmol dNTPs/106 cel I s) (Mort'imer and Schi ld 1985) . Exponent'ial phase

cel I s of MKP-op growi ng i n urac'il omj ss'ion med j um have a measured

generatìon tjme of 135 min and so S phase, whìch typìcally is equ'ivalent

Lo 25% - 50% of the generation tjme (Newlon 1988), would presumably occupy

34 - 68 mjn. Thus, 106MKP-op cells would have to synthes'ize approxìmately

0.8 - 1.6 pmol dNTP/min during S phase to sustain chromosomal DNA

replìcation.0n this basis, and given that yeast chromosomal DNA has a

base composition of 60% A + r (Fangman and Zakjan l98l), the measured

dATP, drTP, dGTP and dcrP pools would suffjce for r.s - 2.9 mìn, 3.3 -

6.6 mìn, i.9 - 3.7 min and 2.0 - 3.9 mjn of DNA synthesis, respect.ively.

These approximations correlate well with the estjmates for the'length of

time that dNTP concentrations jn mammalian cells could support DNA

repì ication (Reichard 1988).

dTMP starvation of SBT-TLp for a 12 h period resulted'in a dramatjc

drop in the intracellular dTTP concentrat'ion to the point where the pool

of thjs DNA precursor was too low to be measured accurateìy (Tab'le l6). In

addìtion to the decrease'in the dTTP concentratìon, jncreases in the dATp,

dCTP and dGTP I evel s were found. El evated dCTP concentrations were

expected, on the bas'is of lack of feedback inhibitjon of dTTP at the

ribonucleotjde reductase, but the dCTP pool was smaller than anticipated

(Larsson and Rejchard 1966; Flaybaum et al. 198t).

An jncrease 'in the dATP level has been observed after ciTTP depìet,ion

and i t was suggested that dTTP i s 'invol ved 'in the reguì ati on of dATP
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I evel s (Neuhard 1966; t4euth et al . t979a) . Al though dTTp was not

identifjed as a negative regu'lator of ADP reduction jn yeast in vitro
(Lammers and Follmann 1984), it might conceivably act as one in vívo.

Recent studies of the phage T4 ribonucleot'ide reductase indjcate that the

in viro regu'latjon of this enzyme by dTTP'is djfferent from jts in vitro
regu'latjon (Jj et al. 1991). Neuhard (1966) suggested that increases in

the concentrations of dCTP might be counteracted by hìgh dATp leveìs, an

jnhibitor of the ribonucleot'ide reductase. If So, the small increase

(3.5-fold) jn the dCTP concentratjon found after dTMP starvat'ion jn this
study' might be a result of the large increase (120-fo1d) in the dATp

levels. The increase (8.5-foìd) in the dGTP pool was somewhat surprìs.ing.

Reduction of GDP vja the ribonucleotide reductase is promoted by dTTp

(Lammers and Follmann 1984,1986; Reichard 1985) so that a decrease.in

dTTP levels would be expected to result in a reductjon in the dGTp

concentrat'ion. Furthermore, cells with elevated dATP levels have been

reported to have low dGTP poo'ls (Dahbo and Eriksson 1985; Yoshjoka eú a/.

I987b) . 0ther i nvesti gators have reported that dGTP I evel s are not

changìng or decreased during dTTP depletìon jn bacteria and mammalian

cells (the observed decrease was even more pronounced than that for dTTp)

(Neuhard 1966; Meuth et al. 1979b). At thìs point, the reason(s) for drrp

depletìon causìng an increase'in dGTP levels in SBT-TLp remajns to be

determi ned.

In addition to the dNTP poo'ls measured in th'is study, dTTP depletion

has been associated with an accumulatjon of dUMP and ultimately dUTp.in

bacteria and mammalian celìs (Goulian and Beck 1966; Tattersall and Harrap

1973; Jackson 1978; Goul ian eú aI. r980; Sedwjck et al. 19gl). The

combination of an increase in UDP reduction (promoted by low dTTp 1eve1s)



228

and the inabilìty to process dUMP to dTMP via thymìdy'late synthase is

assumed to be responsible for the abnormal'ly hìgh dUTP levels. Although

dUTP concentrations cannot be measured with the dNTP poo'l assay employed

in this study, ìt is reasonable to th'ink that durp levels might be

increased during dTTP dep'letion in SBT-TLp. If So, misincorporation of

durP in place of drrP during DNA synthesìs might play a role jn the

mutational specific'ity of dTTP deplet'ion. However, it can be deduced that

if dUTP levels were elevated in SBT-TLp under conditions of dTTP

depletìon, they dìd not'interfere with the effjciency of the poìymerase

assay. If the DNA poìymerase used in th'is assay would have incorporated

dUTP in sign'ifjcant amounts, it would have resulted in the concentratjon

of dTTP appearìng to be much greater than actually measured.

Inactivation of dCMP deaminase in bacterial and mammaììan cells, and

growth of mammalian cells on medjum contaìnìng high thymid'ine

concentrations, aìter jntracellular dNTP levels (Meuth 1981b; Wejnberg eú

al.1981, i985; Sargent and Mathews 1987; Wilkinson and McKenna 1989).0n

the basjs of these studies and known propertìes of yeast ribonucleotide

reductase (Lammers and Follmann 1984, 1986), jt was anticipated that dCMP

deaminase deficiency and dTMP treatment would lead to marked enhancements

of the dcTP or dTTP and dGTP pools, respectìvely, in yeast. These expec-

tatjons were confjrmed by measuring the intracellular dNTP concentrations

'in appropriate strains under the requisite conditjons.

Changes in the dNTP levels in the yeast dcdJ strain (Table 25) were

qual i tatì vely simi I ar to those noted for dCMP deami nase defi ci ent

mammal'ian cells (hleìnberg et al. 1981, 1985; Bjanchi et al.19B7; Arecco

et al.1988). The small dec¡"ease in the dTTP pooì is consìstent wjth

prev'ious results indicat'ing that'in yeast UDP reduction is a more
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ìmportant source of cellular dUMP, which js used for dTFlp biosynthesis,

than js dCMP deaminatjon (McIntosh and Haynes i984). Aìthough dC¡4p

deaminase defjc'iency also has been found to cause small jncreases jn the

dATP pooì in mammalian cells (!.leinberg et al. 19g1; Arecco et al. lggg),

a drop in the dGTP concentration has not been reported prevìously.

Possjbly a decrease ìn the pool of dTTP, whìch promotes GDp reduction jn

yeast (Lammers and Follmann 1984, 1986) was responsible for the diminìshed

level of dGTP.

Treatment of SBT-TLp wìth excess dTMP enhanced the dGTp and dATp pooìs

(Table 25). This presumab'ly reflects the fact that dTTp and dcTp are

pos'itive effectors for reductjon of GDp and ADp, respectiveìy, by yeast

ribonucleotjde reductase (Lammers and Follmann 1984, l986). Interestingly,
it was noted that treatment w'ith excess dTMP did not diminish dCTp levels.
Yet, CDP reduction by class I rjbonucleot'ide reductases is normaììy
j nhi b'ited by dTTP (Thel ander and Re'ichard lglg) and the yeast enzyme i s

considered a class I reductase (Reichard lggg). Moreover, therê js
evjdence that dTTP is a negatìve effector of CDP reductjon in yeast

extracts (Lammers and Follmann l9g4; E.M. Mclntosh: persona.ì

communjcation). A potential explanatjon for the apparent lack of effect of

dTMP treatment on dCTP pooìs involves altered regulation of ribonucleotide

reductase actjvity ìn response to dTTP stress. The large subunit of the

reductase js beljeved to carry bjnding sites for the allosterjc effectors

of reductase activity and the yeast genes RffR/ and RfiR3 encode alternate

large subun'its (Eììedge and Davis 1990). RNRL ìs ord'inarily expressed at

much hìgher levels than RNR3 but transcriptìon of both RNR3 and RNRz

(which encodes the small reduciase subunit) js effectiveìy .induced by

treatmênt with hydroxyurea, whìch blocks DNA repìication by inhjbjtìng the
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reductase (Elledge and Dav'is 1989, 1990; yagìe and l'1cEntee 1990). Thus, it
has been proposed that one purpose forinduct'ion of RffR3 and RNRZ njght be

to produce a specìes of reductase having modified allosteric properties .in

order to restore dNTP balance and so DNA replication (Yagle and McEntee

1990). Perhaps expansion of the dTTP poo'l also leads to the induction of

RNR3 (and RNRZ) and the majntenance of normal dCTP levels jn SBT-TLp is a

consequence of th'is induction. Thjs suggest'ion is strengthened by the

finding that growth of nucleot'ide-permeable yeast cells jn medjum

containìng excess dTMP increases ribonucleot'ide reductase actìvìty
(Lammers and Follmann 1944).

5.3 StabÍf ity of YCpHP2 Under Different Conditìons

To anaìyze spontaneous and induced mutagenesìs jn yeast, mutations

were selected jn the yeast tRNA gene SLlp4-o by scorìng for Ioss of

suppressor actìvity. As described above (section 3.1), SUP4-o ìs carrjed

on the shuttle vector YCpMP2. Thjs vector mimics the behaviour of yeast

chromosomes. Rout i ne1y, to determ'i ne whether any of the treatment

condjtions used jn this study mìght 'influence chromosome stabìì ity,
plasm'id retent'ion was measured. Th js was accompì jshed by compar.ing the

number of colonies that formed on medjum selectjve for the pìasmìd wi'th

the number of colonjes that emerged on non-selectìve medjum. Approxìmately

90% of the cells retained YCpMP2 under normal growth condjtjons'in the

wìld-type strain MKP-op (section 4.3). This value js comparable to those

establ i shed from other studi es on the stabi I 'i ty of autonomousìy

repìicatìng pìasm'ids carryìng the same centromere sequence (cENa) as

YCpMP2 (Stinchcomb eú a/. I98Z; Mann and Dav.is 1986).

Elevated dCTP levels in a DCDJ deficjent stra'in (MGK-dp) and EMS or



23r

MNNG treatment of cells, wìth balanced dNTP or elevated dCTp levels, djd

not affect the stab'iì ity of YCpFlP2 (Tab'les 26, 34 and 43). 'ln contrast to
these fìndings, cel'ls with the dìsrupted TMPi gene progressiveìy lost
YCpMP2 during perìods of dTMP starvat'ion or exposure to excess concentra-

tions of dTMP (Tables l7 and 26). Since loss of the plasmjd js mon.itored

by the reappearance of uracjl dependence, it might be argued that mutation

of the plasmid-borne URl3 gene could account for this observatjon. How-

ever' ne'ither treatment 'increased the frequency of CanR or SIIP4-o mutat jons

by more than 148-fold above the correspondìng spontaneous values ìn MKp-op

(< 7 x l0-s, Table 19 and Figure 20). Therefore, it seems unlikely that

mutatjonal inactivation of lhe IJRA3 gene on YCpMP2 could be respons.ible

for the loss of the pìasmid in 65% and 48% of the cells starved for dTMp

(12 h) or exposed to excess dTMp (l mg/m],6 h), respectìvely.

In principìe, loss of thjs centromere pìasmid could be caused by

effects on the replicative and/or partìt'ion functjons of the ARS or CEN

sequences, respect'iveìy. It mìght be suggested that one approach to

distinguish between these possibjl ities would be to subject cells

harbouri ng pl asm'i ds that l ack centromeres ( i .e. , repì i cat i ng pl asmi ds that

contajn,4RS or epìsomal plasm'ids that have the yeast zp. plasmid

repììcation orig'in) to thymìdyìate stress. Unfortunateìy, such pìasm.ids

exhibjt segregatjon b'iases during meiosìs and/or mitosis and normalìy are

majntained at high copy numbers (Gunge 1983; Murray and szostak 19g3;

struhl 1983). The hìgh copy number would make jt dìfficu1t, at best, to
select'ively score loss of jndjvjdual pìasmìds and the segregation bjases

would obscure effects on plasmid stabil ity that otherwjse might be

attributable to dTMP stress. C]ear'ìy, the use of such vectors would not

allow one to determine whether rep'ljcatjve and/or part'itjon functjons are
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affected. However, 'it should be emphasized that the /RS and CEIV sequences

responsible for these propertìes are normal yeast chromosome components

and that YCpMPZ behaves as a mjni-circular chromosome. Thus, ìt wouìd seem

reasonable to think that if pìasmid instabì'lìty under condjtions of

thymidylate stress is a consequence of jnterference with the repììcatjve

or partit'ion functions, then dTMP stress al so might affect the same

properties of yeast chromosomes.

5.4 DNA Sequence Analysis of Spontaneous Mutations in the.SUp4-o Gene

Earlier studies have shown that spontaneous mutatjons can jnvolve a

variety of DNA alterations (deJong et al. l9g5; schaaper et al. t9g6;

Ashman and Davidson 1987b; Nalbantogìu eú a/. 1987). Consistent with such

fìndings, eight different mutational classes were jdentjfjed during the

ana'lysis of 334 spontaneous mutations in the SIJP4-o gene in MKP-op. These

included sing'le and double base-pair substitut'ions, s'ingle and muìtip1e

base-paìr delet'ions, s'ing'le base-pa'ir insert'ions, insertion of the yeast

transposable element Ty, dupl'icatjons and more comp'lex changes (Tabìe 12).

Sì ngl e base-paj r substi tuti ons contrì buted the I argest fractì on (81%)

of the spontaneous mutatjons analyzed (Table IZ). All possible types of

subst'itution were identified but there was a bias towards transversions

and G'C sjtes (Table 13). Spontaneous base substitution mutagenesis at the

chromosomal SUP4-o locus of 5. cerevisiae also shows a preference for

transvers'ions and G.C sì tes (Kurjan et aI. lg80) , suggest'ing that the same

mutatjonaì processes act on the plasm'id and chromosomal copies of SIIP4-o.

Base-pair substjtut'ions were recovered throughoul SIJP4-o but fjve

locations were mutated more frequently than others (Figure t8), 'ind'icating

that DNA sequence context influences the site specifjcjty of mutagenesis.
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No point mutations were detected outsjde the region encoding 5UP4-o and

only one posit'ion (+51) was mutated within the IRNA intron. Outsjde the

intron, spontaneous base-pair substitutjons were recovered at 63 of the 68

available sjtes in the gene (compare Table 3 and Figure lg).Only at one

other intron posit'ion (+43) and at five exon sites (+4, +13, +20, +71 and

+72), where spontaneous substitut'ions were not found, can changes be

detected (Tabì e 3 ) . Thus, spontaneous base-paì r subst'itut'ions were not

limited to a small subset of sites or types of change. A variety of

different mechanisms that may be responsible for spontaneous substitutjons

have been proposed. For example, it has been suggested that altered base-

pairing during DNA repl'ication due to tautomeric sh'ifts or deam'inatjon of

cytosine, repìication errors made by DNA polymerase and failure to correct

such errors or repa'ir of spontaneous DNA damage may be involved (Speyer eú

al. 1966; Topaì and Fresco 1976; coulondre eú al. rgl9; Gljckman et al.

1978; sargentìni and Sm'ith 1981; schaaper et al.1983; Kunkel 1984).

Deletjons (loss of i to 807 bp) constituted the second ìargest class

(9%,, including deletions 'in compìex changes) of the spontaneous sequence

alterations 'identified (Tabìe 12). In 20 mutants, the delet'ions involved

the loss of a sìngìe G.c pair from a run of 3 to 5 G.c pairs (Tabìe 14)

and may have been medjated by local misal'ignment of the complementary

strands as proposed by streisìnger eú al. (1966). Alternatìveìy, given

that the mutational target is a tRNA gene, jt js conceivable that DNA

secondary structure may have p'layed a role in generatìng some of these

changes (Rìpìey and Gl ickman i983; Gl ickman and Rjpìey 1984). Process'ing

of a DNA secondary structure, formed by paìring with'in a quasì-palindromic

sequence, could have generated the complex change jn which the sequence

5'-GATCTCA-3 at +58 to +64 was repiaced by 5'-CCGGG-3' (Fìgure 26A ->
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Figure 26" A Secondary Structure (A) that Can Potentjatly Direct Two

sequence changes 'in the sllp$-o Gene. A -> B -> c details

replacement of the sequence 5'-cccGG-3' with 5'-TGAGATC-3,.

A -> B' -> C' dep'icts repìacement of the sequence 5,-GATCTCA-3,

with 5'-ccGGG-3'. In each case, the approprìate segment would

be removed and DNA synthes ì s , us i ng the remai n'i ng s.ing'l e-

stranded segment as a template, would effect the replacement.

To sìmpìify the d'iagram, onìy the transcrjbed strand js shown.
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B' -> c'). Thjs possibility 'is strong'ly supported by the fjndjng that the

soìitary complex event detected jn SBT-TLp jnvolved the other sequence

replacement (5'-ccccG-3' at +82 to +86 converted to 5'-TGAGATC-3,) that

could have been tempìated by the same secondary structure (Figure 264 ->

B -> C).

Three mutants each carrjed a multìpìe base-paìr deletjon extending

j nto the 3' fl ankì ng sequence (Tab'le 12) . These ran e'ither from +BB to

+119, +89 to +96 or +89 to +97. The +90 to +96 regìon of the 3,flanking
sequence of SUP4-o functjons as a signa'l for the termination of trans-

criptìon (Fìgure 9), and deletjons in thìs region decrease the efficiency

of transcrì pti on termi nati on í n vi tro (Al I i son and Hal I 1985) . However,

among aìì of the spontaneous and induced SuP4-o mutants anaìyzed so far
(over 5,000), those which have a delet jon 'in the region of the term'ination

sìgnal have also lost at least the last base-pa'ir (+89) of the Sup4-o

coding sequence (8. A. Kunz, personaì communication). Thus the effect of

these deletions on suppressjon cannot be unequjvocally ascribed soleìy to

loss of the transcrjptìon termination s'igna1 . Two mutants, carry'ing

deletjons of 248 or 807 base-paìrs in length, retained single copies of

very short repeated sequences orig'ina'lìy present at both deletjon termjnj

and so thejr generation might have involved some form of il'legìtjmate

recombjnatjon (Naìbantoglu et a/. 1986).

In addi tj on to base-pai r substj tuti ons and del etì ons, j nsertj ons were

relativeìy common (8.1%) among the spontaneous SUP4-o mutants (Tabìe l2).

The maiority (96%) were insertions of the yeast transposable element Ty

(Table 15).Ty jnsertjons were detected at three sites wjthjn the SIJP4-o

sequence, one beìng a hotspot for transposition (5'to +38), one beìng

locate.d jn the jntron of the IRNA gene (s'to +44) and one w'ithjn the A
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box of the 'internal promotor (5' to +18). The size of plasm'i,1s carrying a

Ty jnsertjon lvas either cons'istent with the presence of an jntact Ty

element or of a solo delta sequence. In the latter case, the jnsertjon was

most lìkeìy the rema'inder of a transposon that had excised by homologous

recombination between its flanking delta sequences (Roeder and Fjnk 1983;

Rothstein et al.1987). Aìthough the factors that promote transposition

are not wel I understood, i nsert'ion genera'lly has been found to occur j n

A.T-pair-rich sequences (Fink et al. 1980; Gafner and phil ippsen l9g0;

[{ill jamson et al , 1983). Consjstent wjth thjs observat'ion, Ty elements

integrated at SUP4-o sjtes in regìons of hìgh A.T pair densìty with the

site of most frequent integration (5' to +3g) being 'in the reg'ion of

greatest A.T paìr densìty.

5.5 ftlutat'iona'l Speci f i ci ty of dTTp Dep'l eti on

More than 96% of the mutations recovered after dTMP depletion are

sìngìe base-paìr events (Table 20) suggestìng that DNA repìjcation errors

are the ma'in reason for the mutagenesìs assocjated with this treatment.

The majorìty (7I%) of the base-paìr substitutions involve a replacement by

an A.T paìr and are consistent with mìsìncorporation of the nucleotjde in

excess (dATP), while m'isìncorporation of a dGTP (representìng the dNTP

pooì wi th the second I argest j ncrease after dTTP dep'ìet'ion) coul d expl ai n

the remaining events (Table 21). However, dTTP depìetìon 'is commonly

associated wjth a hìgh dCTP:dTTP ratjo (Neuhard and Munch-Peterson 1966;

Maybaum et al. 198i) and based on thìs, an increase in the fraction of A.T

to G'C transjtions might be antic'ipated. Results obtaìned jn reversjon

systems using bacteriophage T4 or E. coli seemed to confjrm thjs

expectation (Smith et al.1973; Kunz and Gljckman I9B5). However, more
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recent studies emp'loyìng DNA sequence analysìs indicated that A.T to G.C

transitions did not constitute the majorìty of base-pair.substitut'ions
jnduced jn the [. coli /acl gene by thymìne starvat'ion or drug treatment

to inhibjt thymidy]ate synthase (Glìckman et al. l98B; Veigl et al. l99t).

These fì ndì ngs are j n agreement wi th resul ts obtai ned durì ng thi s

ìnvestigatìon where only 5% of the base-paìr substitutìons'induced by dTTp

depì eti on were A.T to G.c trans'iti ons (Tabl e 2t ) . Th'is, pl us the

predominance of substitut'ions ìnvoìving rep'lacement by an A.T pa.ir, is
consistent wjth the dATP:dTTP ratio bejng much hìgher than the dCTP:dTTP

ratio jn the dTMP starved cells (Table 16). However, it should be

cautioned that dNTP concentratjons measured in whole cell extracts m'ight

not accurately reflect the concentrations of dNTP's at the replication

fork.

As mentjoned above, dTTP depìet'ion has been assocjated with elevated

dUTP levels (Goulian and Beck 1966; Tattersall and Harrap 1973; Goulian eú

al.1980; sedwick et al. i981). In turn, jncreased duTP can result in
mi si ncorporat'ion of dUTP i n DNA 'in p'lace of dTTP (Makì no and Munakata

1978; Tamanoi and Okazaki r9781, warner et al. 1981) . s'ince both thym'ine

and uracil pair wjth adenine and enzymes of DNA repìicat'ion do not

efficjentìy differentiate between urac'il and thymine (Kornberg 1980), one

mìght think that misincorporat'ion of dUTP in p]ace of dTTP should not

result ìn mutations. However, F. coli mutants defectjve in dUTPase, wh'ich

acts to ljmjt the sjze of the dUTP pooìs, are mutators (Hochhauser and

T,leiss 1978; Sedwick eú al . 1986). Uracii residues normaì ly are rap'idìy

excjsed from the DNA by the action of urac'il-DNA glycosyìase, leaving an

AP siie (L'indahl r979; caradonna and cheng 1982). (uracìl-DNA glycosyìase

has been isolated from many djfferent prokaryotic and eukaryotic
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organ'isms, incìudìng yeast (Burgers and Klejn 1986; Percjval et al.

1989)). Thus, mis'incorporatjon of uracil into DNA could give rise to
mutatjons jn two vrays. The first 'is based on the fìndìng that purine

dNTPs, in particular dATP, are preferentially 'inserted across from Ap

s'ites during DNA repl jcat'ion i n vitro (Sagher and Strauss 1983; Randal I et

al. L987; Takeshita eú a/. 1987). Insertion of dATP oppos'ite an Ap site

resulting from excision of an urac'il (misincorporated jn pìace of thymine)

would not cause a mutation, while the insertjon of dGTP could lead to an

A.T to G.c transition. However, in the lacl gene of an E. col'Ì mutant

(dut) with elevated dUTP levels due to a defect jn its dUTPase, A.T to G.C

transitjons occurred only at one position and constìtuted only a minority

(5/23) of the base-paìr substjtut'ions characterized (Sedwick eú a7. 1986).

Sjmjlarìy, only 5% of the base-pair substitutions recovered in thjs

investigatìon fo'ìlowing dTTP depìet'ion were A'T to G.C transitions

(Table 21) and some, if not a'll, of these could have been due to

mìsincorporation of guanines. The second way ìn which mjsincorporatjon of

uracj I 'i nto DNA woul d gi ve ri se to substj tutj ons duri ng dTTP depl etj on

would be jf repair of the AP sjte was error-prone under conditions of dNTP

imbalance. In this case, a variety of substjtutions might be expected

reflect'ing the particular dNTP ìmbalance. Consistent wjth this possibil ity
several types of base-pajr substjtution were recovered in a dut- strain of

E. coli (Sedwick et al. 1986) suggesting that mutat'ions jnduced by

elevated duTP levels can be quìte diverse. However, as d'iscussed in

sectjon 5.2, the results of the dNTP assay tend to argue against dUTP

mì s'i ncorporati on as major contri butor to the i nductj on of base-pai r

subst'itut'ions by dTTP depìetion in yeast

Increased dNTP levels could reduce the fjde'lity of repljcation either
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by enhanc'ing the extension of mjsmatched primers (Mendelman eú a/. 1990)

or by inhìbitìng proofreading (Fersht r97g; Kunkel et al. l98i). under

condjtions of imbalanced DNA precursor levels, this would lead to ìarger

error rates at sites where the next nucleotide to be inserted is one

present in excess. In order to probe for such effects, the bases 3' and 5'

to substitutìon sites were anaìyzed, but no distinct preferences could be

found possibìy because the levels of dATP, dGTP and dCTP were increased by

dTMP starvati on of SBT-TLp (Tabl es 22 and 23) . Neverthe'less, fo'll owi ng

dTMP starvation, base-pair substitutjons lvere not recovered at all sites

where such changes can be detected 'in slJP4-o (compare Table 3 and

Fìgure 19). In addition, jndiv'idual frequencies at the mutated sites

varied substantjally. These fìnd'ings argue that DNA sequence context of

the mutation sites might pìay a role in the spec'ifìcìty of mutagenesis

induced by dTTP depletion.

Sì ng1 e base-pai r del etj ons constj tuted the next major cl ass of

mutati on due to dTMP starvati on (Tabl e 20) . It was suggested that

incisions due to uracil removal could lead to deletions or DNA strand

breaks durìng dTTP starvation (Breìtman eú a7. 1972) and there js evidence

that uracj I ì ncorporati on durì ng thymì ne depri vati on can resul t i n DNA

strand breaks (Makino and l4unakata 1978; Tamanoi and Okazakj 1978; Tye eú

al . 1978; l,larner et al . 1981) . However, al I of the single base-pair

deletions detected involved the loss of a G.C paìr. This argues agaìnst a

major role for jncision resuìtìng from the replacement of a thymine by

urac'il 'in the formati on of s'ingì e base-pa'ir del et j ons. Al I of these

deletions occurred at runs of 3 or 5 G.C paìrs (posìt'ions +65 to +67 or

+79 to +83) so that they couìd have been due to slìpped mìspairing of the

tempìate and nascent strands during repl icatjon through the runs
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(Streisinger et al. 1966). However,'it has been demonstrated that base-

pajr deletions can be a consequence of dNTP misìncorporation when the

mis'inserted dNTP is comp'ìementary to the next nucleotide jn the tempìate

(Bebenek and Kunkel i990). Misalignment of the template strand to loop out

the nucleotìde oppos'ite which mi s'insertion occurred would eff icientìy
pìace the m'isincorporated nucleotide ahead by one posìtion. Correct base-

pairing could stabilize thjs intermediate and extension of the primer

would result'in the loss of a sìng'le base-pair. insertions could occur in

a sìmilar fashion when the misinserted nucleotide is comp'lementary to the

preceding template nucleotjde. In thjs case, the nascent strand could be

real'igned so that the mjs'inserted nucleotide would be moved back by one

pos'itìon and then extension of the primer would lead to the ga'in of one

base-pair. Anaìysjs of the DNA sequences at deletion or insert'ion sites

revealed that for SBT-TLp the mis'insert'ion of dGTP at positions +65, +78

or +84 on the transcribed strand and posit'ion +83 on the non-transcribed

strand could have gjven rise to all of the sìngle base-pa'ir de'ìetjons and

insertjons recovered after dTTP depletion. Therefore, these types of

change might have been caused by the misìncorporatjon of one of the dNTPs

i n excess.

in add'it'ion to single base-pajr deletjons, the frequency of ìarger

deletions was increased by dTTP depletion (Table 20). One of these

deletions jnvolved the loss of five base-pairs within the sequence +35 to

+43. Due to the sequence j n thi s regi on, the I oss of fì ve dj fferent

sequences (+35 to +39, +36 to +40, +37 to +41, +38 to +42 or +39 to +43)

could have accounted for the delet'ion in questìon. However, wjthin this

sequence (+35 to +43) there js a four base-paìr repeat at posit'ions +35

to +38 and +40 to +43 (Figure 27A). A strand mjsalignment during DNA
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Fìgure 27. Model for a 5 Base-Pa'ir Deletion Invo'lving Strand ffiisal'ignment.

A: wi'ld-type SUP4-o sequence, the four base repeats are

enclosed in boxes. B and B': DNA synthesjs reaches the end of

the 5' repeat on the transcribed (B) or non-transcrjbed strand

(B').C and C': s'ììppage of the template strand allows the 5,

repeat to pair with the repeat on the nascent strand resulting
jn the 5 jntervening nucìeot'ides on the tempìate strand (C: +39

to +43; C': +35 to +39) form'ing a 'loop. D and D,: DNA synthesis

then continues on the shortened tempìate, the loop may or may

not be excjsed. E: mutant dupìex'is formed jmmedìately, jf the

ioop was excised, or fo'llowing the next round of repì icat'ion 'if

the loop was not excised.
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synthes'is (Drake et al . 1983) through thi s region m'ight have been

responsjble for the delet'ion as diagrammed in Fjgure 27. During synthesis

of the transcrjbed strand, strand mjsal ignment could result jn the

formation of an intermediate structure in which the five bases at +39 to

+43 on the template strand form a loop (+35 to +39) and the bases from the

repeat at +35 to +38 pair wìth the nascent strand at positions +40 to +43

(Figure 278, C and D). This'intermedjate can be resolved by deletjng the

ì oop and cont'inuì ng repl ì cat'ion 0F, i f the 'loop j s not deì eted, by a

second round of DNA rep'licatjon. In ejther case, the result wjll be the

deletion detected (Fìgure 27E). In a similar fashion, m'isa'ìignment during

the synthesis of the non-transcribed strand could result in the loss of

the bases at posit'ion +35 to +39 (Figure 278', C', D' and E). Loop-

formation could also be mediated by the misalignment of repeats consisting

onìy of two or three base-pairs withìn +35 to +43 (e.g.+37 to +38 with

+42 to +43 or +36 to +38 w'ith +41 to +43). Such mjsalignments could lead

to the loss of the fìve base-pairs at +36 to +40, +37 to +41 and +38 to

+42. However, because these misalìgnments would jnvolve shorter repeats,

they probab'ly wouìd result in less stable jntermed'iates. It is interesting

to note that the next two bases to be ìncorporated after the first four-

base repeat during synthesis of the transcribed strand (Figure 27 B) are

thymines. Consjdering the low dTTP levels jn dTl'lP starved ceìls,'it is

conceivable that DNA rep'ìication would slow at th js po'int. This might

encourage the formation of the m'isa'ligned structure durìng dTTP depìetion

and favour the loss of the bases extending from +35 to +39.

None of the three muìtip1e base-paìr deletions detected after dTTP

ciep'letion had repeaied sequences at its endpo'ints. Thus, it is possibìe

that they resulted from some type of ilìegìtìmate recomb'ination. In this
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regard, jt js worth po'inting out that all three deletions occurred withìn,

or were flanked on one or both sides by at least fjve A.T pairs. Thjs

leaves open the poss'ibììity that DNA incjsions at the sjtes of misincorpo-

rated uracils could have been involved jn the formation of multjple base-

pair deìetjons. Such a poss'ibility is supported by the findìng that repaìr

of closely opposed uracil resjdues on opposite DNA strands can generate

double-strand breaks (Dianov et al. 1991) and such breaks can induce

recombination (Kunz and Haynes 1982).

5"6 F4utational Specificity of dCHP Deaminase Deficiency and Excess dTMP

The mutagenesjs assocjated w'ith the dNTP perturbations observed in the

dCMP deaminase deficient strain and after treatment with excess dTMP

appeared to be due primarily to DNA rep'ììcat'ion errors. More than 98% of

the total mutations were singìe base-pair events (Tabìe 28). The majorìty

(77% or 100% for MKP-op and SBT-TLp treated with excess drMP, respec-

tìvely) of the base-pa'ir substitut'ions were attributable to mjsinsertjon

of the dNTP(s) in excess (Table 29). As outlìned in section 5.5 single

base-pair delet'ions and jnsert'ions can al so be a consequence of

mìsincorporat'ion of a dNTP present in excess. Inspection of Figure 21

reveals that for MGK-dp, misinsertjon of dcTP at pos'ition +79 on the

transcribed strand of SUP4-o and at posìtjon +84 on the non-transcribed

strand, fo'llowed by the approprìate misa'lìgnment, couìd have generated 18

of the i9 del eti ons and the s'ing'le ì nserti on detected i n th'is stra j n. For

sBT-TLp, misincorporation of dTTP at posìtjons +7 and +89 on the non-

transcribed strand and of dGTP at posit'ions +68 and +83 on the non-

transcribed strand and position +78 on the transcribed strand, could have

gì ven ri se to al I of the del eti ons and i nserti ons recovered i n thj s
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strajn. 0f the varjous substitutions requìred to generate the deletions

and jnsert'ions in each straìn, onìy mìsinsert'ion of dGTP at position +68

on the non-transcrjbed strand in SBT-TLp was not detected (F'igure 21).

Clearly, the maiorjty (40/42) of s'ingìe base-pair deletjons and ìnsertions

that occurred under conditions of dNTP imbalance could have resulted from

misincorporation of the dNTP(s) in excess. It should be cautioned here,

however, that jt is not certain how accurately the dNTP pool measurements

reflect dNTP concentrations at repl ication forks in growing yeast.

Examination of the distributions of the base substitutions revealed that

the mutatjons occurrìng under conditions of dNTP jmbalance were unììkeìy

to result solely from dNTP mjsinsertion. Putative replacements by T or C

were found at only one-haif or two-th'irds, respectively, of the sjtes

where such changes can be detected in SIJP4-o. Furthermore, T to c

transitions, and possibly A to C transversions, in MGK-dp exhibited a bias

for sites where dCTP was the next correct nucleotide to be 'inserted

(Tab1e 31). S'im'iìar]y, C to T and A to T substitutions recovered after

dTMP treatment occurred preferentiaììy at s'ites where the next correct

nucleotide to be ìncorporated was dTTP or dGTP (Table 31).

These s i te preferences v'/ere cons'i stent w j th two mechan j sms whereby

increased levels of the next correct nucleotide could reduce the fjdelity
of repìicat'ion: enhanced extension of mismatched prìmer termini (Mendelman

et al. 1990) and inhib'ition of proofreadìng (Fersht 1979; Kunkel et al.

1981). The effect of dNTP concentration on extens'ion of mjsmatched primer

terminj is thought to appìy only to sjtuatjons where extens'ion occurs in

the absence of proofreadìng (Mendelman et al. 1990). Yeast DNA polymerases

(po1) a, e âfld s (formerìy termed poì I, II and III (Burgers et al. lgg0))

are essential for DNA replicatjon in virzo (Johnson eú a/. 1985; Boulet eú
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al. 1989; Sitney et al. 1989; Morrison et al. 1990) and 3' to 5,

exonucl ease act'i vi tj es, whì ch may functi on i n proofreadi ng, have been

detected for all three po'lymerases (Bauer et al. 1988; Kunkel eú ai. 1987;

Hamatake et al. i990; Morrison eú a/. 1990; Brooke et al. lggl). Recentìy,

'it has been suggested that pol a initiates DNA synthesis at repiication

origins and prìmes 'lagging strand synthes'is while rep'lication of the

I eadi ng and 'laggi ng strands i s primari ly the responsi b'il j ty of po1 e ând

6, respectively (Morrìson et al. lg90). According to this vìew, the

normally high fidelìty of DNA synthes'is in yeast would be due, in part, to
proofreading during rep'l'ication of both the leading and ìaggìng strands.

Thus, it seems reasonable to th'ink that the next-nucleotjde-like effects

observed Í n thi s study r,lere a consequence of ì nhi bì tì ng proofreadi ng

rather than enhanc'ing extension of m'ismatched primer termini. If so, the

finding that there was no strand preference for presumptìve nucleotide

m'isinsert'ion events would support the poss'ib'il ity that proofreadìng occurs

'i n yeast duri ng repì 'i cat j on of each strand ì n a dupl ex .

Although these data suggested that both dNTP m'isinsertion and next-

nucleotide effects contrjbute to the mutagenjc'ity of dNTP imbalances in

yeast, 'i t seems "l 'i keì y that other f actors , wh i ch may i nfl uence these

processes, aìso are'involved. The dTTP:dCTP ratjo in dTMP-treated cells of

sBT-TLp (excess drMP) and the dcTP:dTTP ratjo jn MGK-dp lvere both

jncreased by about the same magnitude (120-fold) over the correspondìng

ratjos in the parentaì strain MKP-op (Tabìe 25). Neverthe'less, the SIJP4-o

mutatjon rate was enhanced to a much greater extent in SBT-TLp (excess

dTl4P) than in þ1GK-dp. l{jth regard to nearest-nejghboulinfluences, there

ltas no next-nucleotjde effect for G.C to C.G transversions in MGK-dp,

despìte the fact that these events constituted the majority of base-pair
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substjtutions in this straìn, or for G.C to T'A transversions jn SBT-TLp

(excess dTMP) . In addj t'i on, the specì fi cì ty of base-paì r substi tuti ons i n

both strajns exhibjted features that were not anticìpated on the basjs of

the measured dNTP pooì perturbations and previous results for pyrim'idìne

dNTP imbalances jn Chinese hamster ovary cells (Phear and Meuth 1989a,b).

In those studì es, el evated dTTP or dCTP I evel s were associ ated w'i th

notable increases in the relative fract'ions of G.C to A.T or A.T to G.C

transitions, respective'ìy. Among transversions, the only increase was jn

the proport'ion of A.T to C.G events when the dCTP pooì was enhanced. In

thjs study, the proportìon of A.T to G.C transjtions in MGK-dp remained

the same as for MKP-op but the fractions of G.c to c.G and A.T to c.G

transvers'ions increased. For dTMP treatment of SBT-TLp, the proportjon of

G'C to A.T transit'ions djd not change relat'ive to MKP-op whereas there was

a I arge i ncrease i n the fract'i on of A'T to T.A transvers i ons and the

fractjon of G.C to T.A transversions decreased by 50%.

Here factors, other than obv'ious differences in experìmental systems,

that might account for the results of this study are considered. The much

greater increase 'in the SUP4-o mutatjon rate jn dTMP-treated SBT-TLp vs.

MGK-dp might have been partiaì'ly due to the ìarger final sìze of the dTTP

pool in SBT-TLp than of the dcTP pool in MGK-dp. conceivably, exceed'ing a

certa'in dTTP level might have caused a dramat'ic jncrease'in the rate of

dTTP mjsinsertion. Alternatjvely, unknown aspects of the sup4-o DNA

sequence may have favoured m'is'insertion of dTTP ìn SBT-TLp over dCTP jn

MGK-dp under cond'itions of dNTP jmbalance. Certaìnìy, the presence of

hotspots and coì dspots for substi tutj on mutagenesì s i n both strai ns

suggests that DNA sequence context can jnfluence nucleotjde misjnsertjon.

Another possìbìljty js that error correction by proofreading might
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have been diminished to a much greater extent in SBT-TLp (excess dTl'1P).

Thìs might have occurred jn three non-mutuaììy exclusive ways. First, the

very I arge dTTP poo'l generated by dTMp treatment might have more

effectively inhjbited proofreading via a next-nucleotide effect than the

smaller dCTP pooì ìn MGK-dp. Second, the marked djsturbances in the dTTp

levels mìght have offset the control of proofreadìng activjty.A defect.in

the nutD (= dnaQ) gene, which encodes the E. coli DNA poìymerase III
subunìt (.) with 3' to 5' proofreadìng activity (Echols eú al. l9g3;

DiFrancesco et al.1984), confers a mutator phenotype (Degnen and cox

1974). Growing cells in minjmal medium suppìemented with thymìd'ine

enhances thjs effect (Degnen and Cox 1,974) and a thymine nucleotjde, was

ìmpì icated as the mutagenic effector (Erl ich and cox t9g0). These

findings, together wjth'identjfication of a bind'ing site specìfic for dTTP

on the e subunjt (Biswas and Kornberg 1984) led to the suggestìon that

b'ind j ng of dTTP to e i s 'invol ved i n the control of proofread'ing (Bi swas

and Kornberg 1984; Cox and Horner i986). If only dTTP plays a sjmjlar role

during DNA synthesis .in yeast, the increased dTTP levels in SBT-TLp

treated wi th dTlulP mi ght have promoted mutagenes i s by aì teri ng the

regulatjon of proofreading activity in vivo. Third, the elevated levels of

dTMP also expected to be present jn these cells might have contrjbuted to

the j nh j bi t'ion of proofread'ing. Thi s suggest'ion 'is based on the f i ndi ngs

that treatment of a yeast dTMP auxotroph with 0.8 g/1 thymidylate for 6 h

'i ncreased the i ntracel I ul ar dTMP concentrat j on by 30- fo'l d (Toper et al .

1981) and the 3' to 5' exonuclease actjvities of E. coli DNA poìymerase i

and rabb'it DNA poìymerase 6 were inhjbited by dTMP, although the effect

was less pronounced for t,he mammalìan po]ymerase (Byrnes et al. rgTT; Que

et al. 1978).
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Ne'ither G.c to c'G transversjons in MGK-dp, nor G.c to T.A trans-

vers'ions in SBT-TLp (excess dTlvlP) were associated with a next-nucleotjde

effect (Tabìe 31). /n vitro evidence ìndicates that 3' to 5' exonucleo-

ìytic proofreading may excise particular mispaìrs much less efficiently

than others during DNA repììcation (Reyìand eú a/. 1988). Thus, one simple

explanation for the absence of a next-nucleotide effect would be that

mìspa'iring of dCTP or dTTP with tempìate C'is not proofread efficjentìy in

yeast. If so, one mìght expect that other means to reduce such repìication

errors have evolved. Although the spec'ificity of proofreading by yeast DNA

po]ymerases has yet to be addressed, 'it ìs interestìng to note that dCTP-C

and dTTP-C mispairs are among those formed at the lowest rates 'in vitro by

purifìed yeast DNA polymerase c-primase, a complex that lacks 3'to 5'

exonuclease activity (Kunkeì et al. i987).

The productjon of a base-paìr substjtution by dNTP jmbalance not only

requires mjsìnsertjon of an incorrect nucleotide and failure to proofread

the error, but also that the m'ispair not be restored to the correct base-

pair prior to the next round of DNA replication. Thus, it might be

expected that the specificìty of base substjtution mutagenesìs 'induced by

perturbatìon of dNTP levels would be 'influenced by the relative

eff i c j enci es of correct'ing di fferent m'ismatches. In yeast, c-c and T-T

m'ispairs are among the Ieast efficiently corrected base mismatches (Bishop

et al. i989; Kramer et al. 1989). consequentiy, the increase in G.c to c.G

transversions in MGK-dp and A.T to T.A transversions jn SBT-TLp treated

with dTMP might part'iaììy refìect the inefficìency of correctìng C-C and

T-T mi smatches, respect'ive'ìy (j t shoul d be noted that the enhanced

fract'ion of G.C to C.G transvers'ions 'in ÞlGK-dp was al so consi stent wi th

the very I arge increase (184-fold.) jn the dCTP:dGTP ratio jn th j s stra'in
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compared to MKP-op). Similarìy, the lack of change jn the proportjons of

A'T to G.c and G.c to A'T trans'itions in l'lGK-dp and sBT-TLp (excess dTMp),

respect'ive'ly, and the small 'increase jn the fraction of A.T to c.G

transversjons in MGK-dp, m'ight be explained in part by the fjnding that

A-C and G-T mismatches are among those repa'ired more effjciently in yeast

whereas T-C mismatches are somewhat less efficientìy corrected. This lìne

of reasoning is attract'ive but the role of m'ismatch correctjon jn the

specÍfìcìty of dNTP-induced base substitut'ion should be ìnterpreted

caut'iousìy. DNA sequence context effects and variations ìn genet'ic

background may blur dist'inctjons jn correction effjciencjes (Bìshop eú a/.

1989; Kramer et al. 1989).Thjs mjght be one reason why G.c to c.G and A.T

to T.A transversions were not recovered to any significant extent among

aprÚ mutatjons induced by elevated dCTP or dTTP levels jn Ch'inese hamster

ovary cells (Phear and Meuth 1989a,b) even though C-C and T-T mjsmatches

are corrected w'ith low efficìency in monkey and human cells (Brown and

Jirìcny 1988; Holmes et al. 1990). Furthermore, jt remains to be

determined whether dNTP jmbalances can modulate the specificity and/or

eff i c j ency of m'i smatch correcti on .

5.7 Elevated dCTP Levels Alter the Specificity of EHS and MNP{G t4utagenesis

5"7.1 Effect of Alkylation Treatment on Intracellular dNTP Levels

The sizes of the four dNTP pools were reduced in mock-treated cells of

MKP-op and fVlGK-dp (the treatment procedure was performed with sterile

water in place of an alkylatìng agent) compared to untreated cells

(Tab'ìes 33 and 41). The ratio of the four dNTPs was the same in both cases

indicat'ing that all four dNTP pools were affected equaìly by the treatment

condit'ions. The simpìest explanation for the general reduction jn pool
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sizes is that experìmental cond'itions prevented the cells from repl ìcat'ing

and therefore fewer cells were jn S phase producing dNTPs for DNA

synthesì s.

dNTP levels in EMS- or MNNG-treated cells of MKP-op and F1GK-dp were in

general higher than the correspond'ing levels in mock-treated cells (2- to
6-fold ìn MKP-op; 1.8- to 2.S-fold in MGK-dp). The only exception was the

elevated dCTP level in MGK-dp where approxìmately the same concentrations

were evjdent for mock-, EMS- and MNNG-treated cells (Tabìe 41). Further-

more' the dNTP levels in MNNG-treated cells of MKP-op and MGK-dp seemed to

be increased on average more than the dNTP levels for cells treated w1th

El.4S. DNA degradation, excìsion of nucleotides durìng repair or decreased

ìncorporation of dNTPs 'into DNA duning DNA replication have been suggested

to cause elevated dNTP levels followjng treatment w'ith mutagens (Slaby eú

al. l97l; Eckstein eú a/.. 1974; Meuth 1989). However, these possìbjlities

cannot explaìn the effect of the mutagens on dNTP pools in this study.

0nìy dNTP levels can be determined wjth the enzymat'ic assay empìoyed here

and the degradat'ion of DNA would release dNMPs whjle repaìr enzymes

(alkyl-DNA gìycosylase, alkyl-DNA transferase) that correct alkylation

damage would excise bases or remove a1kyl groups. In addìtion, during

alkylation treatment the cells do not multiply and the mock-treated cells

have decreased dNTP levels.

Another alternatjve js that dNTP levels might be jncreased after

mutagen treatment to supply dNTPs required for DNA repair synthesis of the

ìnduced damage. Thjs possibilìty is supported by findìngs that ìn yeast

some genes encoding enzymes (dTMP k'inase, subunits of the ribonucleotjde

reductase) ìnvolved ìn DNA precursor synthesis are induced by DNA damagìng

agents (Elledge and Davjs i987, 1990). Near matches of two consensus
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sequences, whìch have been assocjated with regu'lating the damage

inducibility of genes encoding the ribonucleotjde reductase subun'its, can

also be seen to be present upstream of the coding sequences for the dCMp

deam'inase, dihydrofolate reductase, dUTPase and thymidyìate synthase jn

yeast (Bìrkenmayer et al.1984; Mclntosh and Haynes l9g6; Lagosky et al.

1987; Taylor et al. 1987; sebastìan eú al. 1990; yagle and McEntee 1990).

Although the damage jnducibìlity of the latter four genes has yet to be

jnvestigated, these findings provìde grounds for thinkjng that jnduction

by DNA damage of genes required for DNA precursor synthesis might account

for the increased dNTP levels observed after treatment w'ith EMS or MNNG.

5'7.2 Ro'le of f{e'ighbouring Bases and Assessment of Strand Specif icity in
EffiS and H${l{G flutagenes'is

DNA sequence analysìs of 152 EMS-induced and 166 MNNG-induced SIJp4-o

mutat'ions revealed that, in both cases, over 96% were G.c to A.T

transitions (Table 36). These results are in agreement wjth numerous

observat'ions (Prakash and Sherman 1973; Coulondre and Mjller l97l; Dodson

et al. i982; Loechler eú a/. 1984; Bhanot and Ray 1986; Burns et al. 19g6,

1987; Lebkowsk'i et al.1986; Lucchesj et al. i986; Ashman and Davjdson

1987a; Reed and Hutch'inson 1987; Rjchardson eú al. 1987a) whjch suggest

that 06-aìkyìguan'ine is the maior premutatìonal lesion produced by EMS and

MNNG. A few transversions at G.C s'ites also were identified after EMS and

MNNG treatment. For tMS, two of the three transversions recovered were

each part of double mutants where the transversions were separated by 1 or

3 base pa'irs from G .C to A.T trans i t'ions (Fi gure 23 ) . Presumpti ve doubl e

mutations have been detected in the E. coli /ac.i gene after EMS treatment

(Cou'londre and Fljller 1977). These findìngs are consjstent wjth the
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suggest jon (Reed and Hutchinson 1987) that, occasiona'l'ly, an al kylatìng

agent-'induced G.c to A.T transjtjon may trìgger a second, nearby

substitution event. The remaining tMS-jnduced transversion (G.C to C.G at

+80) and three of the MNNG-'induced transversjons (G.C to T.A at +73 and

+80; G'C to C'G at +5) also have been found among a collectjon of 334

spontaneous SUP4-o mutations (Figure 18) and so may have originated spon-

taneously. However, one F,INNG-'induced transversion (G.C to C.G at +81) was

recovered at a site where such an event has not yet been found to arise

spontaneous'ly, suggesting that ìt may have been induced. Alternative]y,

the G'C to T'A substitution could have been the result of alkyìation at

the ff-7 or ff-3 posìtìons of guan'ine (Sìnger and Kusmierek 1982; Saffhill
et al . 1985) . Methyì ati on or ethyl ati on at these posi t'ions 'induces AP

sites via destabil'ization of the ß-rV-gìycosyl bonds (Loeb and Preston

1986) and preferentjal ìncorporation of adenjne across from the AP sites

(sagher and strauss 1983) would produce G.c to T.A transversjons. A

sjm'ilar explanat'ion might account for the occurrence of the G.C to C.G

substitutjon s'ince guanìne can be ìnserted opposìte AP sites in vitro
(Sagher and Strauss 1983).

in additjon to events at G.C sites, one A.T to G.C transjtjon after

EMS treatment and two after MNNG treatment were also identified. It seems

reasonable to suggest that these substitutjons may have been due to the

productìon of 0a-alkyìthymìne. This lesjon has been detected after

alkylation of DNA ín vitro (Sìnger and Kusm'ierek L9B2; Saffhill et al.

1985; Singer 1986) and can mispair with guan'ine to give rìse to A.T to G.c

transitions (saffhiìì and Hall 1985; Preston et al. 1986, 1982; Sìnger et

al. i986). Furthermore, it is produced to a much lesser extent than

06-alkylguanine (Singer and Kusmjerek 1982). It js unljkely that the A.T
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to G.C transitjons r,vere a consequence of a'lkylation at the 06 positjon of

guanìnes 'in deoxyribonucleotjde pools (Topaì and Baker 1982) fo1ìowed by

i nsert'ion of 06-al kyl guani nes oppos'ite templ ate thymì nes. Al though j t was

shown that modjfl'ed dNTP's can be incorporated into the DNA, most of these

experìments were done under non-phys'iologicaì condit'ions (Dodson et al .

1982; Hall and Saffhill 1983; Toorchen and Topal t9B3; Eadje et al. 1984;

Snow eú a/. 1984b). Furthermore, 06-methylated precursors (including bases,

nucleosides and nuc'ìeotides) accounted for >0.I% of the unmodified

intracellular purines (Topal and Baker 1982). Thejr convers'ion to

triphosphates is often prevented due to a lack of enzyme recognjtjon of

the modifìed precursors (Pegg and Swan 1979; Ball eú a/. 1983; Hsje et a7.

1986; Snow and Mitra 1987). In addition, modified precursors are often

hìghly susceptible to degradation (Hsie eú a7. 1986; Snow and Mitra 1987).

An analysis of the influence of neighbouring base sequence on mutation

induction showed that MNNG, but not EMS, mutagenesis occurred more fre-

quent'ly at 5'Pur-G sjtes than at 5'Pyr-G s'ites (Table 38). These results

are jn genera'l agreement w'ith prevìous findìngs in prokaryotic systems

(Burns et al.1986, 1987; Reed and Hutchinson 1987; Richardson eú al.

1987a). To account for this preference,'it has been suggested (Burns eú

al.1987; Richardson et al.1987a) that flankìng bases may: 1. jnfluence

the reactìvìty of the 06position of guanine and so the distribution of DNA

damage; 2. affect the accessib'ility of 06 positjons to methylating species

by infìuencìng local DNA hejix geometry;3. modulate the efficìency of

mi smatch correcti on or 06-methyl guan'ine repa'ir by methyì transferase; or

4. influence the fidelìty of DNA rep'lication. In the prokaryotic studies,

5'G-G sites were found to be preferred over 5'A-G sites whereas results in

thjs study seem to jndicate that the converse js true for yeast. Thjs
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interpretation must be viewed cautjously, however. If the data for the

MNNG hotspot at position +l in SIJP4-o are excluded from the analysis, then

although 5'Pur-G sites are stilì preferred, there js no djfference between

5'A-G and 5'G-G sites. yet, the preference for 5,A-G sjtes might be

genuìne since the SUP4-o region from +79 to +86, which consjsts of a run

of 5 guan'ines on the transcribed strand followed by a tract of 3 guanìnes

on the non-transcribed strand, lvas a relativeìy poor target for MNNG

mutagenesis (Figure 23). Nevertheless, it is clear from these fìndìngs

that 5'G-G s'ites are not preferred over 5,4-G sjtes in sllp4-o. Thus, these

results jnd'icate that subtle djfferences may distjnguìsh the site spec.if.i-

cìty of l'lNNG mutagenesìs ìn prokaryotes and yeast.

Nejther tMS nor MNNG mutagenesis in SIJP4-o showed a preference for G.C

sites hav'ing the guanine on the non-transcrjbed strand (Table 40), a

feature that has been observed for MNNG mutagenesìs'in some prokaryotìc

systems (Reed and Hutch'inson 1987; Richardson et al.1987a). It must be

stressed that such a preference was not found for EMS or MNNG mutagenesis

of the E. colí /acl gene carrjed on an F' epìsome or for MNNG mutagenesis

of the phage P22 nnt gene jnserted into the bacterjal plasm'id pBR322

(Burns et al. 1987; Lucchesi et aI. l987). However, it has been poìnted

out (Reed and Hutchinson 1987) that in these two cases, the target genes

are extrachromosomal jn nature. Aìthough the SUP4-o gene also is located

on a p'lasmìd, the vector in question mim'ics the behav'iour of yeast

chromosomes (Pierce eú a/. 1987; Gjroux et al. 1988). Furthermore, 'it was

found that observed features of spontaneous mutagenesis at SIIP4-o on the

pì asm'id and at 'i ts chromosomal I ocus are comparabì e (sect i on 5 . 4)

suggestjng ihat the same mutat'ional mechanisms act on the pìasmìd and

chromosomal copies of the gene. Consequentìy, jt seems reasonable to thjnk
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that the extrachromosomal location of SIJP4-o js not responsjble for the

lack of strand preference jn EMS or F1NNG mutagenesis.

To account for the strand preference, it has been proposed that aìkyì-

transferase may act less efficientìy on the non-transcrjbed strand since

it js singìe-stranded during transcription and the enzyme js known to

repaìr double-stranded DNA more effjcìentìy (Reed and Hutchinson lgBZ).

However, MNNG mutagenesjs still exhibìted a preference for guanines on the

non-transcribed strand'in an unadapted F. coli mutant that has a 3,000-

fol d I ess acti ve al kyì transferase than wì I d-type (Rì chardson et al .

1987a). Furthermore, yeast has an al ky'ltransferase (Yarosh l9B5; pegg

i990; Sassanfar and Samson 1990) and shows no strand bias for alkyìatjon

mutagenesìs. Therefore, an explanat'ion based on a strand-spec'ific actjon

of an aìkyìtransferase seems unsatisfactory.

More recentìy, it was suggested that rather than djfferences jn the

metabol ic make-up of organisms, non-random d'istributjon of mutatjonal

target sites could be the cause for the observed strand bjas of MNNG-

jnduced mutatjons jn some mutational stud'ies (Gordon and Glickman l98g;

Gordon et al.1988; Horsfall et al.1990). Most mutatìonal targets are

genes that encode proteìns. MNNG predominantìy aìkyìates guanines and jn

E. coli guanìnes preceded 5'by a G are hjt most frequentìy (Burns et al.

1987; Reed and Hutchjnson 1982; Rjchardson et a/. l9g7a; Gljckman et al.
1987; Gordon et al.1988). It lvas therefore argued, that amjno acjds

encoded by trìplets containìng two neighbourìng guanines (mutatìonal

target site is on the non-transcribed strand) or two consecutìve cytos'ines

(mutat'iona'l target site i s on the transcribed strand) are potentiaì

hotspots for MNNG mutagenesìs. G'C to A.T transitions at most of these

codons (ucc, Acc, Gcc, cGG, AGG) cause rather conservative amjno acid
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replacements and mutations at these sjtes are therefore ììkely to be

silent. However three possibjl ities are worth djscussìng in more detail.
Glycine (GGX; X be'ing any base) can be a flexib'le component of hinges and

turns and can be an intrinsic part of the protein structure. Mutatjons at

these codons could result in a mutant phenotype. In addition, G.c to A.T

transitions at the tryptophan codon (UGG) leads to the formatjon of an

amber or ochre stop-codon. Proline (cCX; X beìng any base) is known to

cause bends i n proteì n structures and i s therefore of structural

ìmportance. However, G.C to A'T transìtions at the first C residue results
jn repìacement by a serjne whjch, sìmjìar]y to pro'lìne has a hìgh

potentìa'ì for the formatjon of ß-turns (Chou and Fasman 1978). Due to

these propertìes of the amino acjds and the'ir respectìve codons, a large

number of mutable glycines and tryptophan res'idues could result jn a

higher frequency of I4NNG-jnduced mutations on the non-transcrjbed strand,

while an over-representatjon of mutable proìines would shjft the bias to

the transcribed strand. It was shown (Gordon and Gljckman l98B) that in
the target gene used by Reed and Hutchinson (i997) the majorìty of

mutations examined (14/18) occurred at g'lycine residues and these residues

accounted for 5 of the 8 mutation sites detected. Furthermore, analysìs of

the MNNG-ìnduced G.C to A.T transitjons reported by R'ichardson eú al.
(1987a) jnd'icated that 50% of the mutations (18/37) occurred at sequences

coding ejther for tryptophan or glycìne. Thjs suggests that the bias

observed (Reed and Hutchinson 1987; Richardson eú a/. 1987a) for the non-

transcribed strand could be due to a non-random djstrjbut'ion of target

sites. Since SUP4-o'is a tRNA gene, studies of mutational specificìty in
SUP4-o are noi 'influenced by codon usage.

Finaììy, thjs portion of the study demonstrates that tMS and MNNG



259

mutagenesis of the SUP4-o gene have certajn features jn common. There js

considerable overìap in the sites that were mutated and those that were

missed by each agent (Figure 23, Table 3i).Sjmjlarìy, EHs- and MNNG-

induced G'C to A.T transitions were found to occur at many of the same

sites in the /acr gene of E. col'i (coulondre et aI. lgll; Burns et at.
1986' 1987). Furthermore, several sjtes in SIIP4-o were mutated frequen¡y

by both EMS and MNNG (Table 37), a feature also seen for the lacl gene

(cou'londre et al . 1977; Burns et al . 1996, 1997). where there are

djfferences jn the frequencies of jnduced SIIP4-o and /acI mutatjons at

sites mutated by EMS and MNNG, they often appear to be attributable to the

lack of preference of EMS for 5'pur-G sites (Tabìe 3g; Burns et al. 19g6,

1987). However, dìssjmjlarities in the reactjvjties of EMS and MNNG with

DNA' steric accessib'iìity of the agents to reactive sites in DNA and

recognitjon and repair of methylated or ethylated DNA adducts a'lso may

contribute (sìnger and Kusmjerek 1982; Saffhi'll et al. igg5; Cooper and

Waters 1987). Even so, the results of this study and the /acl data argue

that while the s'ite-specific frequencies of MNNG mutagenesis are

the 5' flanking base, there must be additional factors that

direct the distnibution of both EMS- and MNNG-induced

5"7.3 Elevated dCTP Levels and A'lkylation Mutagenesis

A number of studies have prov'ided evjdence for ljnks between dNTp

levels and induced mutagenes'is (Kunz 1988) . EMS and MNNG mutagenesìs .in

particular were found to be affected by high and low dTTP:dCTP ratìos,

h'igh ratìos jncreas'ing and low ratios decreasìng the frequency of E¡4S- or

MNNG-induced mutations (Meuth 198Ia, l9B3; peterson eú al. l9g5a). In

i nfl uenced

are abl e

mutat i ons .

by

to
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agreement with these expectatjons, EMS- and MNNG-induced SUp4-o mutatjon

frequencìes were reduced by 60% and 40%, respectively, in a dCMp deamjnase

defic'ient strajn (MGK-dp) havìng eìevated dCTP levels compared to results

obtained under conditions of normal dNTP balance (MKP-op) (Table 4Z). DNA

sequence anaìysìs of 203 El'1S- and 202 þ1NNG-induced SIIP4-o mutatjons

confjrmed that the frequency of G.C to A.T transitions was substant.iaìly

reduced (by 90% and 7Q%, respectively; Tables 46 and 47). This fjndjng is
consjstent with the predìction that the frequency of EMS- and l'lNNG-induced

06-alkylG'T mispaìrs would be reduced by the presence of elevated dCTp

concentratjons. Surprìs'ingiy, however, these reductjons'in the G.C to A.T

transition frequencies were ìarger than the decreases observed in the

overall SUP4-o mutat'ion frequency. An increase in the frequency of EMS-

and MNNG-induced G'C to C.G transversions (35- and l2-fold, respectively)

was mai nly respons'i bl e for th i s d j screpancy.

Even though the 'increase of EMS- and I'INNG- i nduced G .C to C .G trans -

versjons in MGK-dp was unexpected there are severaì potentìal expìanatjons

for it. F'irst, G'C to C.G transversions constitute the major class (58%)

of base-pajr substitutions occurring spontaneously ìn MGK-dp (Tabìe 29).

So the jncrease jn G.C to C.G events following aìkylation treatment might

sìmp'ly reflect the mutatjonal specìficìty of the dcdl mutator. However,

this change was detected at least 7.5-fold more frequentìy after El'lS or

MNNG treatment. Therefore, the majority of G.C to C.G transversjons were

jnduced by the alkyìation treatment and were not part of the spontaneous

background in MGK-dp.

Second, the increase in G.C to C'G transversions mìght be due to dCTp

acting as a target for alkylatjon mutagenesìs (Topal and Baker t98Z). The

02 and ff-3 posjtjons of cytosjne are potential targets for alkyìation by
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tMS and MNNG (Table l) and the addition of an alkyl group at these

posìtions could poss'ibly jnterfere with hydrogen bonding by cytosìne.

Indeed, a codon-anticodon study revealed that 02-ethylcyt'idine acts almost

entìreìy as if it'is uracjl (sìnger eú a/. rgTg). However, if aìkylated

dCTP is involved in a mechanism which leads to the observed increase in

G'C to C'G transvers'ions, then the formation of an alkylC.C jntermedjate

would be requìred. To date, no evjdence for the role of such a mispa.ir.in

alkyìatjon mutagenesjs has been reported.

Third, e]evated dcTP levels mìght modìfy the accuracy of repaìr

processes. The fl-7 posìt'ion of guan'ine is the major target in DNA for
alkyìatjon by El,4S and MNNG (Table l). Removal of N-t-alkylguanìne by

alkyl-DNA gìycosyìase or destabjljzation of jts ß-fi-gìycosyl bond can

create an AP site. Repaìr of such sites involves the actjon of Ap endo-

nuclease, exonuclease, DNA poìymerase and DNA ìigase (Sancar and Sancar

1988). Under balanced dNTP levels thìs type of repaìr is v'irtual'ìy error-
free. Yet, 'it js possible that in cells havìng e'levated dCTp levels, dCTp

might be mjs'incorporated durìng repair of apurinic s.ites'induced at G.C

paìrs. If left unrepaired, the resulting C-C mjsmatch would lead to a G.C

to C'G transversion durìng the next round of DNA repìicatjon. Should this
mechanjsm be responsible for the ìnductjon of G.C to C.G transvers.ions, ìt
would suggest that only the AP site is removed durìng repair.gtherwise,

a specific jncrease in G.c to c.G events would not be expected.

Frequenc'ies of A.T to G.c transitjons and G.c to T.A and A.T to T.A

transversjons were ajso enhanced relative to the spontaneous frequenc.ies

in MGK-dp by alkyìation treatment (Tabìes 46 and 47).EMs- and MNNG-

jnduced A'T to G'C trans'it'ions occurred more frequent'ly (2.5- and 4-fold,

respectively) ìn FIGK-dp than ìn MKP-op (Tables 46 and 47). The observed
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'increase could have been the result of C mis'incorporation during DNA

repìicatjon past AP sjtes created by the removal of ff-3-aìkyladen.ine, a

lesion produced by EMS and F4NNG treatment (Tabìe l).Th'is would ljnk the

induction of at least a fract'ion of these base-pa'ir substitutjons to the

elevated dcrP levels ìn MGK-dp. EMS- and MNNG-induced G.c to T.A trans-

versions were detected at about the same frequenc'ies in MKp-op and MGK-dp

and jt is therefore unlikely that thejr induct'ion was jnfluenced by the

elevated dCTP levels in MGK-dp. Although A'T to T.A transvers.ion were not

detected among the EMS- or MNNG-induced changes ìn MKp-op, recovery of
just one or two of these events would have gìven frequenc'ies s.imilar to

those for MGK-dp (Tables 46 and 47).The G.c to T.A and A.T to T.A

transvers'ions 'in MGK-dp could have resulted from the preferentìal

ìncorporation of an aden'ine across from an AP sjte (Sagher and Strauss

1983) created by the removal of ff-7- or ¡V-3-alkyìguanjne or by the removal

of 0a-alkyìthymìne, respectiveìy (sìnger and Kusmierek l9g2; Saffhill et

al . 1985).

MNNG- but not El4S-induced G.C to A'T transit'ions preferentially

occurred at 5'Pur-G sjtes ìn MKP-op. Nejther of the two agents showed a

preference for i nducì ng mutat'i ons at si tes havi ng guanì ne on the

transcribed or non-transcribed strand 'in this strain. Elevated dCTp levels

d'id not affect these features of EMS and MNNG mutagenesìs (Tabìes 50 and

51). Thìs suggests that although the recovery of El4S- and MNNG-induced G.C

to A'T transitions vvas reduced by elevated dCTP leveìs, the overall

mechanism of G.C to A.T induction was not affected.

5.8 Future Research

This work presented in this thesis points to several I ines of
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investigation. In addition to imbalances in the suppìy of pyr.imidine

dNTPs, alterat'ions jn the levels of purine DNA precursors are of interest,
i n parti cul ar because enzyme defi cì enci es i n purì ne metabol i sm and puri ne

dNTP imbalances have been associated w'ith human immunodeficjency diseases.

fup strains are capabìe of taking up dNMPs other than dTMp and can be used

to 'i nduce puri ne dNTP j mbal ances i n yeast .

Given the results observed for alkylatìon mutagenesjs 'in MGK-dp, it
would be informative to'investìgate the influence of excess dTTp and dTTp

depìetion on Ef!1S and MNNG mutagenesìs. Based on the dCTp:dTTp ratjos
observed jn thjs study, excess dTTP should favour the format.ion of
06alkyìG'Tmispairs and lead to an'increase jn EMS- or MNNG-jnduced G.C to

A'T transitions compared to MKP-op, while dTTP depìetion shouìd, as seen

for alkyìation mutagenesis in MGK-dp, favour the incorporation of cytosine

opposite 06-aìkyìguanine. However, after dTTP depletion dCTp levels are

much I ower than the ones observed i n MGK-dp and so 'it 'is I ì kely that the

effect of dTTP dep'ìetion on the induction of G.C to A.T trans.itjons would

be less pronounced. If the G.C to C.G transversions observed fo'lìowing

treatment of MGK-dp with EMS or lvlNNG were the result of dCTp misincorpo-

ratjon during the repair of AP s'ites, ìt is possible that elevated dTTp

levels during aìkylation mutagenes'is wourd lead to G.c to T.A trans-

vers'i on s .

Analysìs of tMS- and MNNG-induced mutatìons jn MKp-op and MGK-dp

suggested that the repaìr of alkyìation damage under condjt'ions of dNTp

imbalance might p'ìay a roìe jn alkyìatìon mutagenesis. Character.ization of

alkylation-'induced mutations jn strains deficient for enzymes responsible

for the repair of aìkyìation damage and for enzymes'involved jn DNA

precursor synthesis could heìp to probe the mechanjsms jnvolved. For
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example' cells ìacking the a1ky1-DNA gìycosyìase are unable to remove

N-7-alkylguanjne and will not produce AP sites via this repäir mechanjsm.

Consequent'ly, if the 'inductjon of G.C to C.G transversions jn alkyl-DNA

g'lycosyl ase defi ci ent cel I s havì ng el evated dCTP I evel s were decreased, i t
would support the hypothesìs that mìsincorporat'ion of dCTp during the

repair of AP sites gives rjse to these transversions.

Such avenues of research could provìde a better understandjng of the

l'inks between dNTP levels and cellular responses to mutagenes.is.
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