SUMMARY

The effects of certain alterations in cellular metabolism on
the potency and epecificity wltt.: which mutations were induced were
reagured, Two systems were chosen for this study, namely the trp
operon of E.coli and the r system of bacteriophage T4.

1. An attempt was made to determine mther; the induced mutability
of & locua wam affected by its state of activity. A nuaber of trp
auxotrophs of E.coll were tested for their reversion response to a
nunbar of different mutagens. Two mutants were found to respond
strongly to EMS and these alleles were chosen to measure the fre-
quency of revergion induced by EMS when the operon was in & state of
dereprassion and when it was repressed. 1t was found that for both
alleles the induced reversion frequency wns greater when the operon
was derepressed during EMS treatment but that the state of the
operon's activity immedistely after the mutagenic treatment had no
affect on induced reveraion freguency.

2. The effects of various ancillary treatments on the apecificity
of 5-BU and NA mutagenesis in the T4r systex were examined.

R). A preliminary study to determine whether the pH at which RA
mutagenesis was carried out affected the spectrum of induced ril's
and specifically whether pH influenced the frequency with which NA
induced deletion mutants. Although the lethal acticn of NA was
found to he strongly pli-dependent, there being much more rapid
killing st lower pH's, it was found that N4 induced ril delstions

at equal frequencies when the treatment was porformed at i 3.7 and

at pH 4.0 and that the intragenic ril spectra induced by NA at the



-

L < e R
gt . -
R

Mutagen Specificity and Potency in Micro-organisms

by

Andrew W.B. Johnston

Submitted to the University of Edinburgh
as a Thesis as required for the Degree
of Doctor of Philosophy in the Faculty
of Science,

Ingtitute of Animal Genetics
University of Edinburgh
1974



two pH's wore essentially the am

n). The effects of the antibiotic aminoc acid analogue, PFPA, on
5-8] mnd NA nutagem;ais- in T4 were measurod. Under standard con-
ditions for 5-BU mutagenesis, in the presence of PFPA in the pre-
treatment growth medium of the host and to a lesser extent in the
mutagenic treatment medium, T4 burst size was doubled and 3-BU
sutagenesis of both forward and reverse mutations was depreased
compared to when FFPA was abseﬁt lor when PA was substituted for
PFPA. A congtituent of standard 5-BU treatuent medium is the
folate antagonist, SU. If another folate antagonist, TM was used
in the treantment medium or if no antagoniet was used at sll, it wvas
tound that PFPA resulted in & decreased burst gize but it had no
affect on 53~BU-induced nutation rmqueﬁcieu. Various models to
sccount for this apparent PFPA-mediated relief of the inhibition of
8U were put forward and diacussed.

Using NA as a mutagen, it was found that when extracellularly
mnutsgenized Td¢r phage were used to infect E.coll grown in the
pﬁamnw of PFRA, the induced r frequency was approxinately double
that taund when PIPPA waa absent, This increased frequency was not
accompanied by & change in gpecificity as meagured by the classes of
putations induced and the rII spectrs of both point and deletion mutants,
3. Another mntibiotic, SM, was used in conjunction with the
mutagens 5-BU and NA, In preliminary experimente it was found that

when T4 infected E.coli grown in the presence of low concentrstions

of the drug, adsorbtion was iwmpaired and many infective centres
failed to develop. 1f howover, T4 was added at the sane time as

8M to E.coli, adsorbtion and phage viability were not affected but



the burst size was reduced.
vhen Tr' were treated with 5-BU in the presence of SM or

whon NA-treated T4r* were used to infect E.coli in the presence of

S8M, no effect in potency or specifidity of either mutagen could be
demongtrated.

4. A preliminary investigation of a mutant strein of T4, desig-
nated hm, which had been shown to have effects on mutation rates
was carried out,

Conpared to the wild type strain (Tdhm’') the T4hm strain was
more resistant to the lethal action of MA and HA, but displayed
normal sensitivities to UV, EMS, bisulphite and high temperature,

Reversion analyses on various rii sutantg in the hnm and ._hgf_
gonatic backgrounds demonstrated that NA, 5-BU and 2-AP were all
more potent in reverting rll's in the hm strain but that EMS, HA
and bisulphite reversion frequencies were unaffected by the allele
at the hm locus. It was found that the DNA repair capabilities of
" the host bacteris affected neither the survival nor the reversion
frequencies of the rll's in both T4hm and Téhm strains after the
phage had been treated with eny of thé agents used in this study.

NA-induced forward mutation frequency wag found to be about
twice ss high in Tdhm and as in m__f. but the spectra of induced
r wutants were the same in both stra.ins.

The spontaneous r frequency of hm was also higher than in E+
and there were algo some differences in the ril spectra of sponta-
necus smtants in the two straine.

It wag shown that all the alterations in phenotype in the hm

gtrain compered to the .h_mf strain were probably due to a single



mutation,.

The poseible nature of the hm mutation was discussed.
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1.
INTRODUCTION

General Introduction

The science of Genetica may he defined as the study of mutant
organisms. It is not surprising therefore to find that attempts
to unrevwel the mechanigms whereby these tools of the trade are
generated have been, and continue to be, a nnjor aspect of research
in genetica.

Apart from the cases of mutation medimted by cortical inhari-
tance reported for some Protozoa {see for example Sonneborn 1964),
the origin of & mutant form demands a heritable slteration of the
genetic material, which on this earth means & change in the
structure, or wore specifically the sequence of nucleic acid.

Since the time of the first reports of physical (X-rays:
Muller 1927) and chomical (sulphur mustard: Auerbach and Robgon
1046) mutsgens, a whole galaxy of such sgents is now aveilable
exerting their mutsgenic powers by & variety of diverse mechanigms.

It night well have bee.n thought that by the early sixties the
study of mutag\_menis was over bar the shouting for, by this time,
thanke mainly to the work of Benger, Freese, Crick and Bremner,
there existed an elegant clagsification of microlesion mutations
viz transitions, tranwernléns and frameghifts, The classification
of wacrolesions had of cou-rue siready been wade.

Not only had the analysis of the types of wutation been done,
but slso wodels which could explain why perticular mutagens favoured
the production of specific clasges of nutations on the basia of the

rutagens' chemicel actions on the mucleic acid were being put forward.
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Although the correctness of the classifications and the
essence of the mechanisms by which s substantial number‘ of mutagens
act are not now in doubt, there is a large body of evidence whibh
indicates that there ia a great desl more to mutagenesie than can be
elucidated by a atudy of the strictly chemical resctions between
DNA and mutagens.

To & large degﬁee such evidence comes from gtudies of mutagen
pacificity; There are many examples of such specificity which
simply cannot be attributed to the specificity of action of the
mutagen at the lovel of the DNA, the implication being that cellular
processes have & role in the generation of sutations.

Freeso's tinding (1959akb) that classes of Tdrll mutations
induced to revert by base analogues and by proflavine were mutually
exclusive is certainly due to the fact that the base analogues
induce base pair substitutions, while proflavine promotes the
geﬁeration of frameshifts. Thus generation of mutagen epecificity
is not the exclusive prerogntive of mechanisms modiated by _cellulnr
processes.

Particularly in the case of induced reverse mutation, where
a5 a rule a specific sutational change is required, the noat
obvious interpretation of a finding of mutagen specificity, would
be in ternms of differential revertibility by the outagens under study
of the specific molecular classes of mutation at the different
mutant slleles. Nevertheless several cases of mutagen gpecificity
in reverse sutation studies show that explanations in terme of mole-
cular specificities are inadequate.

Probably the most intensively studied reverse mutation system
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hes been Kélmark's (1953) K3/17 disuxotrophic. adening inasitol”
strain of Neurospora crassa. A considerstion of some of this work
will indicate eome of the ways in which cellular metabolism can be
panipulated to produte changes in nutagen specificity,

The ratio of adenine to inositol (°/1) revertants has been
geasured after treatment with a wide variety of mutagens, both
chemical and physical (Auerhsch snd Remgay 1968). Not only do
different mutagenic treatments result in different "/ ratios, but
modification of certain parameters concerning the nature of the
mutagenic treatment can &lter the specificity of a particular
mutagen. |

For example Kilbey (1083 & 1969) found that the UV-induced /1
ratio was dopressed when the temperature of the wukagenic tmatment
was increased and that & gimilar reduction was found when t!m donse
of the treatment waa increased.

Thq two alleles also react differently to minute traces of
chemical mutagens which remain after the mutagenic treatment proper.
Tracen of DEB, ethylene oxide and nitroscethyl urethan all act spe-
cifically on the adenine locus (KAlmark and Auerbach 1960; Kélmark
and Kilbey 1962; Kilbey and Kdlmark 1988; Auerbach and Hamsay
1973akb) .

There have also been studies on this.system which employed the
joint treatment of more than ono mutagen. Auerbach and Ramsay |
(1970 % 1972) have shown that for certain mutagen combinations the
frequency of sdoninc’ revertants is greater than the adaitive
effectn of the individual agents, while for 1noaitol+ revertants the

induced frequency may be less than additive,
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Raecently Xilbey (1973atb) ham shown that the kinetics of DEB-
induced reversion at the adenine locus, and the loss of sensitization
of adslnim)"L reversion to UV by prior low-level DEB treatment could
be modifisd by the addition of the inhibitor of protein synthesis,
actidione.

Although the extensive study of thie system has shown unequi-
vocally that mutegen specificity can be generated independently of
the mélecular apecificity of the mutagen, there has been no adequate
explanation to sccount for the way in which the modulation of
mutagen specificity could occur.

Other studies on reverse mutation systems have ghown that the
constitution of the post-mutagenic plating medium can affect
wutagen specificity, For example, addition of amino acids, which
at firut sight would appear to be quite unraelated to the locus under |
scrutiny, has been shown to have marked effects on the frequency of
recovery of sutants at specific loci (Clarke 1962; Queiroz 1973).
Addition of inorgenic fons to the plating medium has also been shown
to affect mutagen specificity (Arditti and Sermenti 1982; Lloppes
1970). |

Chopra {1967) has found that the presence of an adenine

allale in E.coli depressed the frequency with which UV induced

revergion of a tryptophan auxotroph. In Bacillus snbtilig, Corran
{1963) found & complex interaction effect in which the spontaneous
reversion of & histidine sutant required the joint presence of
threonine in the plating wedium and a threonine marker in the
gonetic background.

Unlike all the exanples cited abhove there ig at least one
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systom where the effect of genetic background and of the constitun-.
tion of the plating medium on mutant induction hks a cogent explan-_
ation. Independently, Clarke (1973) and Skavronskaya et al, (1973)
found that tte UV~-induced recovery of ochre suppressors of a
tryptophan allele in E.coli was reduced in Sk-resistant strains but
that the depressive effect could be relieved by the addition of 8M
to tha plating medium. As will be discussed latof, SM-registant
ribosones restrict j't!:m efficiency of suppression but the efficiency
can be enhanced by sddition of 8M.

Mutagen specificity is not however reatricted to reverse
mutations. In forward musation, the contribution of the apecificif:y
of the changes induced in the DNA by one given agent to the gener-
ation of intergenic specificities must, ns & rule, be aminimal. ir
for example mutations from prototrophy to auxotrophy are to be
moasured, under the conditions used for the initial isolation, the
gene product should be entirely dispensable, Not only ig there
the opportunity for mutatim at many different sites within s single
locus, but the same initial phenotype may be obtained by mutations
at gquite seperate loci.

1 know of only two examples where the generation of intergenic
forwerd mutagen specificities can he interpreted on the basis of the
specificity of action of g mutagen at the level of DNA.

The firat was the finding that Sl-resistant mutations in E.coli,
slthough readily obteined after mutegenesis by alkylating agents,
could not be induced by the frameshift~-inducing mutagen, ICR-191
{Silengo et al. 1967). The explanation for this is that if the

ribosomal protein which ie the target of SM is completely tnactivated
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(ns would be the case for the great sajority of frameshift mutations)
the cell ie inviabdle, Only those egents which induce base pair
n_lbstitutioné and cause specific changes in the amino acid sequence
of the protein which render it reatstant to 8M but do not completely
destroy ite activity will therefore be effective in inducing such
mutants.

In & way skin to thig is the fact that in bdcteriophage T4,
when & mutagon which induces base pair suhstitutions is used to
gengrate r mutants the majority of such mtents are rl's.

Mutagens which induce frameshifts, such as proflavine, and spon-~
tanecusly-arising r mutents (the majority of which are framoshiftas)
ghow a prcpondoranc. of rIl's. This fact is interpreted, though
there s no direct evidence for the hypothesis, ag being due to the
fact that more amino acid substitutions can occur in the ril gene
product without causing s detectable change in phenotype than in the
rl protein. The great majority of frameshift mutations will
completely inmctivate the protein and hence the tolerance of the
proteins to amino acid substituticn is no longer & factor (Drake

T 1970),

Other cases of forward mutation specificities cannot be accon-
modated into & retional framework as readily as these two examplos.

Zetterberg (1961 & 1982) found that UV failed to induce any
histidine auxotrophs of QOphiostoma when the fungus was plated on
complete medium after irradiation, Nitrosomethylurethan on the
other hand induced higtidine-requirers quite readily. On closer
exnnination it was found that if, mfter UV treatment, plating was

done on minimal medium supplemented with histidine, UV could induce
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histidine-requirers guite efficiently. This wap 8 case of &
plating pediun effect for forward mutations.

Recently it has been found that in the Basidicmycete,
Uatilago, the frequencies with which a large range of different
auxotrophe were induced by UV were enhanced when the organisas were
starved of inosgitol (Thomas 1972), and in addition the spectra of
the different mutations induced by UV alone and UV combined with
inositol starvation were quite different,

At a different level & striking example of forward mutation
intragenic aspacificity haa baén denonstrated. The distribution of
mutations within the riI locus of T4 was shmm. to be highly non-
~ random and the spectra obtn;ned after different nutagenic treatmentsa
ware quite distinct (Benzer 1961). Thie topic of intragenic
matagen specificity is p major part of this work and will be
discusaed more fully later.

Thig catalogue of reports of mutagen epecificity dié not
pretend to be a comprehengive one but was meant eimply to demon-
gtrate that the phenomenon exists and that the influences of
cellular phvsiology mnay bo coaplex. For & fuller exposition of
mutagen specificity in eukaryotes, sece the review by Auerbach and
Kilbey (1971).

It is, on reflection, not too surprising that ¢ellular pro-
cesscs have a role in the determination of mutagenic potency and
specificity since the expression of mutants does not occur in &
vacuum but in & cellular environment; and this applies even in
cases where extracellular phage or naked DNA are sutagenized

in vitro,
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It should slec be slways borne in mind that mutagens are by
dafinition biologically active agents and that it i@ not surprising
that ti:eir effects on organisme nead not he restricted to their
attack on the gonetic material. Only whan pure DNA 15 mutagenized
éan ong be gure that thig complication will be avoided. flolated
to this 18 the fact that the intersction between mutagen and DNA
can itpelf trigger off changes in cellular physiology not directly
connected with the mutapenic powers of the particular agent.

The catpalogue of reports pertaining to such effects of mutagens
is leglon and only & sample of the more recent ones and those with
specizl reference to the sutagens used in this study or ®lse thoge
which are pertinent to questions of wutagen specificity will be
en@rahd balow.

Even bacteriophages treated extracellularly with mutagen are
not immune frow the action of mutegens or non-genetic nsterial.
Protein-DNA crosslinks heve been shown to be induced after coliphago
have been treated with UV (Yamada et al. 1973), HA (Dussault et al,
1070), and O-methylhydroxylamine (Tikchonenko et al. 1973},

Since virtuslly all omutagens act by directly causing changes
in the nocleic acid of the genstic material, it 1. not surprising
to £ind that there is & tendency for them alsc to attack other
nuclaic meids involved in the tronscriptional and translational
pachinery.

For example in mn exhaustive investigation of the effects of
UV on various coaponents of the protein-synthesizing npparstui of
wheat, it was found that mRNA, tRNA and ribosomal RNA were sll

inactivated (Murphy, Kuhn and Murphy 1973). UV also insctivates



som¢ of the enzymes involved in nuclelic acid motabolimns; e.g.
ribonuclesege {Aktipis and lammartino 1071), DNA polyméra:a
{Séuerbier et al. 1970},

Wheon MU4dR is incorporated into bacteriophage lanbda DNA, the
subgtituted DNA ig smome ‘seven times less efficient as e template
for trenscription as is untreated DNA (Joneg and Dove 1972).

BUAR has also heen ghown to supprees differentisted function in
varioug tissue types. Since such snp;:masion is reversible it
cannot be due to mutations induced by the base analogue though it
hag to be incorporated into the DNA to be effective and {he cause
of the suppression has been postulated as being due to the
ichibition of transcription of the subgtituted DNA. In hepatoma
cells BUGR inhibited the production of some enzymea but not of
others (Stellwagen and Tomkins 1971) snd it specifically inhibited
pigment synthesis in melsnons cells (Wrathall et al. 1973). These
two exanples illustrate intergenic specificities modiated by a

mutagen wearing its non-mutagenic hat, .
| There is ¢ report of an interactive effect between UV and
another halogenated analogue of thywidine, IUdR, in which it was
shown that UVeinduced inactivation of thymidine kinase was greater
when 1Udit rather than thymidine was used as substrate, The explan-
ation is that the UV induces photolysis of the analogue and that
the rasultant free radical disturbs tha specificity of the enzymes'
active site (Cysyk and Prusoff 1072).

HA which ig & highly specific mutagen When applied to phage
extracellularly (inducing C = T trangitions exclusively) has

however the unusual ability to sdppreu certain rll outents when
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administered to the phage in the intracellular state (Levisohn 1967
L 1970), The classes of mutants which were genotypically and
phenotyplcally reverted by HA were mutuslly exclusive. ‘The nature
of the mechanigm of suppression is not really known but a reasconable
explenation is that HA induces compensatory changes in the base
saguance of the mANA opposite the mutant site.

i1t has bepen demonstrated that mothoxysmine, which is closely
ralated to HA, can act on tRNA, converting cytosine residues to
uracil {Cashmnore, Brown and Smith, 1571).

At g gomewhat different level it has been found that HA can
inhibit elactron tﬁnspart in Chlorells (Katch et al. 1870),

The case of HA is a good one for illustrating the importance
of celiular processes in the modification of uutagen specificity.
In contrast to the high specificity with which the C > T transition
is induced when phage are mutagenized extracellulerly, when phage
§13 is treated intracellularly all four transitions are induced
(Tesswman, Ishiwa and Kumar 19653). Indoed it was found that
pretreatnent of the host with HA was sufficient to induce phage
mutationg, but the mechaniem of this type of mutagenesis is not known.
This type of host-mediated mutagenasis of phage is not restricted
to HA, but heas also been found with UV (Jacob 1934) and NIG (Kondo
and Ichikewa 1973; quoted in Kondo 1873).

NA, snother mutagen used extensively in this work has been
shown to induce drastic changes in the mitotic apparatus of Vicia
2abis which arg probebly not due to the agenth mutegenic action
(Boar et al, 1972).

1t might be appropriate to mention here some mutagens whose
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actual mutagenic mbilities may be seolely mediated by thelr effects
on non=genetic material.

Amino acid analogues have neen found to be mutagenic in
Uptilago (Lewim snd Terrant 1971). It was postulated that the
analogues were incorporated into such ensymes as DNA polymersase
and hence altored their specificity causing increased inaccuracies
in DNA replication.

ﬂ ainilar explanation may account for the mutagenicity of
divalent sanganege. Thig ion has boan known to be mutagenic in
E.coll for over twenty years (Damm and Hanpon 1931) and in T4
it has been shown to induce mainly transitions (Orgel and Urgel
1965), but still the mechanism of its gction ig unknown. However,
Hn3+ has bpen shown to alter the specificity of DNA polymerase
(Berg et al, 1263) and the hypothesis thet the ion's sutagenic
property depends on its causing a reduction of the fidelity of DNA
polymerase is an attractive one. ' 1t 1s perhaps surprising that it
hag not boen so far teptad. ,

For a putation to be scored, whether it be concerned with eye
colour in Drosophils, growth requirement in E.coli or plaque
morphology in T4, or whatever, the mutation is not momimd by a
chango in the DMA sequeance and less still by the presence of a
presutational lesion in the nucleic acid, but by the final manifog~
tation of such changes in b. living, growing organism. Thig is an
obvious statement of fact but it does snmphasize the importance of
cellular metaboligm in the production of what we poo as a putation,
The initial lesion must be replicated, transcribed and translated

for the and yosult to be mcored, Auverbach (1969) haas graphically
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doscribod such gteps in the pathway from premutational leaion to the
fully fledged newly mutent iﬁ_dividuail as mu_t.ational slovag at which
the potentisl mmy exist for various cellular gystems to act differ-
entinlly on the mutationnl pathways end hence mutagen specificity
may be generated.

. When this allegorical description was firet put forward by -
Auerbach, it wag in tesponse to the results obtained in the gort of
approaches to mutegen specificity which were 1llustrated above,
where the naturo of the ancillary treatmentsz (i.e. genotic back-
ground, plating sedium and treatment by & second mutagen) may have
had . gensral, and in nearly all casog,’ uncharacterized effects on
cellular metabolism. The use of the metaphor is therefore more in
terms of & conceptual framework thap @5 & preciee model for any par=.. °

ticular example of mutagen specificity.

exanination of .‘the.,spacinc-' roleg of cortalh enzymes in the genar-
aticn of mutations, both spontancous and induced, Mogt of tho
studieg on comparativo mutation rates and the epecific clagses of
nutstions which arise have been done in T4 and E.coli, uaing etraing
which aro deficient and proficient in @ step in the genoral area of
DNA metabolisn, The terms of reforence of guch an approach ere
pitched at a less cmpirical level than those of the exsmplas already
clted. . Co

A large number of different systoms involving DNA repair and
synthesis have been ghown to play & part 1n the production of mut-
ations and in sope cases an understending of the mechanisms involved

ig available. _As will be illustrated throughout the courae of this



13.

theasis, this approach hes aleeady yleldod dividends in the elucid-
stion of somg of the complexities of mutapenesis. Yhether the
axanples of mutagen specificity discuased above will be nblg to be
interpreted on the basis of modificaticn by the ancillary treatments
of the activity of enzymes concerned with DNA metabolism or whether
qualitatively different systems are the culprits in the determin-
ation of this type of mutagen specificity remains to be seen.

The werk in this thesis was concerned with two aspects of
ancillary treatments on mutagen specificities, both of which, in
their different ways, took & sooewhat oore refined approach to the
problom then was umed in most of the studies described above,

The first was & conmparative study of induced nutation in the
trp operon of E.coli which depended on the ability of the ancillary
troatoant to cause r highly apecific change in metabolism viz.
repression or derepression of the operon. This was in contrast to
the more peneral effects of the ancillary treatments on cellular
wetabolism which occurred in hhe examples of mutagen speciﬂcity
alrgady given,

The second approach used the r systenm in bacteriophage T4¢,
and wan an attenpt to see if the ahility of cellulnr processes to
modify outagen specificity was confined to intergenic specifities,
or whoather thelir influence could extend into the realn of intra-
genic gutagon specificities. ﬂlm the fing control was not on the
speciticity of action of the anciliary treatment, but rather it was
the specificity of the induced mutanta which was subjected to nore
rigourous anslysis than ls usual in putapgen apecificity studies.

A description of the gsystems used in this work will now be
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given.

The Systems Used
a). The Tryptophan (trp) Oparon-o! E.coli

For reasons which will be apparent, the work on the trp operon
was terminated prematuvely, end the section pertaining to thie work
will to a large extent be considered independently. Accordingly
the introduction to the trp operon, along with the results and the
discussion of the findings ;lnl this systen are presonted in a eingle
gection {Chapter 1 in Results).

b). The r System in Bacteriophage T¢

The r loci of T4, and in particular the rll locus have béan
studied nore sctively perhaps than any other system in geonetics.
This intonee study has yielded rich rewards in our fundamental
understanding of the nature and the orgmnization of genaetic 1n§or-
mation. Thanks to it, such words as c¢istron, codon, framesghift
_and puppressor have become commonplacs in the vocabulary of genetic-

iatn, Tae rIl locus is & genetic systen par excellence in that

the information gleaned from it has hoen obtained daabite &n almoat |
‘complete lack of understanding of the nature and function of the
rIl gene product.

Before considering the aspects of the r system which are of
particular relevance to mutation studies, I shall briefly review
what is known mRbout this rather remarkable pystem from a physiolo-
gical point of view,

One of the most obvious, and the first to be noticed (in 1929,

according to Adams (1937)) phenotypes of x mutants is the alteration
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in piaguo morphology. Wild type T4 have plaques which are small
and which huve,turbid haloes around the edges. The x plaques are
larpor and have sharp edges. The reagon for thig difference is
cdmactad with the phenocmenon known -nn-lysis inhibition. When an
E.coll coll is infected with T4r' and is later subjected to further
infection the latent period is greatly oxtended and the yield of
phage at the end of the infectious cycle is greatly elewitod
{Doermann 1948)., Such lysis in‘hif:iﬁm doas not occur in r (r .
stands for rapid lysis) mutants (Hershey 1946). The halo around
£+ plaques 1% due to the proportion of bacteris which have not boen
lysed, due to lysis inhibition.

Rapid lysis mutants arise at sevaral ioci, scattered arocund the
T4 penome (Hershey and Rotman 1948; Doormann and Hill 1933).
Mutante at the different r locl can be most readily distinguished
on the basis of plaque morphologlies on different strains of E.coli,
The thres classes of r mutantse conaidered in this work (rl, rll and
riil) all give rise to r plagues on E,coli B. On E.coli 088, rl's
alone make r plagques, the other two being characterized by wild type

plagues on this strain., On E.coli K=12(A) {or any other atrain

carrying @& lmaboid lysogen), rl's huve r plagues, rili's have rt
plagues and rilfs fail to develop (Benzer 1953), Denzer (1957)
alsc showed that the rill region compriseod two adjacent cistrons,
rIIA and r118.

The studies on the physiological effects of r rutants have
shown that they cause a bewildering array of different changes of
phenotyps.

Certain nutants of T4 (designated g) ndsorb poorly to E.coli
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dups to disorientation of the tail tiﬁrea (futberg 1969 & 1970).
The inability of thoso mutpnta to adsorbed is greatly relieved when
any r nutation is introduced into the T¢ genomo which carries the z
mutation (Rutberg 1970 & 1971). |

The sltruisn shown by r mutants towards their tailless
bretheren does not atop there. Egually unfortunate T4 which have
nutations in pene 30 (DNA ligaee) are algo resgcued by rll mutations
(Karam 1669; Ebisuzaki and Campbell 1969; Bergor and Kozingki 1960;
Karan and Barker 1971), This relief by rII mutants is mimiced when
DA ligmee mutants are grown in the preponce of chloramphenicol
(Kozinski and Mitchell 1989; Homoda and Mathews 1971). To account
for thig similarity in the suppression by rlits and by chlorampheni-
col, it has boen proposed thatr the riIl pene product may affect DHA
nndunucléuae activity by direct or indirect woans (Warner 1971;
Xaram - and Baker 1971).

Indeed it has been found that certain E.cell atraina, when

infected with ril mutants possess leas miclease than when infected
with ‘3'43;"’ {Rutberg and Hutberg 1968), With less nuclease, there
will be fewer gaps in the DNA to ba repaired by ligase, It has
bosn shown that the suppression of gene 30 sutants by rilt's requires
that tho hoat ligase activity be intact (Gellert and Bullock 1970;
Kitwch, Bhah and Berger 1971), and it has been suggested that in the
ril background, the host ligase is sufficient to joirn up any gaps in
the DNA. |

More recently snother rapid lysis mutant, called n, has been
igolated end characterized. This amutation alao suppresses T4 DNA

ligaese putants, and although it naps near rl1l, and clearly ghares
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gome of the properties of its eminent neighbour, the two mutants are
not idontical. For instance high Hg{z Y concentrations overcone the
supprossion of gene 30 mutants by rii's {Koch 1973), This effect with
M;g%L is not found with the m mutation (Chan et al. 1970; Chan and
Ebisgmki 1973).,

The nature of the suppression of gene 30 mutants by ril's
agsues groater complexity with the finding that an independent T4
matation (gu30) can enhance the suppression though it cannot itsol?
suppross ligese mutants (Xrylov 1972).

One other mspect of the interaction between gene 30 and rll
mutants is that the recombination freguency of such double mutants is
enhanced compared to wild type (Krisch, Hamlett snd Berger 1972).

One more piece of indirect evidence which points to the influ-
ence of the rII gone on endonucleolytic sctivitias wams reported by
Carlson and Kozinski (1069). They found that the transfer of
parentrl DNA to the progeny was very irregular in ril mutanta,
unlike the case for r7 phage where parent-to~progeny tranafer was
very regular (Kozingkl and Koginski 1963; Shahm and Kozinski 1984),

Yot another T4 mutation can b nuppréued by rII (but not »rl
or rIil) mutants. Mutanta of the t mnﬁ vore igolated by Josglin
(1970). Such t mutants fail to terninate metabolism at the normal
lysie time, and although phage are produced within the cell, no
lyais occurs, Double mutsnts (t rIl) do lyse at the normal time
(Josslin 1971).

Iest it bo thought that the philosophy of the ril locus is all
give and no take, it should be pointed out that a locus (8i’) has

been identified and wmapped. Certain mtanti nt thie locus can
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rolieve the restriction on the growth of certain ril*s in lambda
lysogens. The nature of the _s_f gene proguct is not known
(Preodman and Brenner 1972).

This polyglot of r phenotypes would at first sight_‘. appoar teo
Inck auy unitying factor. FHowever several lines of evidence point
to the fact that at leagt the ril protein is a Td-directed component
of the host mecbrane which is involved in the control of transport.

It hus bean found that extenﬁiw hydrolysie of phospholipida,

which are components of menbranes, occurs in E.coli infected with

T4rll, but not with r¥ or rl phage (Bradloy and Astrachan 1971).

When E.coli K-12()\) is infected with ril phage, there i@
extonsive leakage of polyamines {Ferrolugzi~Anes and Ames 1963).
Such leakage does not occur when Tr' ig used as the infecting phage
{(Nion and Cohen 1971) and it was suggosted that this leakage of
polyanines is in fact responeible for the abortive infection of
riIts in this strain. Certainly those compounds are necessary for
successful phage infection (Dion and Cohen 1971 and 1972) and their
addition to the medium can relieve the restriction on rIl growth
lamhda lysogens (Brock 1985; Perroluzzi~Ames end Anes 1965; Duller
and Astrachan 1963).

1%t has elsc been shown that the addition of !Ig2+ iona also

allow riI mutants to grow in E.coli K-12(M) (Garen 1961). The fact

that geno 30 mutents can also be suppressed by divalent cations
(Koch 1973) suggests that the rll-mediated suppression of ligase
mutants ooy act through effects of the riIl mutant on ionic traneport,
though the exact naturﬁ of such & mgchanisa resains obscure.

Both the rapid lysis, and the suppression of the t geme defect
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shown by r mutants are compatible with tho hypothesis that they
contribute to menbrane function. The suppresgsion of the T4y
mutation, is however somewhat more difficult to accommodats into
such a model,

Algo unexplained is the mechsnism by which lambda and specif-
ically the rex gene of lawhda (Howard 1967) resatricta rll growth,
After infection of )\ _;m_:_:_*—lysogenimd atraing of E.coli by T4ril
mutants, DNA replication is severely inhiblted st about eight
minutes pest-infection (Garen 1961; Nomura 1961; Ferrcoluzzi-Amos
and Ames 1963), and the DNA which is synthesizad is much aore
gragpentary than that following x7 infaction (Szargel and Shalitin
1972).

Severe inhibition of lysozyme synthesis also occura about
eight ainutes after infection, and inhibition hecm-nas complete
some seven minutes later (Mark 1972).

A saries of varied experimental approaches to detect the
time of rII transcription and translation have given results con-
patible with the work abova, in that it was shown that the rli
gene product is synthesized early in the viral programme
(Sederof? et al. 1071; Nesterova and Zapadnaje 1970; Mattgon and
Russal 1972). The mechanisx of the shutoff, and the role which
the rex gene of A plays in it is still o mystery.

In view of the paucity of kuowledpe of the nature of the ril
geng product :tuncﬂon, it is not gurprising to find that it -15 80
elusive to ipolate. Given the mltér of genetic information which
has boen derived from this aystem 2 gene product more readily
amenable to analysis might be considered ag an embarsassment of

riches.



20.

Nevertheless, sowe progress has been made in the isolation of
both the ril messenger and protein. Specific nRNA from the ril
locus hag heen isolated by competitive hybridization techniques but
thig work, though it tellﬁ us the time of transcription and which
is the transcribed strand is still in its preliminary stages
(Jayaranan and Goldberg 1969; Sederoff, Dolle and Epstein 1971).

With regard to the isolation of the protein product of rll,
the gonl of its purification and characterization (particularly with
regard to its amino acid sequence) still seems a distant one.
Elegant work by McClain and Champe (1087and 1970) has resulted in
ahoe isolation of a gmall fragment of the rli B protein. Inciden~
tally, these workers confirmed previous findings (Crick et al. 1981;
Champe and Benzer 1962a) that thé r1] lccus has an anticlockwlse
polarity.

The rost telling piece of evidence which implicates the rll
gene product &s a nembrane component is the finding that two 'r4f-
directed proteins are found in the bacterisl membrane shortly after
infection.

1f large doletions of either the rllIA cistron (Ennis s&nd Kievitt
1973) or the r1IB (Peterson, Kievitt and Ennis 1972) ere carried by

the infecting phage the corresponding protein is miesing.

ril as a System for Mutation Studies

1t was of course the crucial observation of Benzer (1955) that
vil mutants failed to grow on lambda lysopens that paved tho way
for the elevation of this locus from its status &9 A T4 marker with
a rather intoresting phenotype to its role as one of the primary

focl of study in genetics end molecular bidlogy.
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With this observation the r system, and the rll locus in
particular, acquired a property, which allled to its othe:; characters
rendered it a uniquely useful one for sutation atudies. Not only
could independently arising r mutants be detected visually quite
ensily and allocatgd into three different locli thus allowing the
potantial to assay changes in intergenic nutagen specificity but,
crucially, the inability of rilts to grow on lysogens prowided the
necessary screening system for revertants of rli's and for wild
type recombinants when crosses are performed. The rll eystem has
been uacd to characterize tho specificity of action of several
nutagens., The reverse of the coin is that unknown rii's can be
clagsified into mutational type on the basis of their mﬁr&ion
‘respox:aas to specific mutagens. It ghould be said that this
attribute is not exciusive to the rll locus.

Am stated, the screening in favour of ._:_'_+ phage allows the |
facility of scoring recombinants hetween independent rIl's with
eaga, and in consequence the ril intragenic smctrum'au wall as the
intergenic apectrum of x mutants cman be determined.

One of the results of the intense study to which the ril locus
has been subjected is that & large number of charecterized ril
mitants has beon soassed, and these can be used to advantage in
'rurther snalyses of the system. Noat notably, the large collection
of mapped rll delétion matants allows rapid and preciee preliminary
allocation of newly arising rIl mutants into snall subregions of the
locus hy means of deletion mapping (sce Materials and Methods).

The focilities offered by the ril system have certainly been

exploited for various different ends. The aspect of the various



2z,

studies which is of wmost relevance to this work is that porteining
to the charactoerization of the spectra of rll mutants within the
locus. The best illustration of thia type of study is ghown in
Banzer (1961) in which the sites of many hundrede of independent

rII mutants (both spontaneous and induced) arc given. Various
maps of . tha ril.locug, each showing the distribution of mutants
dorived after a particular mutagenic treatment make two striking
phenonena immediately obvious, First, for mogt of the mutagens
(MA, 2-AP, 5-BU, proflavine, diaminopurine and S-bromodeoxycytidine)
and especially for the spontaneous, tho nutants are not distributed
at random 2long the locus, but rather coertain eites (known as
hotspots) are represented by a disproportionate number of multiple
occurrences. Thig ia so marked as to make a statistical annlysis
virtunlly superfluous. It was shown however, that the distribution
of rII putants among gites did differ greatly from the Poisson
randonly smoagst tho sites., = Since 1961, the spectra of rll mutants
induced by othor agents have. been obtaiped e.g. UV (Drake 1866b) and
HA {Alikhanian ot al. 1970). HBoth these spectra wore of a4 none
randon nature, :

The sccond striking feature is that the spectra of ril's
induced by different mutagens and’ thoge of apontaneous origin all
differcfrom -¢each other. There are howover gomo eimilarities
botwegen tho spectre obtained after treatment by mutagens which
induce the sgame types of mutation o.g. base analogues.

Both thepe phonomena still have no coherent -explnnifttiqn. Itach

of tho work to be dogcribed in this theeis centres around an attempt

- -
~
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to reveal What machanisms may be responsible for the non-random
nature of the ril spectra.

The inportance of cellular metaboligm in the determination of
intergenic mutagen specificity has already beén illustrated and
discuasgod. The question which wag asked herc was whether the
influence of cellular physiology also extended to intragenic
mutagen specificity,

To this end, r nutants were obtainaed, either spontanacusly
arising or after mutegenic treatment, under conditions where either
the putagenesis (in the case of intracellular mutagenic treatoent)
or the expression period of premutational lesions (in the case of
extracellular mutagenic treatment) was carried out in host cells
whose noetabolism had been altered in some way, The classification
of r nutants obtsined with the various ancillary {reatments was
compared with that of r mutants igolated under standard conditions
and with those which are in the literature.

Altegether four separate anclllary tmatn_sents were used in thia
study. Two of them involved the treatment of the host cells by
drugs and one was concerned with the effect of a specific mutant
allele in T4. In sddition the effects of the i at which extracellular
treatmont of T4 by NA was perfcormed were assayed. The rationales
behind the use of each of these ancillary treatments will be found
in the introductions to the eppropriate chapters in the Results

psgction.

Tha Mutacansg Used
it was decided to compare the effects of the ancillary treat-

mentp on the r spectra induced by two different mutagens with
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wholly differeut modes of action and means of adminietration.
Though there is £ wide choice of condidates, the two agente which
were in fact chosen for mogt of the studies were NA and 5-BU.

Both have been ’used extensively‘as nutagens on the r system
and the clagses of mutations and the epectra of r mutants induced
by them have been characterized. Although there are similerities
in the ril sgpectra induced by the two mpents (Benzer 1961), they
are distinct from each other &nd both differ markedly from the
spectrus of spontaneous riltsg. HBoth have non-random spectra and
the 3-BU spectrua possesses the most striking hotepots of any of
the nutagen-induced maps. The NA spectrum on the other hand ias
characterized by a larger number of lesg intense hotspots.

It has slready been shown that both mutagzens have biological
effects other than those directly concerned with their mutagenic
properties. In addition, the mutagenic potency and gpecificity of
both have been shown to be amenable to modification by a variety of
ancillary factors. This will be illustrated in greater detail in
the context of the discugsion of each of the mutagens below.

Although, as will be @een, RA and 5~BU are quite unrelated in
the ways in which they induce smtations, the clagses of rll mutanta
induced by them are not dissimilar. In T4, at least two mutationsl
clnsges are induced by each outagen and thus the opportunity’
exigts to exanine whother the ancillary treatments affect (if at all)
one of the clesses of induced mutation in a specific manner. The
fact that both mutagens induce approximately the same classes of
mutations allows one to estimate whether any alterations in the

gpectra elicited by secondary treatments act upon the class of
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nutation irrespective of its origin, or rather, whether any modifi-
cationa are dependent upon the mutational mecham;m by which the
nutants are induced.

The two mutagens will be discussad in some detail paying
particular regard to their action on the rll syetea and on the
inportance of ancillary factors on their action.

a)e NA

The molecular basie of the mutaganié properties of NA is
perhaps tho most readily undarntgndnblo of any chemiéal nutagen.

Pransitions comprise the mpiority clmes of mutations induced
by HA. This specificity of NA mutagenicity extends from a variety
of phages (Freese 1950b; Bautz-Preese and Freese 1961; Tossman,
Poddpr and Kumar 1064; Siegel 1965; Wittmann and Wittmann-Liebold
1966) to E.coli (Yanofsky, Ito and Horn 1966; Veigert end Gargn
1966) and Meurospora (Malling and de Serves 1308), though the
relative proportionsg of the various classes of transitions do vayy
batwoen the varicus systems which have been tested. In fact in
phage §13, NA was shown to induce all four classes of transition
1.0, T4>C and A<7G (Tessman and Vanderbilt 1870),

The oeebanisng by which NA induces transitions almosat certainly
involve oxidative deamination, the most proncunced of the molecular
rearrangements induced by NA in the DNA (Schuster and Schramm 19583
Schuster 190 a and b). The deamination of cytosine leads to the
formption of uracil, which will then have a probability of pairing
with adenine thus generating a CG —» TA transition. The deanmination
of adenine results in the formation of hypoxanthine and this

intermadiate can pair with gusnine, to bring about the AT - GC
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trangition. The deamination product of guanine is xanthine. This
reaction usually has lethal consequsnces, since xanthine is a
*nonscnse! base in polynucleotides (Richardson et al. 1063;
Hichelson and Grunberg-lanago 1964).

In mddition to fts ability to induce transitions, NA has been
reported to be nble to generate other claases of mutstions. ~ there
have bgen claims that it may induce transversion {Yanofsky, Ito and
Horn 19668) and frameshifts (Megni: quoted in von Borsgtel 196B).
However in both reports, the contribut;lcml of spontaneous mutants
of such classas wore substantisl and it is not really proven that
NA can in.fact produce such mutations.

it does soem clear however that under certain conditionsg NA
can induce doletions, both in bacteria (Beckwith, Signer and
Epstein 1968) and in T4 (Tessman 1982). Koch and Drake (1970)
could not repeat Tessman's findings, and a section of the work to
be described involved an attempt to resolve this discrepancy.

Since the mutagenic and ancillary treatments (the ancillary treat-
gent being pl) were done on extracellular phage this section wes
not directed at 8 study of metabolic Irnfluences on outagenesis,
Nevertholass it was approached on the basis of ean exapination of
the effects which a2 secondary factor exerted on the apecificity of
HA mutapenosis, it was also thought desirable to try to eat.ai)lish
the reason for the discrepency for its own right.

Apart from NA'a ability to cause oxidative deamination, it hag
also been eghown to be able to induce DNA cross-links (Decker,
Ziomerman and Geiduschek 1964). 1t is not implausible that this is

the reaction respongible for the production of deletions.
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Despite the apparent simplicity of the molecular changes in DRA
which result from NA treatment as measured in vitro, and the readily
undersgtood correlations between such changes and the main clagses of
mutations induced by it, the wechanism of NA gutagenesis may not be
so atraightforward as it would first appear. The influence of
physiological factors has been shown to play a role in what might
imve been thought to be as simple o series of chemical reactions nsg
could be wished for from a mutagen.

Clarle (1970) has shown that E.coli straing which are deficient
in ax.cinion repair exhibit a grenter sensitivity to the lethal
action of ‘NA, and that the frequency of induced mudations is
enhanced compamc; to wild type. e also found that caffeine,
which is a dork-repair inhibitor in E.coli {e.g., Clarke 1967), when
added to the plating wmedium acbed as n stimulus to NA nutagenesis
in tho xepuir-s:;tfﬂcient strain but had an antimutagenic effect
in the yepair-deficient strain.

In Salnonella, Rudner (1961) found that the addition of broth
to the plating mediun markedly enhanced the N{x—induced reversion
trequency of a tryptophan auxotroph.

Although not directly relasted to NA's mutagenic powers, it
should still be noted that the extent of NA-induced killing in mAny
different species' has been shown to be under the control of loci
involved in DMNA repeir. A cataloguwe of such reﬁorts will be found
in Chapter 5 of the Results section.

In the already-mentioned K3/17 strain of Neurogpora, Auerbach
and Ramgay (1067) found that when NA-treated spores were incubated

.f-

at 22°C rather than 25°c. the recovery of adenine revertants wasa
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indifferent to the tenmperature of incubation.,

In this strain, NA induces gany nore aden.ine+ than 1nositol+
revertants (Auerbach and Ramsay 1963). In interaction experiments,
the same authors (Auerbach and Namsay 1972), shwe—d that joing
mutagenesis with NA and UV induced many more adenine’ revertants than
would be expected by sunming the expected frequencies obtailned if
the mutagens were given eeperately. In contrast, the frequencies of
incsitol revertants were substantially less than the sum of the
individunl treatments. The suthors argued strongly that such
offectes are explicable only by invoking effects of cellular physio-
logy on the mutagenic pathway of NA.

Turning to T4, Drake and Greening (1970) showed that the
frequency of NA-induced AT 2 GC (but not the GC —> AT) transitions
at the riIl locus was depressed when the treated phage carried &n
antimutator allole at the gene 43 (DNA polymerase) locus. in
contrast, Freese and Freese (1967) could not detect mutational
synargiem between gene 43 nutator alleles and NA.

Since in this work to be described, MA wag administered
extracellularly, the possible interactions between NA and various
celiular components were not & factor in any potential modification
of NA's apecificity of action.

b). 5-BU

In contrast to NA, it is necessary for 3«BU to be adrinigtered
intracellularly for it to be effective as a mutagen. The reagons
for this requiremont will become obvious when its made of action is
described. In consequence, the effects of 5-BU on cellular

physiology which were described earllier may come into play in
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determining the specificity with which thie mutagen acte.

Given that the method of DMA replication involves the accurate
recognition of complesentary bases (Watson and Crick 1933), it
might have been predicted that analogues of the bases would possess
nutagenic powers, and indeed the double helical model was further
ratified by the finding that certain halogenated analogues of uracil
were effective mubagens (Litman and Pardee 1056). Amongst these
was D-HJ,

This mutagen induces exclusively transitions in T4 (Freese
1930a) with a predominance of GC -7 AY mutants (Dautz and Freese
1060; Champe and Benzer 1982b; Drake 1963}, In the single stranded
Phages 813 and X174 1t 1s the AT ->GC transition which is tavoured
by the closegly related mutapen BUdR (Howard and Tessman 1964).

This paradox is one of many problems which arve to be found in a
study of 3=-BU rutagenesis.

Incidentally, base anslogue mutagenesis is not restricted to
prokaryotic systems. Vhen Drogophila larvae are treated with
Ban, morphogenic changes are induced, and this has been interpreted
as being due to somatic cell mutations induced by the analogue
(Rizki, Douthit and Rizki 1971; Riz‘.{i, Rizki and Douthit 1972).

Since %-BJ can substitute for thymine to & very large extent
(e,g. Motz and Walser 1970) it might have begn thought that the
analogue would promote the AT —>GC transition, The fact that
GC ~> AT transition is the conmoner clags suggests that it is the
rarar incorporation of 5-DU in place of cytosine which is the
predoninant mutational culprit. 1t is clear that, as pointed out

abowve, the analogue must be incorporated into freshly synthesized
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DMA for it to be mutapgenic, making it obligatory for the nutagen to
be given to phage which are actively replicating.

In physico-chemical studies on the ionization and tautomeri-
zation of 5-1U {(see Drake 1970) a much higher efficiency of 5-IU
nutaganesis i expected than ig obsorved, given the ease with which
it is incorporated into DNA. The implication ig that various

cellular processes play a role in deciding the fidelity with which
base analogue-substituted DNA is replicated.

In the same study (Drake and Greening 1970) which was mentioned
in the discusiion of NA mutagenesis, it was found that 5~ nutegen-
osis wag depressod in phage carrying gene 43 antimutator alleles.
There have beeu conflicting results regarding the effects -of gene 43
mutator slleles on 5-BU mutagenesis in T4. Freese and Freese (1987)
reported no effect but Speyer (196%) and Albrecht and Drake
{quoted in Drake 1970, p.l183) demonstrated some nmutational synergien
| between 5-BU and the tsL56 mutator allele of gene 43.

More receitly, various DNA repair systemsa have been ghown to be
implicated in determining the potency of 5-BU nutagenesis
(Piotrzykcwska 1973), She found that when the host E.coli wag
deficiént in excision repair, 5-BU nutagenesias of phage lambda
was enhanced, indicating that the mutational heteroduplex could be
recognized and corrected by the excision repair systen. On the
other hand mutations in loci concerned with recombinational repair,
whether they were in the host (recA or lex) or in the phage (red),
depressed 5-BU mutsgenesis of the phage. This antinutator effect
of recombination deficiency ig also found with UV as nutagen both

in lambdas (Defais et al. 1971) and in E.coli (Witkin 1967 & 1969a,bio);
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Miura and Tomizawa 1968). The mechanism by which 3-BU-induced
mutations are generated by & recombination event is obsc:xre. hut
whatever the cause it does ndd another dimension to the wmode of
5-1J metagenssis.

The role of recombination in 5-0U mutngenesis 13 supported by
the fact that recombination frequencies sre enhanced when 5-BU ia
pregent in the DNA (Folsome 1960; Pietrzykowska 1073). A longw
standing unresgolved problem in S5~-BU mutétion studies atems'from the
work of Fermi and Stent (1962), in which it was shown that 5-BU
mutagenssgip of T4 was mucin more effective in eginply than multiply
infectél cells. Pietrzykowsks (1973) found that in lambda, such
an effect was reduced in & red /recA background, suggesting that
some aspect of recombination which was affected by m.o.i. wns
reaponsgible for the observation of Fermi and Stent. Here again
there is no adequate detailed model.

A rather interesting negative result aleo indicates the couplexw
ity of 5-BU mutagenesis. Chopra (pers. coms,) tried to repeat the
work of Cerdo-Olmedo et al. (1968) using %5-~BU rather than NIG on
synchronous cultures of E.coli, The origingl work with the latter
mutagen elegoantly demonstrated that mutants at different loci could
be induced with NIG in peaks, the particular array of mutantsg
obtained depending on the pouition of the DNA replication fork on
the chronogome when the mutapen was given. Such & result depends
on the fact that the nutagen employed acts primarily at the DNA
replication fork. Given the fact that 5-BU must be incorporated
into DNA (presumably at the replication fork) for it to be nutagenic

one would have subposed 5-BU would behave in a similar way to NG
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when applied to synchronous E.coli cultures. In fact Chopra failed
to find any such effect with 5-BU. . Once sagain this apparent
anonaly remaing unexplained.

One rather indirect piece of evidence which associates repair
processes with the action of 5-BU ia given by Bighop and Suedka

(1972). &-BU at high concentration is toxic to Bacillus subtilis,

Mutants were igolnted which were S-HU-tolerant. These mutants wero
also registant to UV and to caf;teine, and thig is symptomatic of a
change in repair capacities. NHote however that resistance to HdR
in frog tissue culture cells was obtained by & decreased permoability
of the membrane to pyrimidines (Mezger-Freed 1972) and that in
Burkitt Lymphoma cells, resiatance was achieved by a losa of thy-

midine kinase activity (Hamper et al. 1971).
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MATERIALS AND METHODS

1, Strains of E.coli and of Dacteriophsge used

(a) Tryptophan suxotrophs of B.coli kindly supplied by Dr. a.J.

framoar from the collection of C. Yanofsky.

St.min Site of Matation delecular Chanpe Rosponsible for
: the rmutation and pattern of

A3 trp A GAG (glu) ~GUG (val)
Hoverts to GAG and is alao
migsense suppressed.

ASB trp A GAG -> UAG (anber)
| feverts to GAG but does not
m:-t hy nonsonse suppression
(Brawmar, pers, coom.)

Al " trp A GAG —> CAG (gln)
also his str
S e loverts to GAG end is algo
nissense suppressible,

A23 trp A GGA (gly) — AGA (arg)
Revertg to GGA and is alsgo
nigsense suppressible. it can
also revert to AUA (ile), AGC (mer)
or ACA (thr)

A187 trp A aax —Gux (val)
Reverts to GGX. CUX (leu) —
caX (apg) acts as an intragenic
gecond site suppressor ’

cont?d,.
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Strain Site of Mutation Molecular C Ropponsible for
the putation nnd pattern of
revergion

ADER3 trp A franeghift (-)
Azl trp A tramoshirt (=)
I3 trp E mimpenpe sutation. The moleculer

change involved is uninown,

(b) Plating Bucteris for T4

Strain
E.colt BS

E.coli B

ta

.col1 W (#50)

P

E.colt WA-2

E.cold CM37L exrA
E.coli CM56) exxA

E.coli WP2 uvri

B.coll CM811 uvrA exrd

Comnentg
Uged for routine cultivetion of T¢ stocks.
Usad for igolation of r mutanta.
Restrictive for riX mutents of T4.

Derived from B/r WEP2 su_ which was
lygogenizod with bacteriophage fi80 plus
bacteriopheage lamhda repressor.

Prrent of the repair-deficiont strains
helow,

Obtained from WE-2 by conjugmtion

Obtained from WPe2 by transduction

Obtained from WE2 uyrA by transduction.

The ¥P-2 etrain end its dorivatives were kindly supplied by

Dy, B.Ao Bl'idgaﬂo

Dr. N. symond.ﬂv

The other thres strains were ohbtained frow
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(c) Straing of T4 (apart from those obtained from this work)

(1) 7 Strains

™B
4D

4B hn

(1i) ril doletions
Figure 1, demonstrates the position of each of the following
deletion mutations. The deletions were derived from various

gources, and were -l:mdly supplied by Dr, N. Symonds.

1272 638 B78 ‘ 196
1241 WNB2327 1364 W3-33
J3 _ WB31587 PT1G3 187
Pri NB3034 1368 1319 |
PE242 164. 1805 NB3060
Al05 924 1389 NB7006
135 Hss 1299

(i1i) rII point mutations

These were represontatives of gome of the hotspots obtained by
Benger (1961). The 1list of these mutants includes the region in

which they lie and the mutagen used to obtain then.

Strain riI_region Mutapenic Origin Type of Mutation

(if known)
117 B Spontanaous Frameghift
131 A6t o Frameshift

i M "

conttd,



Diagrammatic representation of the rII region, showing
the linear sequence of regions (from Benzer 1961) and

illustrating the.dimenaions of the rIl deletion mutanie

used for deletion mapping.
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Btrain ril region Mutagenic Origin Type of Matation

(if known)
N11 Add 5B
N1o Aéal b anber
Nzl ASd " ochre
N24 a1 "
N7 Alda-d "
106 Abc Spontanesous
11. MEDIA

(a) Medis used primsrily for work on the trp operon of E.coli
(1) M9 buffer |
This was used routinely for dﬁution of both 4 and E.coli.
It contained/litre:-

6g Na HPO,

3g Rlizpo 4
1g Nt C1
0..52 NaCl
(41) Mo
10 mls 0.1M Mgso,
10 mle 0,01M Ca;(':.'l.2
20 nls 20% Glucose
Made up to 11 with M9 Buffer,
M1 wes used as the minimal medium for the culturing of E.coli,
For the growth of E.coli trp auxotrophs, MM was supplemented with
casein hydrolysate (0,5g/1) plue l-tryptophan (30ng/l). Tryptophan

suppleuentation was required because hydrolyzation breaks down the
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tryptophan present in the casein. Wheore the E.coli strain carried
an additional sminowacid auxotrophic marker the appropriate amino
acid was added at 30mg/l.

(111) Solid Minimal Plating Madia contained MOMM plus casein plus
agar (15g/1). For the work on the E.coli trp mutants L-tryptophan
wag added to this medium when total cell counts were to ba made at
30wg/l. In the plates used -for scoring reversion to tryptophan
independence fryptophnn was present at 0,.3mg/l.

{iv) Solid Aggi- Slants for maintaining bacterial stocks
consisted ofi~
15g Difco Bacto Nutrient Broth
g NaCl

15g Agar

1 litre Water

(b) Modia used in the work on T4

(1) Nutrient Growth Media

T4 was routinely grown in cultures of E.coli in liquid broth
medium containing 25g/1 Nutrient Hroth No.2 (OXOID) supplemented
with l-tryptophan at 30mg/l, Thie aminc acid is required as an
adgorbtion cofactor for T4B (Anderson 1948). Fhage could be stored
for long periods at 4°C in this medium without apprecisble loss of
'pitm.

(ii) Solid Platinm Modia for T4

Bottom layer contained /1. 25g NMutrient Broth No.2

12.5g Agar

30mg L-~tryptophan
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Each plate contained about 25mls.
Top Layer contained /1. 6g/agar

30mp/ L=-tryptophan

Unless otherwise stated the aotp ager was dispensed into mll
bottles in 3.3m1 aliquots. Prior to ‘use thoy were nelted and
équilibmted to 46°%C ﬁefom addition of phage. The ngar was poured
. onto the nutrient plate and allowed to set before the plates were
put into the incubator. B

In t!;ose exporinonts whore T¢ wae treated with UV, the concen-
tration of agar in the top layer was reduced to 3g/l (See bolow).

(iii) Phosphate Buffer |
Stock Solutions A 0.2M KH P04

2
B 0.2M NaHPO,

Used in EMS treatment of T4.

330mls A

560mla B

0,1M, pi 6.0 phosphate buffer. = Used in HA treatment of T4.

303mls A
32mls B
3351518 Water
(iv) Acetate Buffer. Used for NA treatment of T4.
 Stock Solutions A 0.2M scetic acid
B 0.2M sodiun acetate
pi 4.6 Buffer: 2455mle A

245mls B
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pd 4.0 Buffer: 410nls A
90nls B
i 3.7 Buffer: 463nmls A
37mln B
(v) Sulphanilamide Medium (SUM). Litman and Perdee (1936)
modified by Denzer snd Freese (1958), It wns used as the wedium in
which 5-BU mutagenesie of T® was carrled out..
it consists of MMM supplemented with following /litrei-
2g Sulphanuamde
lg Cesein Hydrolysate
30mg I=~tryptophan
23mg Xanthine
2mg Uracil
lmg Thiamine
lmg Pyridoxine

lopg Calcium Pantothenate

111. Methods Used
(a) Induction of reverse mutaticns in E.coli to tryptophan indepen-

dance by various muhagens.

() Bs

E.coli wag grown up overnight at 37°C in serated MMM plus
30mg/1 tryptophan. Tﬁe cells were spmin down at 9,000rpn in an
M.5.E. 18 contrifuge. The pallet was ?eauspended in M9 buffer and
wag then raspun. The cells were m-usﬁandad in aliquots of MMM
prewarmed to 37°C. At t = 0, EMS wae added to each aliquot at

different concentrations. Treatment tiove was 15 minutes and the
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reaction was carried out at 37°C. It wos stopped by diluting the
cella 1/10 into 6% cold sodium thiosulphate. The cells were
cantrifumlly washed in MM c@tainlm thiogulphate at 1%.
Finally the calls were reguspended in WDMN to give a coll density
of about 4 x 109/n1.

The washed cella were then piated undiluted on minimal plates
for reversion estinates or appropristely diluted on minimal plates
supplenented with tryptophan, The plates were incubated st 37°C
and after 24hra were scored for colonies.

EMS concentration:- 0.66mls BMS (Eastman Kodak) dissolved in
10nls watey gave A concentration of 0.5

(4i) MuS .
Exnctly the same technique wae used as thet doscribed for ENS,
0.17nlg MMS dissolved in 20mls gave a 0.1IM concentration of NS,
(i) DEB

Again, the protocol was identical to that used for EMS except
that thiosulphate was omitted from the stopping medium. Thio-
sulphate breaks doen residual EMS and MMS but is not active againgt
DEE. |

(iv) BA

After washing the cells after overnight growth, the cella were
resuspended in 0.05M K, PO, (pit 6.4) to which was added sodium
nitrate to & concentration of 0,28H. The treatment was stopped
by dilution (1/10) into M? buffer. The cells were plated for
survival and reversion as described above.

v) W

The celle were prepared 8s described sbove. Aliquots were



41,
put into an irradiation dish. The UV source was A Phillips nedium
bmsm vapour lamp, the major omitted wawmlangth of which was
25378,  Somples were taken at intervals and were plated in the
usual way. ‘Whilst being irradiated the cells were atirred and
after irradiation all work was done under dim yellow light to prevent

photoreactivation of UV-induced photoproducts.

(b) Culturinz and Plating of T¢

(1) The use of the soft agar overlay -methﬁd waa alresdy
daacribted, The pilrtes were incubated for 12-16hrs at 37% by
which time the T4 plaques have reached their maxiaug eizo.

(ii) Growth of T4 Lysates

The original lysate of T4 was plated on E.coli as described and
efter six hours incubation a young plague was picked with a sterile
paper strip (10x3en). The incculum woap added to a broth-grown
culture of E.coli BB at about 107 cellw/ml. The (.-;ultum was
incubated at 37°c under vigourous seration for five hours, at the
end of which timo a few drops of Citns ware sadded to complete lyasisa.
The lysate was spun at 6,000rpm to precipitate the bacterial debris
and the supernatent was decanted and stored in the cold. The cone
centration of phage was assasyed by plating appropriate dilutiong of
the lysate on E.coli. The reason for the cheice of E.coli B‘a_.as
the host for lysate growth was that this strain im ungelective for
r swtents.

It should he noted that where lysates wore to he uped for

mutation experiments, five parallel lysates of the same satrains were

grown up and eich lyeato was assayed for spontaneous putation
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frequencyi- either r' -5 r or ril v r” mutations, depending on the
genotype of the iysﬂte.

This procedure was necesgary Bg & safeguard sgainst 'jackpotg'
which can arise through mutations which arise early in the life of
the 1ykate. The progeny of such early mutations will be erremntod
in the ﬂnall lysate at a high frequency and will lead to considerable
overestimation of the frequency of independent spontaneocus mutations,
Accordingly the lysate with the lowest incidance of mutants was the

one chosen for further use.

(c¢) Mutagenic Treatments of T4
(i) NA:= Forward Mutation, (Tessman 1962; Koch and Drake 1970),

Acetate buffer was adjugted to the appropriste mi, Immediately
bafore the treatment a fresh solution o._f.. NaN02 was mado up and was
added to the acetate to & finsl concentration of 0.1M, The phage
were diluted into the NA and the treatment was gtopped by & /100
dilution of the phage into c¢old broth. The treated phage could be
stored overnight in these broths at 4°C without lcasg of titre.

Soveral of the experiments involved the use of many plates so
that many NA-induced r mutants cbu’ld be ¢ollected. For such
exparinents the protocol was ag follows. After the NA treatment,
the suriival of the phage was asgayed by plating on E.coli B, The
treated T4 were stored in the cold. ‘

The next day, the viable titre having boan sscertained, an
appropriate velume of the phage was added to an exponential culture
of E.coli D. The actual volume of phage added wae that which would
result in about 1000 viable particles being delivered on each plate.

Thieg wag the optimum numher, gince at densities mbove thia, the



43.

plagues tended to overlap and scoring of r plagues was impaired,
After five minutes which were allowed for phage adsorbtion
the culture was poured into soft agar at 46°C (20 volumes ager:
1 volume culture). Using a Struera automatic dispenser calibrated
to 2.5mle., the agar was squirted onto nutrient plates which were
then incubated overnight and inapected for x mutant plaques.
(1i) NA: Heverse Mutation
An ril cutant was treated with NA exactly &s was described for

Torward sutation. The phajge were then plated on E,coli B and on

E.coli W80 to obtain estimstes of survivel and of reversion to r*
respectively.

In certain experiments the phage were sllowed & round of
replication in a pernissive host before being plated on the
restrictive E.coli W80, This was done by adding the treated phage
to a culture of E.coli B in the presence of 4x1077M HaCN at m.0.i.
of < 1, The cyanide allowed phape adsorbtion but prevented furthar
phage dewelopment (Doermann 1952). The complices were diluted into
@ culture of E.coli WP80 and were plated, The dilution relieved
the cyanide inhibition.

(111) 8-BUs Forward Mutation (Benzor and Freese 1958)

A culture of E.coli B was prepared by & 1/50 dilution of an
overnight culture into SUM followed by aerated incubation for 3.8
houra at 37% by which time the cells had resched & density of about
ax10%/m1.

At this time 5-BU was added to & concentration of 0.05mg/ml
followed by Téxr’ at & density which would give about 1000 plaques/

plate when the phage were eventually plated out. 10 minutes after
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the mddition of the phage the culture was diluted into fresh UM +
5-BU and was then distributed into many e;liquota which were incubated
for & further hour at the end of which time the contents of each aliquot
were plated on E.coli B, The plates were incubated and inspected
for r plaques.

The culture was split into many aliquots before the phage had
gone t;hrough their infective cycle to ensure the independent origin
of the r mutants on the different plates, This wag importsnt when
s-BU-induced r mutants were to be used for enalysis of the mutant
upoctra, For such work it was imperstive that the mutants were
of independent origin. Accordingly only one rlI mutant from each
plate was used for such analysis.

it should be noted here that the combined action of 5~BU and
'nght has & lethal effect when the analogue ig incorporated into
the DNA (see for example Kvelland 1972; Puck and Kao 1967) crused
by light-induced photodynamic trangformation of 5-BU (Kazimierczuk
and Shugor 1971). This lethality is quite unrelated to the muta~
genic action of 5-BU. Accordingly all work with this mutagen was
done under a dim light.

(iv) 8-BU: Reverse Mutatiom

The method was very similar to that employed for 5-BU forward
nutagenesis. After allowing time for adsorbtion the phage were
diluted into fresh SUM containing 53-8U. The treatment mixture was
gplit into aliquots ao that differences in roversion frequencies due
to jackpots could be estimated. After one hour in the fresh medium
one or two drops of CHCl1l, were added to complete lysis. The phage

3
" waere then plated on E.coli WESO and E.coll B.
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{v) 2-AP; Reverse Mutation
The protocol was the same as that used for 5-BU-induced reversion

except that 2-AP (0.5mg/ml) was used instead of 5-BU.

(vi) 5-BU and 2-AP: Spot-test Reversion Adaption of Freese
(1959a)

This was used as a rapid means of determining which rll outants
vere transitions,

Cultures of E.coli WJB0 and B were mixed in a ratio.of 10:1
and were plated with an agar overlay along with about 107 of the rii
phage which was to be tested, After the sgar had set, eaéh plate
was spotted with solutions of 2-AP (10mg/ml) and 3-BU (2.%5mg/ml) on
different perts of the plate. The plates were stored in the dark
until the apo£s had sgoaked in and wore then incubated. If there
was any increase in the mumber of plaques at éither place where
mutagen had been spotted compared to the background level, the rlli
mutant was scored as a transition.

{vil) HA: Reverse Mutation (Tessman 1868)

One part ﬁhage lysate wng added to five parts O0.1M phosphate
buffer plus four parts of a 1.0M filter-sterilized solution of
Hydroxylamine Hydrochloride adjusted to pi 6.0 with NsGii, EDTA was
added to khe reaction mixture at 10“3M. As will be discussed later,
EDTA was required to chelate heavy metal ions which may catalyse the
breakdown of HA into more noxious products (Bautz-Freese qnd Freoose
1864),

The phage were incubated at 37°C. sanples being taken at
intervals. The reaction was stopped by e 1/100 dilution into

broth + 10~°M EDTA, and the phage were then plated on E.coli WES0
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for reversion estimates to gf and on E.coli B to estimate survival.
(vii1) EMS: Reverse Mutation (Ray, Bartenstein and Drake 1972)

The rIl phage were diluted into 0.2M phosphate buffer (pit 7.9)
to which EMS had been dissolved to & concentration of 0.4, The
reaction was carried out at 37°C gnd samples were taken which were
diluted 1/106 into cold broth plus 0.16M sodium thiosulphate. The -
phage were plated aﬁainat E.coli W#B0 and B.

(1x) Bisulphite: Reverse Mutation (Swmzers and Drake 1971)

r1l phage were diluted 1/10 into a solution of 0.8M godium
bisulphite dissolved in water. Samples were taken by 1/50 dilution

into broth and the phage were again plated against E.coli B and Wg80.

(d) Inactivating Treatments of T4

(1) High Temperature
Phage were diluted 1/100 into MO buffer prehested to 70%.

Samplos were taken at intervals by diluting 1/10 into cold buffer
and the phage were then plated ugﬁinat E.coli B for the eatimation
of purvival.

(1) W

T4 was diluted into M9 bﬁf!er and wag treated with UV in the way
described for E,coll. Samples were taken éﬁd plated agﬁinst
E.coli B for the estimation of survivai.

It was mentioned earlier that 0.3% rather than 0,.6% agar was
used for the top layer when UV-treated T4 was plated. UV=-irradiated
T4 tend to form emall plaques and with agar at 0.6% may be nissed
altogether, Use of a lower concentration expands such plaques and

thus reveals tﬁe.'mlssing' ones (Speyer and Hosenberg 1968).
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(e) One-Step Growth Experiment (Ellis and ﬁelbruck 1839)

T4 was added to exponentially growing E,coli at m.o.i. < 1.
in the presence of 210" M NaCN. After 12 minutes which were
allowed for preadsorbtion two aliquote were taken, One was plated
directly to eﬁtlnaxe the number of infective centres, The cells in
the other were lysed by the addition of CHC!.3 #0 ag to estimate the
% phage which were unadsorbed,

At t=0 the cémplicea wore diluted at least 1/1000 into freah
prewarked medium which was incubated at 37°C with vigourous aseration,
Samples vere taken at intervals and were plated either directly or

after lyesis with CEC1 Thus both the release of mature phage and.

3°
the intracellular forumation of mature particles was measured,

It should be noted that in the course of the work with SM, it
was found that the antibiotic had an effect on the adsorbtion of the
phage. Therefore the time course of adsorbtion waa atudied ind
t=0 for this work corresponded to the time at which phage was added
to the bacteria rather than when the coﬁplices were diluted out of
cyanide. Indeed cyanide was not used in the experiments which

dealt with the effect of £i on single~step growth of T4.

() Characterization of r mutants after their isolation

Since wuch of the work involved dlnsairicstion of r mutants,
the step-wise procedure used in such classification will be deacribed
here,

{1i) Purification

The plates containing about 1000 plaques from the mutagenized

phage wefe scored for the appearance of r plaques. Purification
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of the x mutants was required so as to separate the mutant from the
wild type particles. This was clearly necessary when the - r
mutation was gcorad in a mottled plaque. Each r plaque was picked
1ightly with a paper strip which was put into 0.5ml NP buffer in a
tube. The strip wae then pulled lightly over the surface of a

plate seeded with E.coli B, After incubation separated plaques

ware foraed at the end of the. stresak,

(11) Classification of ¥ mutants into genotype

One isolated r plague from each streak was picked and again
suspended into buffer and restreaked onto plates seeded with
E,coli WFSO., The plates were incubated and scored for plague for-.
mation. The stocks of r's which failed to grow were classified as
ril's and ware retained. Those which gave r plaques (rl) or wild-
type plaques (riIl) were discarded.

{111) Growth of 1TS

This was done by adding 2mls of an early exponential culture of
E.coli BB growing in broth + tryptophsan ‘to each of the tubes which
contained r1I mutents. The tubes were incubated for five hours at
37°C and lysis was completed by the addition of a drop of Cﬂt::t3 to
the tubes. Typically, a titre of about mog/ul was achieved,

(1v) Reversion analyses of rll'e

Each ril LTS was spot-testdd with 2-AP and 6-BU, Those butants
which showed an increased reversion in reaponse to aither base
anslc;gue were classified as transitions, Those which reverted at
very high frequency were discarded since fine scale mapping of such
nutants would have been impossible. The mutants which gave rise to

no revertants were tentatively scored as deletions (though see below
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for a more rigourous diagnosis of deletions). The nutaﬁt- which
reverted spontangously but were not induced with 8~BU or 2-AP were
classified as ‘'other': transversions or frameshifts.

In some experiments the transition mutants were further
analysed by testing thelr response to HA, Those which were respon-.
sive to HA were scored as hating GC at the mutant site.

(v) Mapping of ril mutants

The facility with which rlI mutants can be mapped with high
resolution has already been mentioned and is due largely to the
ability to perform delstion mapping. The -rationale behind this
technique is that a mutant cannot recombine with a deletion which
spans its position, By using spot-teat recombination assays it is
relatively simple to allocate an unknown rll to a smaller region
of the ril locus on its qualitative recompbination pattern in crogses
to a nuuber of deletions whose dimensions have been characterized.
The collection of deletions in this work allowed the unknown rll to
be unembiguously allocated to any one of 30 such subregions., All
the ril mutants which fell into a given region were intercrossed
and any pairs of mutants which gave no recoabinants were assigned
to the cane site.

Finally where it was possible, a representative from each aite
was crossed to rll point mutations derived from other sources
(See Strains above), =o that the sites in this work could be aligned
with the aites in the nmaps in the literature.

The procedure 16r apot-téat recombination was as follows:
0.1al of each rl1l parent each at about 2x109/h1 wapr added to 0.25nm)

of E.coli B, After 10 minutes the mlxture was spotted onto a plate:
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seoded with E.coli W#B0. Any clearing at the spot grester than
that found for the controls indicated recombination between the
parents,

It was mentioned that those rIi's which failed to gonerate any
revertants were initially classified as deletions. . Such nutants
were crossed to s series of seperate point mutations whose pasition

was known, If the non—raverﬁng nutant failed to recombine with
fwo or more of the point mutants it could be unambiguously classified
as a& deletion., The dimensions of the deletions could be estimated
Syom the positions of the different. sitez with which it failed to

recombine, .
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RESULTS

1. EFFECTS OF GENE ACTIVITY ON INDUCED MUTATION FREQUENCIES IN E,COLI

1t will have been noted in the Introduction that several of the
reports of wmutagen specificity attributable to cellular processes
have been discovered by chance observation or else by the use of
ancillary'traatﬁent @ vhose. effects on the cellular metabolisn are
either imprecisely lmown, or are of a non-upecit;c mature. This
approach has meant that in many of the cases there has been no real
understanding of the cellular factors wvhich play a role in governing
nutagen specificity, |

The work to be describad here relied on the obverse approach
from that delineated above in that s highly specific cellular para-
meter was modulated and the effect upon mutation frequency was
neapured, |

A suitable candidate for such modulation is the state of
activity of the gene whose nutation frequency is being measured.
Bacterial operons provide an ideal system for such work since one
can rappdly and revereibly dictate the state of activity of the
locus under study without disturbing cellular metabolism to any
great extent,

The particular operon used here was the tryptophan (trp) of
Escherichia coli. The anatomy and physiology of this operon is
well known,

It contains five structural genes, 3_1'_2' E, D, C, B and A which
code for the enzymes involved in the biosynthesis of tryptophan '

(Yanofsky and Lennox 1939), In addition, a large collection of
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mutants exists and for many of those which are located within the
LrpA geno the actunl DNA base change can be inferred and the routes
by which reversion can occur is known (Brammar, Berger and Yanofsky
1967; Barger, Brammer and Yanofsky 1988), - For mutation studies
t_hi,s knowledge of the oxact nature of mutant under study 1is very
useful, . .

The trp operon is repressed when L-tryptophan e present at
30ng/1. The amino acid, or one of its derivatives acts 43 co-
ropressor (Mostecllier and Yenofeky 1971). E‘he repression can be
relioved by tryptophan starvation or by addition of the tryptophan
analogue,p (Morso, Boker and Yanofsky 1868).. R

+ - Shortly after the cells have boen placed in derepression con-
ditions one RNA polymerase molecule begins to transcribe the operon,
the E gene being the first to be transcribed (The trp operon operator
18 located close to the E gene (Hiraga 1969).) The polymerase
transcribos at @ rato of about 1000 nucleotides/minute, tho trane-
eription of the whole operon requiring eome ten minutes. RNA
polymerases transcribe the operon with a perlodicity of about throee
minutes fe. they are _separated by about 3,000 base pairs. At any
ono time thore are likely to be between two and three RNA polymerase
molecules traversing the operon (Imamoto 1968; Baker and anofnky
1968).

The nascent ‘chain of mRNA is rapidly charged with about EO
ribosomes very shortly after the start of & round of transcription
and the appearance of enzyme occure @lrost immpdiately after syntho-
sis of the mRNA which encodes the particular enzyue (Ito and Imamoto

1964; Moree, Baker and Yanofsky 1968).
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Almost immediately efter anll the ribosomes have translated a
particular section of the messonger, the ‘naked' mRNA is degraded
by nucleases (Morikawa and Imamoto 1969). |

In addition to having all the translational machinery in close
proximity to the derepressed operon, the structure of the INA ia
also phyeically altered by the trangcription., The existencé of a
transjent DNA-RNA hybrid during transcription has been demonstrated
in bacteriophage #X174 (Hayashi and liayashi 1968 & 1968), Neurospors
(Schulman and Bonner 1962) and in Drosophila (Mead 1964).

A recent model (Bick, Lee and Thoﬁs 1972) postulates that at
the points of transcription the DNA helix is opened up into a
‘bubble’ which is of greater dimensjon than the actual region of
hypridizatiuu. The RNA hybridizog only with the sense etrand of
INA (Marmur et al. 1963; Hayashi, Hayashi and Spiegelman 1964) and
further, only the sanse st?and is involved in the selection of the
incoming complementary nucleotide (Doerfler and Hognoss 1968; Wetckam
1972), Hevaertheless both stranda are quite clearly modified in
sta:eochemistry at the point of transcription,

Given all this flurry of activity around the derepresssd gene
it was thought quite reasonable that tho physicsl differences
botween & gene in its repressed and derepressad state night be
reflected in a difference in induced mutation frequencies under the
two regimes.,

In fact sowe parameters, not entirely unconnected with mutagene-
sis, have been shown to be affocted hy the state of geno activity,

A decrease in intragenic recombination frequency in the lactose

operon of E.coli (Horman 1868) and in the histidine operon of
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fSialmonells (Savic 1972) was found Qhen the operons were derepressed
compared to when they were inactive, In contrast, the opposite
réault was found in the arabinose operon.of E.coli (Helling 19675.
It is not clear why this different result was foumd.

K3lech and Starlinger (1968aandib)*reported that there was a
difference in the UV sensitivity of genes in the repressed and
derepressed state for galactokinase-forming ability in E,cold.
There was also a difference in the photorsactivaebility of the UvV-
induced impairmant of galactokinase formation under the two states
of gene activity. They found that part of the UV-induged inacti~
vation could be reveraed by visible light only when the inducer
was absent after UV-treatment.

12, as was the case in this study, it im reverse uutation
which is to be umeasured, two stipulations regarding the nature of
the chosen auxotrophic mutants must be made,

a) Obviously the nutation must be induced to revert by a uutagen at
sufficient froquency for a valid comparison of the mutation frequenc-
ies under the two regimes to be made,

b) The reversion must not be mediated by an extracistronic suppressor,
or at least thome revertants which arise by such means should be
readily distinguishable from true revertants, The reason for this
reatraint is that the state of activity of any suppressor locus

will almost certainly be independent of the transcriptional state of
the operon. Thus any revertaﬁtn which arise through extracistronic
suppression will confuse the estimation of the effects of gene
action actuslly at the locus within the operon,

Accordingly the trp mutants used here were, with the exception
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of the unsuppressible A88, all frameshift or missense mutantes.

It has recently been shown that frameshift suppression can
oceur through mutational alteration of species of tRNA.  Such
suppression is restricted to those sites where the fraseshift occurs
in a run of GC base pairs (Yourno 1971 & 1972; Yourno and Kohno
1972; Riddle and Roth 1970, 1972a & b). However such suppressed
atrains grew very poorly and could be distinguished from true.
revertants,

Extracistronic missense suppression can also occur, in some
cases with high efficlency, but the mutante used here which were
nissense-gupprossible were asuppressaed with low eofficiency and frew
more slowly than true revertants., The latter thus could be
distinguished by their larger colony size (Brammar, pers. comm.).

Intracistronic suppression ;s sleso a means of reversion for
frameshift (Crick et al, 1961) and of missense mutations (Yanofsky
ot al. 1863). However, false revertants which arise by.-uch meaAns
will not interfere wiﬁh the interpretation since the second-site
mutation will be in the same state of activity as the original
auxotrophic mutation.

One other point concerning the choice of RAissense mutations is
that in their presence the whole éperon is transcribed and trans-
lated in a normal fashion (lmamoto and Yanofsky 1967aandb)} In
contrast, translation stops prematurely at a nonsense codon due to
the release of ribosomes from the messenger which in turn 1s very
rapidly degraded (Morse and Yanofsky 1969). Thua the conditions
of gune action are more 'nstural' with s missonse than a nonsense

mutation.
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Hutagenic Troatments

A number of mutagens were used in this study: UV, NA, DEB,
MMS and EMS,

Each tryptophan auxotroph was treated with each mutagen in
‘turn as deseribed in Materials and Methods so as to obtain a suit-
able mutagenesis system before proceeding to the comparison of the
induced frequencies in the different transcriptional states.

(a) W

Unlike the chemical mutagens, it was thought to be unlikely
 that there would be a differential physical accessibility of UV to
the DNA in the repressed and derepressed state, lowever the
different stoichiometric con#ormation might have been expected to
alter the nature and the potency with which UV induced its lesioﬁs.

Quite a lot of evidence now suggests that YVeinduced mutations
gcour through an error-prone recowbination-repair system (Witkin
lﬂﬁanﬂoéﬁgjég It was therefore thought that the state of activity
of the operon after irradiation rather than during it, might have
wore effect on the frequency of UV-induced reversions, In fact
Witkin (1966) has postulated that for suppressor loci at least,the
repair-mediated UV-induced mutation frequency is greunter in genes
in the active than in the repressed state.

- Each mutant wﬁs treated with UV for 60 seconda and the bacteria
were plated snd reversion and survival were assayed. From Table 1
it can be seen that none of the mutants was induced to revert to
any significant extent and hence UV was not suitbale for this etudy.
" {b) NA

The details of NA nutaganesisi&ifffiéé}discunsed at greater



TABLE 1., UV-Mutagencsis of Tryptophan Auxotrophs

+ Reversion
UV Dose Try Frequency
STRAIN (Secs.) % Surv. Revertants {(x10-9)
A3 0 100 43 8.1
30 11,2 9 5.6
60 0.16 0 -
™ 0 100 32 2.8
30 18.4 11 2.1
60 0.31 1 6.4
Al187 0 100 80 3.5
30 10.1 14 4.1
60 0.23 o -
All 0 100 47 4.4
30 6.4 11 6.5
G0 0.09 0 -
A88 0 100 85 7.5
30 21.1 19 8.1
60 0.07 0 -
A21 0 100 103 8,1
30 17.5 25 11,1
60 0.12 2 14.1
A23 o 100 56 6.6
30 12.4 9 7.0
60 ' 0.20 1 17,0
A9313 0 100 41 4.2
30 14.2 8 ' 3.4

6o 0.11 1 8.7
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length in relation to the work on T4, It is sufficient at this
point simply to note that it can be mutagenic in E.coli {(e.g.
Clarke 1970).

Each mutant was treated with NA, but as can be seen in Table 2
again none was induced to revert.
{c) DEB

This bifunctional alkylating agont has rarely been used in
bacterial iystems and the exact nature of the molecular changes
induced by it are unknown. There is some evidence that it can
fora crosslinks between guanines which are almost opposite in the
DNA and that it can alkylate in a fashion similar to that of better
studied nlkylating agents., The classes of mutation induced by it
are also unknown although there is indirect evidence that it can
1nﬂu§e base-pair substitutions.

Table 3 éhows that only one mutant, 73, rasponded quite
strongly to DEB mutagenesis., None of the other trp mutants res-
ponded at all to DEB.

(d) EuS and S

These two monofunctional alkylating agents are chemically
closely related and will be considered together.

The major classes of lesion induced by these agents are
alkylation of guanine at the 7 position and of adenine at the 1
position {Lawley 19G6).

In E,coli, EMS can induce s comprehensive array of outational
clenges; AT ->TA and GC-**CG transversions and AT —GC transitions .
(Yanofsky, Ito and Horn 1966), Similar information of the classes

of mutation induced by MHS in E,coli is not available.



TABLE 2. NA-Mutagencsis of Tryptophan Auxotrophs

. + Reveralion
NA Dose Try Frequency

STRAIN (Mins.) % Burv. Revertants {x10-9)
A3 0 100 35 4.8
' 30 62.4 24 5.6
80 21.6 21 9.1
™S 0 100 40 3.5
30 57.0 23 3.3
80 17.1 4 2.1
Al87 0 100 681 2.7
30 74.8 39 3.6

60 15.1 4 1.1
All 0 100 60 5.1
30 63.6 44 4.8
60 19,9 9 4.8
A88 0 100 22 7.2
30 53,7 46 6.5
60 11.4 11 8.8
A21 0 100 87 7.6
30 64.1 56 7.1
60 20.4 21 8.2
A23 : 0 100 a7 3.1
30 56,9 19 4.0
60 14.6 19 7.3
A9813 0 100 a4 5.2
30 71.1 38 6.4

60 24.1 4 8.7



TABLE 3. DEB Mutagencsgis of Tryptophan Auxotrophs

Reversion
) DEB Dose Try+ Frequency
SEAMIN  (Molarity) % Surv.  HRevertants (x10~?)
A3 0.0 100 81 - 4,1
0.038 . 42,6 29 . 3.9
0.10 20.0 12 4.3
T3 0.0 100 25 . 2.5
0,058 . 51.4 152 - 38,1
Q.10 23.2 138 54.6
Al87 0.0 100 64 4.4
0.05 . 48,8 50 7.6
0,10 19,0 ] 3.8
All 0.0 100 38 3.2
0.05 50.0 11 2.5
¢.10 17.8 6 2.6
AS8 0,0 100 a9 6.9
0.05 82.6 41 7.3
0,10 is3.5 11 - 3.7
A2l 0.0 100 88 . 7.5
0,10 15.2 24 10,9
A23 0.0 100 44 7.5
0.03 68.4 34 8.9
0,10 21.5 7 8.7
A9813 0.0 100 8l 5.8

0.10 17.0 0 5.2
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Tables 4 and § show that three of the auxotrophs were induced
to revert with both agents,

Both All and T3 showed & strong response to EXS but a much
sualler one to MMS, On the other hand A23 was induced to revert
goderately with MMS but only very slightly with EMS.

The positive response of All to both mutagens confirums that
both agents can indeed induce tranaversions since this nutant can
revert only by such means.

Any similar conclusions with regard to A23 and T3 sare not
tonsble aince the former can revert by & mumber of mutational path-
ways and the base pair change in the T3 muiation is not known (see

Strains in Materials and Methods).

EMS Mutagenesis of All and T3 under Conditions of Reprosaion and

Demgre_ssion
Of all the nutant-mutagen systems tested above, the two which

gave fhe strﬁngest reaponae§ were those botween EMS and the mutants
T3 and All. Accordingly theso systems wore chosen for the‘firat
estinatos of the effect of gene action on 1ndﬁced wutagenesis,

The experiments were performed in two ways both of which gave
sioilar results.
(a) Repreasion of tho-ogeron by tho addition of tryptophan

Each strain of bacteria was grown overnight in fully supple-
mented minimal media., The cells were washed in bufter three tires
by contrifﬁgntioﬁ in order to deplete them of tryptophan. The cells
were finally resuspended in fresh MO media at 37°C gsupplenented with

casein , and each suspension was then split into two aliquotsa, To

<



TABLE 4. WS_}thﬁsis_ of Tryptophan Auxotrophs

Revaersion
MMS Dose | Try' Frequency
STRAIN  (Molarity) % Surv.  Revertants (x10"2)
A3 0.0 100 59 5.4
0.05 62,9 41 5.0
0.10 35.1 19 5.2
T3 0.0 100 41 3.4
0.05 71,0 82 10.1
0.10 40.2 176 32.4
A187 0.0 100 37 4.0
0.05 51.8 22 8.1
0,10 22.4 14 5.3
All 0.0 100 62 ' 4.9
0.05 81.6 111 9,2
0.10 39.9 104 17.6
AB8 0.0 100 . 136 2.4
0.05 69.1 49 7.6
0.10 38.2 45 10.2
A2l 0.0 100 81 6.2
0.05 50,2 .47 7.1
0.10 21.0 24 9.3
A23 0.0 100 89 5.8
0.05 46.8 216 30.4
0.10 23,7 329 52.6
A9813 0.0 100 30 6.4
0.08 * 60.5 17 5.1

0.10 34,6 17 9.8



TABLE 8. EMS Mutagencsis of tophan Auxotrophs

4 Reversion
EMS Dose Try Frequency
STRAIN  (Molarity) % Surv. Revertants (x10~2)
A3 0.0 100 28 6.9
0.25 . 81.9 12 4.7
0.50 25,8 10 8.1
13 0.0 100 17 3.7
0.25 90,2 3416 886
0.50 24.6 3628 4830
A1B87 0.0 100 73 4.0
0.25 77.6 57 4.0
0.50 30.1 35 4.9
All 0.0 100 30 2.1
0.25 80.5 274 28
0.50 17.5 961 98
ABS 0.0 100 134 9.5
0.25 81.8 15 11.4
0,50 27.9 42 9.1
A21 0.0 100 87 6.2
0.25 72.1 51 6.1
0.50 30,5 12 5.5
A23 0.0 100 87 4.7
0.25 70,0 83 8.2
0.50 41.3 a3 16.2
A9813 0.0 100 18 1.8
0.25 92,3 29 2.5

0,50 25.0 11 . 3.9
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one of these aliquots was added l-tryptophan at 30mg/l. This was
the repressed sliquot (+ TRP). To the other was added L=tryptophan
at 0.%2g/1. This concentration relieves the starvation but 1is

not sufficient to repress the operon, This aliquot was designatedt
~TRP,

Five minutes were allowed to elapse =0 as to allow transcrip-
tion to get under way in the derepressed aliquot., EMS was then
added to each of the aliguots at various concentrationz and the
mixtures were incubated for 15 minutes at 37°C.  The reaction was
stopped by dilution into thiosulphate. In addition to thiosulphate,
l~tryptophan was present at 30mg/1l in all the stoppiang mixtures so
that ;11 the aliquots contained cells in the repressed state after
putagenic treatment. Tryptophan was omitted from the final wash
so as to prevent its carry-over onto the plating madia,

FHﬁ%éfﬁ and Table 8 show that although there was no difference in
either survival or spontancous nutation frequency in both All and T3
" under the two regimes, the induced reversion frequencies were higher
when mutngénesis wasg carried out in the absence than in the presence
of tryptophan. The ratio of the increass at the highest ENS dose
was greater in T3 (f.1) than in ALl (2.2), This result suggests
that EMS is a more potent nutagen when it acts on genes which are
engaged in transcription, Howéver. for reasons which will be
discussed below this method of dictating the operOﬁ?E'trnn:criptional
state is not altogether satisfactory for a mutational study of this
type. The protocol to be described below is a more appropriate one,

(b) Derepression of the operon by the addition of 1P

As mentioned earlier the tryptophan-analogue, 1P, has the



TABLE 6, ENS Mutagencsis of All & T3 in the Presence and Absence

of Tryptophan
EMS Dose Reversion Frequ. Ratio of ﬁ%%
STRAIN  (Molerity) (x1079) geversion
=IRP - HTRP
All 0.0 1.8 2.2 0.82
0.10 17.1 8.1 2.1
0.25 78.1 - 39.4 2.0
0.50 248 112 2.2
™ 0.0 2.8 3.6 0.78
0.10 27.1 11,4 2.4
0.25 462 106 4.4

0.50 3180 346 2,1



Figure 2

ENS Inact_iv_ation and Jnduced Reversion of T3 and All
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ability to derepreas the trp operon even in the presence of 10&
concentrations of tryptophan without itself being used as a wetab-
olite.

The protocol was largely similar to that described above,
After growing up the E,coli and washing thea in buffer they were
suspanded into M@ minimal medium, Thie suspension was gplit into
two aliquots, A and B, To A (the derepressed aliquot) was added
1-tryptophan at Smg/l pluw IP at 30ng/)l. To H {(the repressed
aliqupt) was added L-tryptophan at 30mg/l. Figure 3 and Table 7
+IP and <«IP correspond to aliquots A and B respectively. The EMS
mubagonenis, and termination of treatument wag precisely the same asg
in protocol {a) abova, The advantage of this protocol over that
in (a) is as follows. The already-stated aim of this work was to
modulate a parageter with highly apecific effects. In the first
protocol although certzinly the transcriptional state of the operon
could be controlled by adding or withdrawing tryptophan, one 1s in
addition in the former case supplying the metabolite required by
the auxotroph, Thia may mean that the cells under the two regimes
differ in their general metabolism quite apart from the local
differences concerning the state of activity of the trp operon.

¥hen 1P wai used however, the regquired amino acid was present
in both reginas'albeit at a lower concentration for the derepressed
aliquot, Thus with this protocol the general metabolic differences
due to the effects of amino acld depletion will be less than in the
first protocol,

Figure 3 and Table 7 show & very similar pattern to that found

when the first protocol wae employed, ie, identical survival and



TABLE 7.

EMS Mutagencsis of All end T3 in the Presence and

STRAIN

All

3

Abgsence of 1P

EMS Dose
gMolaritx)

0.0
0.10
0.25

0.50

0.0
0.10
0.25

0.50

Reversion Frequ,

(x10~3
AR ik
4.1 3.2
2.6 5.9

48.9 27.8
216 90.9
2.1 1.7

29.1 4.0
307 38.9

4164 486

P
Ratio of =)

Re_version _

1.3
1.6

1.8

1.2
7.3
7.9

8,6
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gpontansous mutation frequencies but higher induced reversion
frequencies in the presence than in the absence of IP and a greater

tactor of increase in T3 (8.6) than in All (2.4).

Eftfect of Gene Ac_t:lvitg after EUS . Mutagenic Treatment

It was mentioned earlier that inaccuracies in repair may well
be respousible for the generation of W—iu@ﬁ mutations and it
is possible thht EMS mutagenesis aay algo be mediated via such means,

Certainly Eus-induce& lethal damage 1_4 amgnable to repair
processes (Ray, Bartenstein and Drake 1872) but the actual impli-
cation of repair processes in EMS mutagenesis has not becn shown,
However Strauss (1662) has shown that in E,coli EMS-induced mutations
can accusulate during the poste-trentmont period.

Accordingly a comparison was made between the ENS-induced
autation frequencies of All and T3 when the trp operon was repressed
and derepressed after the actual mutagenic traatment.

The experiment was done in two ways.

(a) trp operon derepressed during EMS treatment

The cells were prepared as described already and were treated
with 0.54 RNS in MO mediun in the presence of IP,

The resction was stopped by washing in sodium thiosulphate.
The cells were then resuspended into prewarmed MO medium + 1P,
Aliquots were taken immediately and plated for mutation and sur-
vival. The cells were incubated a further 20 minutes before being
plated. GSee Table 8a.

(b) trp operon repressed during EMS treatment

The procedure was tho same ae that ebove except that IP was
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omitted during BMS treatment and L-tryptophan at 30mg/1l was added
in its place. See Table 8b.
For both strains the state of gene activity after the EMS

treat.aent had no effect on the induced mutation frequency.

Heconstruction Emrment

Is the difference in the EMS~induced reversion frequency due
to the preferential sélections of prototrophs in the treatménts
whore the trp was derepreésad‘? To test such a possibility a
reconstruction experivent was performed.

In such an experimont a nixture of the two relevant genotypes
(in this case trp auxotroph and prototroph) is sibjected to the
procedures involved in the originﬁl nutagenesis experiment. Any
differences in the relativé frequencies of the two genotypes before
and after the mutagenic treatment is suggestive of differentisal
selection on the twa genotypes.

The procedure was as follows, A mixture of a trp auxotroph
(A88) which was not induced to revert with EMS and a .E.!Jf gtrain
was made in a ratio of about 105=1. The mixture was plated
tamediately on complete and on minimal plates to estimate the total
cell density afd the frequency of prototrophs.

The mixture was thon split into two aliquots each of which was
treated with EMS, one in the presence, one in the absence of IP,
After tormination of treat@ent the mixtuwre was again plated g0 as
to estimate the proportion of m"' individuals amongst the survivors,
Only one dose of ENS was used; 0.5M for 15 minutes. Sea Table B8,

It can be secn that the relative froquency of the trg"' E.coli



TABLE 3.

a). Operon Derepressed During EMS Treatment

EMS Mutaegencsis of All and T3 with IP Present or

Absent during Post Treatment Incubation

Reversion Frequency
(x_lo"?) on

Reversion Frequency
(x1079) after post-

FMS Dose
STRAIN (Molarity) inmediate plating treatment incubation
T IR ¢
All 0.0 7 1.8 | 2.1 H o 1.7
0.5 192 176 218
T3 0.0 2.9 3.6 7 2.5
0.5 3765 4216 3871

b). Operon Repressed During EMS Treatment

EMS Dose

‘Rsvers.tbn Frequeﬁcy
(x10~2) on

Revergion Frequency
(x10~?) after post-

STRAIN  (Molarity) immediate plating treatment incubation
| ap =1e

ALl 0.0 2.3 .2 3.8
0.5 . 24.6 27.8 29.1

(T3 0.0 3.7 3.4 4.9
0.5 62:8 712 598



TABIE 9. 'Reconstruction Experiment for ENMS Mutagencsis of trp

Operon in Repressed and Derepressed States

" EMS Dose Initial Proportion Proportions of try”’

- {Molarity) of try : _after treatment
+I P ~1P
0.0 2.8x10 2,4x10 3,0x10

0.5M - 2., 710" 2.1x10”

5

5
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stayed constant before and after treatwont whether the operon was
represgsed or_dereprgssed during EMS treatment, This means that
differential selection of prototrophs was not responsible!for the
increased induced reversion frequency under conditions of derepres-
sion.

The complaint which can always be levelled against reconstruc-
tion experiments is that they do not, indeed cannot, measure
selection on newly-formed mutants but only on fully-established.
mutations, Indeed Clarke (1062) provided a salutory example of a
case where selection clesrly acted on the mutagenic pathway but not

on the fully expressed mutation.

Digcussion

It should be eaid that during this work two independent papers
eppeared (Brock 1971; Herman and Dworkin 1971) both of which dealt
with essentially the same problem, In fact the only real difference
batween Brock's work and mine was that he studied the effect of gene
sction on the frequency of EMS-induced reversion at the lactoae
operon in E.coli,

Herman and Dworkin used ICR-181 as their mutagen for inducing
revarsion'or mutants, also in the lac opemn. This mutagen induces
frapeshift mutations alwost exclusively so this system was somewhat
different from mine where the two mutants neverted by base pair
substitution. |

THe findings of both these sets of authors were the saue as
mine, viz that some chemical mutagens are more effective when

acting on derepressed genes.
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More recently it has been shown (Savic and Kanazir 1972) that
the frequency of UV-induced reversion of ochre and frameshift
mutations in the histidine operon of Salmonella is higher in a
strain where the operon is transcribed constitutively than in wild-
type strains in which the operon is repressed., This result
conflicts with that of Brock (19871) who repcrted that the state of
activity of the lac operon did not uffect the frequency of UV-
induced reversion.

The fact that the gggFand the lac operons of E,coli can be
tused.(uiller et al, 1970; Michels and Reznikoff 1971) and that wsuch
fused strajine show co-ordinate control of transcription suggests
that these two regions of the E.colil chromoscme have very sinilar
transcriptional mechaniens.

Tpus it was thought not to be worthwhile pursuing this work,
glven the similarities between the lac and the trp operons, and
since wome of the further experimants which 1 had intended doing
had slready been carried out in one or more of the reports eited
above, I had intended to perform the following additional
experiments}
¢a) It was intonded to see 1f MUS alsc proved to be wore mutiagenic
for strains T3, All and A23 under conditions where the trp operon
was derepressed, T3 also showed a moderate response to DIB, and
fhe effect on the mutagenicity of this agent of gene action was also
going to be measured,

{b) I wanted to test the effects of a chain-terainating codon
operator-proximal to the EMS-revertible mutation so as to neasure

the effect of polarity on induced mutageneeis of operons in the
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repressed and the derepressed states, Jerman and Dworkin (1571)
did just this and found that the enhancenent of the ICR-IQI-induced
revergion :roquancy in the dgrapression conditions disappeared in a
strain carrying a polar mutation,

(¢) It was intended to repest the experiments on EMS mutagenesis of
T3 and All in repair-deficient strains to see if inpaired repair
enzymes had nny influence on the induced wutation frequencies under
the two transcriptional states. However both Hefman'and Dworkin
(1971) and Savic and Kenazir (1972) found that repair-deficient
strains had no effects on the differentisl induced muﬁatlon fre—
quencies in tha active and repressed state.‘ Thia suggests that the
difference in frequencies is due to the differential induction of
lesions rather then differential repair in the two regimes. The
fact that I could find no difference in the EMS-induced reversion
when the operon was repressed or ddrepranled after the mutagenic
treatuent supports this idea.

Had 1 continued this work I would have ascertained that wunder
the conditions used, the trp operon was in fact repressed or dere-
pressed as appropriate by the manipulations which I uwsed. It was
always possible that the ENS treatment jtaself interfered with the
control of gene activity and it would have been more rigourous to
perforn the enzyme essays when the celles were assumed to bo in the
repressed and derepressed states for the trp opercn, It should be
gaid that this criticisz also applieg to the reports cited above,

: The control of a particular operon's state of transcription
vhether by the use of mutants defeckive in control (e.g. Herman and

Dworkin 1971; Savic and Kanazir 1972) or by experimental manipulation
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(Brock 1971 and this work) is highly spacific,  Although it is 5
somewhat circular argument, it is not unreasohgble to suppose that
if a difference is found in the in&uced mutation frequency whén the
operon is believed to be repressed or derepressed it ia indeod the
state of activity which is responsible for the difference in
mutation<£raquency, |

One other check on the interpretation that the difference
in the mutabillity under the two regimes is due to the difference in
gene activity ﬁouid be to messure the induced mutation frequency at
an unrelated locus when the trp operon was repressed and derepressed.
This control was carried out by Brock (1871), Heruan and Dworkin
(1971) and Savic and Kanazir (1972). 1In no case was the ﬁutability
at such independent locl affected by the activity of the particular
operan under study. |

This suggests that the increase in induced mutability in
. active operona is a local one and is not wediated by a general
change in cell metaﬁollum.

¥Why should EMS be more mutagenic in active than repressed
gones? It has already beon mentioned that BIS preferentially
alkylates guanine at the N7 and ndenine at the Nl positions. It
is not unreasonable to suppose that the access of [AS to these sites
is facilitated when the DNA is being transcribed and is temporarily
in a single-stranded state. This may be eapecially true for £he
attack on adenine where the N1 atom 1is involved in hydrogen bodding,
These bonde are broken during tranacription because of the destabilw
ization of the helix, Although the guanine N7 atom is not 1nv§1ved

in hydrogen bonding it will still be more exposed in the single-
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than in the double-stranded configuration.

1f this hypothesis of differential accessibility of ZMS to the
target sites in DNA in the single- and double-stranded states ix
correct, then one can éxplain the increasc in the induced outation
frequency in the active gene simply in terms of an increased Prob-
ability of EHS inducing premutational lesions in DNA which is being
transcribed.

The causes for the difference in the ratio of enhancement of
T3 and All is a matter of some conjecture. Herman and Dworkin
(1971) found quite a range in the degree of enhancement amongst
difforent frameshift mutants within the lac operon. Indeed one
of the nlleles was induced to revert at lower frequency when the |
oporon was derepressed. ‘?hey glve no explanation for this variate
ion in the behaviour, |

We know that Al; reverts by tranaversion but all that is known
of T3 is that it 18 a base pair subatitution, It may simply be
that 1f T3 reverts by other than CG ¥ GC fran-version, that the
class of mutation by which T3 reverts iz more amenable to enhance-
ment by derepression during EMS mutagenesis,

Incidentally it should be noted that for All the guanine is on
the nonsense strand. Since guanine is much more amenable to EMS-
induced alkylation this indicates that the lesion need not be
induced on the transcribed strand for the effects of derepression
on the reversion frequency to be felt.

One other speculative reason for the greater ratio of increase
in T3 than in All comes to nmind,

It has been known for some time that the trp operons of both
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Salmonella (Bauerle and Margolin 1066 and 1967) and of E,coli
(Morse and Yanofsky 1958) possess internal promoters which are not
subject to the normal control mechanisms of the operon. This pro-
moter is located within the trpl structural gene {Jackson and
Yanofsky 1972) which codes for phosphoribozyl anthranilate trans-
ferase, It initiates low leve}l constitutive transcription at a
_rata about 3% the level of the derepressed operon, of the éenas

(C, B and A) which are operator-distol to it, Thus unlike T3,
which ie situated proximal to the internal promoter, the All outant
is never fully repressed and this may be reflected in the smaller
ratic of increase in the EMS-induced reversion frequency on full
derepression of All compared to T3. it ia quentio#able whether
this low leviel constitutive transcripfiion of the All can be respane
sible for the difference in behaviocur of the two alleles which is
tnuch greater than 3%

A survey of the literature concerning mutagen specificity by
ancillary factors acting on cellular processes reveals no example
where the apecificigy can be attributéd to differential trang-
criptional states at different locl during uutagenic treatment.

Howaver, the fact that the induced mutation frequency is higher
in active genes may be turned to advantage if isolation of mutante
at a particular locus is desired if tho locus in question can be
unilatarally derepressed during-mutagénesis. if no selection
system for the dosired class of mutants exists then any means of
increasing the proportion of these amongst the total gutant yiold
18 to the good. Thus it might be possible to increase the jield

of mutations which may be desired for mutation plant bréeding or
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for obtaining strains of microorganisms with increased production
of a particular metabolite through mutapgenesis.

This approach is in a way reminiscent of the use of NTG on
aynchronoﬁs‘cultures of bacferia. This mﬁtagen acts almost
exclusively at tﬁe DNA replication fork (Cerdo-Olmedo ot al. 1968)
with the result that high specificity in the induction of mutants’
is obtained, the actual array depending on the position of tﬁe
replication fork on the bacterial chromogome during mutagengsis
(Hirota eﬁ sl 1968), There is in fact a cage where a similar
rationale has been'put to use for obtaining higher specificities
for EMS-induced mufationa in barley (Natarajan and Shivasankar

1065),
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2.

ON THE PRODUCTION OF MUTATIONS IN T4 EY NA

The reason for wishing to determine whether the pii of the NA
treatment buffer had sny effect on the specificity of NA mutagenesis
in T4, and in perticular on the production of deletions, stomned
from an apparent discrepancy in the literature.

Tessman (1962) reported that NA induced deletions at the rll
locus and this agent has also been ghown to induce deletions in '
E.coli (Beckwith, Signer and Epstein 1968).

Koch and Drake {1%70), on the other hand, found no more
deletions emongst their collection of NA-induced rIi's than would
have been expected on the basis of spontaneously arising ones. in
addition Benger (1961) did not report any induction of deletions.

An inepection of the protocols of Tessman and of Koch gnd
Drake, reveals & number of differences. One such was the ml during
NA treatment; pH 3.7 by Tessman, pH 4.0 by Koch and Drake.

At first sight this ditference would seem to be & ainor one.
However the influence of 8 on the potency of NA sotion haa_ been
demonstrated on several occasions. The rates of NA-induced
deanination of cytosine and adenine incresses some 90-fold as the
pH of the treatment medium drops from 5.0 to 4.2. The rate of
deamination of guanine increases by m smsller factor (33-fold) over
the same drop in pH. in addition the rates of hacteriophage inac-
tivetion and mutagenesis are 2lso invessoly correlated with pH
(Schuster 1980a Qxﬂfb‘;; Vielmetter and Schuster 1960a andb; Schuster and
Vielmotter 1961).

Another fact concerning the influsnce of i on the response of
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ba.;cteriophnga to NA should be mentioned. It has already been said
that MA can induce crosslinks in DNA (Geiduschek 1961; Becker et al.
1964). Burnotte and Verly (1271) sssayed the numbers of crosslinks
induced by NA in bacteriophage T7 DNA. They found that the lower
the pd of the buffer into which the treated PNA was diluted to stop
the reaction, the higher the number of crosslinks generated, o.g.

at pH 6.0, the mean number of crosslicks formed per bm molecule was
0.76. if the stopping buffer was at pH 10.0, a mean of 0.62 wag
obtained, It was deduced that the crosslinks wore produced after
NA treatment, and in the model put forward it was proposad that NA-
induced apurinic sites formed crosslinks due to hydrolysis of

_ aldehyde-p~phosphodiester bonds and that this reaction is encouraged by
Htﬁ‘ ions. This 18 analogous to the mcdel proposed by Freese and
Cashel (1964) to account for the induction of crogslinke in DNA by
acid alone.

The pil of the stopping buffer used by Koch and Drake was 8.0,
Tessman gives no details of his method of teruinating the NA treat-
ment . If he uped buffer of pil less than 8,0 it could be that more
crogelinks were induced. If these lesions ere responsible for the
production of deletions it may be that & difference in the pH of the
atopping buffer could have contributed to the lack of agreement
between the two sets of workers. However the extent of the
difference in the frequency of dele'_t:ion-i is greater than could be
accounted for on the bagie of differential crosslinking at different
stopping pi, even if Tessman used a buffer of pil as low as 6.0 to

gtop the reaction.



Ewrrimtal

As was mentioned in Materials and Methods it is necessary to
work with a lysate with as low a frequency of r mutants ag pogaihble
1f wutagenesis experiments are to be done.

Acoordingly five lysates of T4r' were grown up and the incid-
ence of r mutants wae agsayed for each. Soe Table 10, The lysate
with lowest r frequency (number 5) wes reassayed using a larger
nunmber of plates so as to ohtain & more a_ccurgte estimate, 8.2 x
104 plaques were ingpected, qu.t of which 17 were r mutants, giving
a frequency of 2.1 x 10_4. This is a suitsbly low frequency and all
further work which entailed torward mutagenesis from r' to r employed
thig atock.

1t ehould be noted that the titre and the spontaneous r fre-

quency was checked regularly throughout the course of this work.

Inactivation of T4 by NA at Different pi's

T4r was treated with 0.1M NaNCﬁa in acetate buffer at p's 3;7,

4.0 and 4.6. Sanples were taken and assaysd for survival, see
Figure 4a. The differences in the rates of NA inactivation at the
three pii's were dramatic. There was also an inactivating effect
of acid alone which was quite marked at pH 3.7 but only aslight at
pii 4.0. To account for the lethal effect of acid alone the data
were replotted ss the ratio of survivors after NA treatment over
the survivors in the buffer alone. After this adjustment the

lethality was still far gnéater when NA was given at pH 3.7 than

at pH 4.0. At pH 4.6, NA exhibited no lethsl action after treat-

ment up to four minutes (Figure 4b).



TABLE 10. Mensurement of Sponteneous r Frequencies in T4 Lyeates
Lysate Plagues Inspected No. of r plaques r Frequency
1. 1. 710 | 25 1.5%107
2. 2.2x20° 19 8.6x10™
3, 1.ox10? 13’ 7.1x20™
4. i.a;:xo“ 17 9.3x10™2
5. ' (ID::IO4 9 4, 4:!(10-'4



Fig&m ﬂﬂo
Inactivation of T4 by NA at Different pE'a

Dotted Lines t= Buffer Alone
Contimtous Lines :~ HNA in Buffer
Triangles 1= PH 4.6
Crosses s~ pH 4.0

Circles 1~ DH 3.7
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Figgre ﬁb.
Insotivation of T4 by NA st Different pH's (Comcted

for Inactivation by Buffer alone)

For each time point and for each pH value, the ratio
of eurvivors afier treatment with NA to the survivors
after treatment in buffer was calculated and in the
figure the ratios are expressed in percentagec. The
pli's for the correccted survival curves are given in the

figure,
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The most likely explanation for the increase in lethality with
decreasing pil i@ that there is more KA at the lower pits, the pK of
WA being 3.37, This implies that it ie moleculsr NA vather than
the nitrite ion which ig the inactivating agent_.

it was however thought pouible thet the increase in lethality
effected by NA at the lower pi{'s might be due to some sensitigzing
effect whereby acid facilitates the lethal sction of NA., An experi-
ment was perforwed to test this idesa.

The sethod involved separation of the effects of i and of NA.

0.1m1 of a T4r' lyeate was added to 5Suls of the solutions
dasignated "1lst Treatment" in Table 11 and kept there for the time
indicated. A 0.lml sample wag then taken and added to 10mls of the
solutions in “2nd Treatment”, The phage were finally diluted into
broth to end the trestment and were assayod for survival, The
rationale of the experiment can he illustrated by consideration of
Treatoent 6 (in Teble 11). NA at pH 4.6 caused no killing after
30 secs (Treatment 9). However it ie possible that exposure to
g 3.6 acid prior to NA at pH 4.6 may sensitize the phage to NA
k11lling. A comparison of the survivalsg after Treatments 5 and a8
shows that this was not so. In both caseg all the lethality can be
accounted for by acid killing (compared to Treatment 7)., Similarly
& comparison of the survival after Treatwments 1 and 2 ghows that
exposure to MA 8t pi 4.6 did not sensitize the ﬁhage to subsequent
killing by mcid alone.

It can therefore be concluded that there was either no sensit-
ization or elase it was very transient and was immediately sbolighed

on trangfer to the new sediuw.



TABLE 11, Intersction of pH and MA on T4 Killing

Treatrment
Code

ist Treatment

1.
2.
.
4.
B

6.
7.
8.
9,

10.

'I‘neatment' 10 was used as cbntrol.

o 4.6 + NA (30seca)
ol 4.6 (30secs)
PH 4.6 +NA (3088c8)
M 4.6 (30sece)
gt 3.7  (120secs)
i 337  (120seca)
pH 3.7 (1208secsn)
fi 4.6 (30secs)
i 4.6 +NA (éOsecs)

Stock Lyaate

2nd Treatmont

ol 3.7
P 3.7
i 4.8

o 4.6

ol 4.6

(120secs)

{1208ecs)

(120gecs)

(120secs)

- {308acs)

4.6 + NA (30secs)

N9
D
. M9

Mo

% Surv.

7.9
6.8
100.8
95.4
8.8
6.9
7.5
97.2
94.3

100
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Mutsgonesis of T4r by NA at pH 3.7 and pH 4.0

Bocause of the requirement of plating an optimum number of
ptu/piate (about 1000) in & large-scale forward mutation experimont
it was necessary to estimate the surviving fraction accurately be-
fore plating. Thés was espscinlly relevant in the case of the NA
treatoent at pi 3.7, where the steepnsss of the killing curve weant
that the margin of error was extremely smmall,

The protocol for the forward mutation experiment was given in
Materials sand Methods and it involved storege of treated phage
overnight st 4°C. For this to be tensblo it had to be shown that
NA-treated phage did not lose titre on storage nor did the frequency
of r mutante change. To this end the phagoe were treated with NA
at pH's 3.7, 4.0 and 4.6 and were plated either immediately or atter
pariods of storage in cold broth and were assayed for survival and
for the incidence of r plaques. Table 12 shows that neither
paraneter changed with storage.

The mutation experiment was then carried out, The phage were
treated with 0.1¥ NA at p 3.7 (for 15 secs) and st pH 4.0 (for
4.5 minutes) which resulted in phage survivels of 0.83% and 1.25%
respactively. The phage were plated againat E.coli B and inspected
for r plaques (see Table 13a).

1t should be noted that the survival was slightly lower after
NA tremtment at pH 3.6 than at pH 4.0 and this say be contributory
to the slightly higher induced r frequency obtained at the lower pil,

The r mutants were picked and purified and were then streaked
onto E.coli WAHO to mllocate them into genotypes. See Teble 13b,

For both egets of the untreated controls, the ratio of rl:rll



TABLE 12, Effect of Storage on NA-Treated T4

(a) Survival (pfu/ml)

- Treatment Tine of Storape (houra)
' ) -} 48
pi 3.7 (30seca) Laxe® 0 12x0® 1.5x10°
‘i 3.7 + NA (30s6ce) 2.0x10° 1.9x10° 2.0x10°
pH 4.0 (4nins) 4.0x10° 4.0x10° 4.0x10°
o1 4.0 + NA (4mins). crox0® ¢ e.0m108 7,7%10%
@1 4.6 . (l0mins) - 5.2x20% 4.9x10° 4.7x10°
Bt 4.6 + NA (20mine) s.2xt0® ° s.oxp0® 5.2x10°
(b) Mutation to r |
Plaques :
Treatoent Inspected - No.of r  r Frequency
. (including tima of storage) (x20%) . Plagues (x10~%)
g 3.7 ' 1.4 3 24
g 3.7 + NA | 6.8 . 8. . 9.7
pH 3.7:~ stored 24 hrs. _ 3.2 9 2.8
@i 3.7 + NAi~ gtored 24 hra. 3.5 30 8.6
[ 4.0 - 2.8 4 1.6
P 4.0 4 MA 6.0 . 36 . 6.0
pH 4.0:~ stored 24 hra. ' 2,7 5 1.8
pi 4.0 + NA:- gtored 24 hra, 5.8 50 8.6
ot 4.6 . 3.8 8 2.2
gi 4.6 + 1 | 3.6 8 2.2
i 4.6:= gtored 24 hrs. 5.0 16 3.2

m 406 + NA:* Stored 24 hra. 309 14 3.6



TABIE 13, NA Mutagenosis of T4 at i 3.7 and g 4.0

a) lsolation of r Mutants

Treatment Plagues Inspected L Mutants X Frequency (310'4)

R 8.ox10% 19 2.4

o 3.7 + NA 1.3x10° 245 19,1

Al 4,0 | 3.4x10° e . 2.0
5

B 4.0 + FA 1.5x10 80 : 12,0

b) Clagsification of r's into Genotypes

Tx\qatment . 5_;_ ER ‘.x'I‘I : ri1Il
’ ' Nots % No's .. % o's %
P 3.7 5 38,5 8 . 6L.5 EUE A
M 3.7 + MA 110 54.9 86 - 32,0 27 13.1
4.0 10 17.2 43 73,1 5 8.6

- pit 4.0 + NA 6% - 40,0 . 69 ' 46.0 21 14.0

' ©) Boversion Anmlyeis of rli Mutants

- Class of Reversion. : " Treatment

3.7 4.0 p13.7  NA  pE4.0 2N

No's % Nots . %, No's % No's %

No Reversion o 3 7.0 1 16,7 8 11,8
High Frogpancy 0 - 2 4,8 7 10,6 M 20,0
Spontansous Ouly 8 100 36 83.7 14 21.2 18 26,5
With 2-AP 0 "~ 1 2,3 23 34.8 19 27.9
With 5-BY o 0 - a4 8.1 7 10,3
6 - 1 2.3 7 10,6 2 2,9

with 2«AP & 5-B

' ' ' (Nunber of Deletions
d) Frequencies of ril Deletions {Total Phage Inspoction

Treatment Deletion Frequency
i 3.7 < 1.3x10:g

i 3.7 + NA .~ 8,2x10_

i 4.0 < 2.9%10 5

i 4.0 -

'l"im 6.03:10
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was in accord with Drake (1970); ie. an excess of ril's. It has
been mentiocned that trangition-inducing muteagens favour the pro-
duction of rl1's more than ril's. This was true for NA at pH 3.6
but at g 4.0 the ratio of *'/ril was slightly less than unity.

This enomolous result was checked by performing another mutant
imolation experiment. The analyeis of the mutants induced was
taken only ss far.as the classification into genotypes. Tables
14a and b show the results of this experiment. It can be seen that
the T/rll ratios of NA-induced mutants was close to 2 at both
pHi's, The reason for the difference betwoen this experiment and
the previous one is not known.

Although Tessman (1963) did not analyee his rll'a other than
claspifying and measuring the extent of the deletions, it waa
thought possible that if the difference in pil was responsible for
the differential recovery of NA-induced deletions, then other changes
in mutational specificity night_; be observed.

Accordingly ell the ril mutants isolated from the first muta-
genesia experinent were nui::]ected to roversion analysis and they
were mapped within the rIl locum.

Table 13¢ gives the results of the reversion analysis. It can
bo seen that the proportions of transitions (ie. thosa that responded
to base anslggues in spot-tests) was cuch greater amongst the NA-
induced ril's than amongst those of spontaneous origin. Also the
fraction of prosumed deletions (ie. thope that ﬁilod to give any
revertants) was higher in the induced ril's than in the spontaneous
cnes, whother mutagenesis was carried out et [l 3.7 or ol 4.0.

The ril mutants were pepped within the ril locuﬁ. Figure 52



TAHLE 14, NA Mutapenesisg of T4 at pit 3,7 and pi 4.0

8) lgolation of r Mutants

: it
Treatnent Plaques Inspacted T Jutants  r Frequency (x10™ )

1 3,7 3.0x10° 75 2.5
M 3.7 + M a. 70t 8o 19.1
g 4.0 s.6x10* 4 2.5
W 4.0 + R 1.2x10° 196 a0

NA treatment was for 18 sscs. at pH 3.7 and for 4.5 mins. at pH 4.0,

The survival levels were 1.8% and 2.1% respectively.

b) Classification of r's into Genotypes

Treotment ri oL ' _x;;_x_x;
Nots & peta %,  Ne's %
M 8.7 26 34.7 47 62.7 2 2.7
‘@ 5.7 4N B4 61,4 20 33,0 5 5.6
£ 4.0 8 87.1 8 42,9 0 -

W 4,0 4+ NA 120 61.2 71 36.2 3 2.6
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11lustrates the NA=induced rlli spectra of point mutants., The
spectra are baped on comparatively fow numbers of mutents and hence
there are to be expected some differences betwean them due to
sampling, ilowever comparison of the spectra shows no marked
differences butween the two nor bhetween them and the MA-induced
spectrum given by Benzer (1961),

Turning to the deletions, a total of nine ungmbiguous {on the
bagis of the criteria given in the Materials and Methods) deletions
were induced by NA at pd 4.0 and five at pi 3.7. Two rill'e induced
by NA at pH 4.0 and both mepping i_ithin the Ala region were never
seent to revert but oould not be rigourougly shown to be dédetions,
gince I did not possess two point mutants in the appropriate vegion.

The frequoncies of deletions are given in Table 13d and their
aimensions in Figure 5b. At both pH's the frequency of RIl
deletions was enhanced after NA treatment in agreement with Teseman
rather than Koch and Drake. The sctual trequencies of induced
deletions wore slightly lower than the value reported by Tossman.
As wag the case for Tessman, the ma_jor:lty of the deletions extended
to the right of the rlIB cietron. The reagon for this may be that
the locus immediately adjacent to the *1IB cistron is entirely
| dispenssble (Dove 1968; Sederoff et al., 1971), The region appesars
to have & minor role in DNA breakdown (Bruner et al. 1972; Souther
et al. 1972). 1f however mutations in the locus to the left of
the A cigtron are lethal then automatically thete will be & bies in
ravour of deletions entering the ril cistron fron the right.
Unfortunately the nature of the locus adjacent to the rllA cistron

ig not known.
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Representation of the Spectra of ril Point Futations
Induced by RA at pH 3.7 and pH 4.0

Each line represents a region of the rII locus (see Fig.l
for actual position of each region). The designation
of each region is given below each lines REach mumber
repregents a site and the value of the number indicatles
the number of independently-arising mutants at each site.

‘Within any one region the sites are not placed in order.

The rumbers above the lines:- Induced by NA at pH 3.7
The mwmbers below the lines:- Induced by NA at pH 4.0

If mutants isolated at pH 3.7 and pH 4.0 mapped at the
pame sites this is indicated by the mumbers above and
below ths line being zligned.

The figures in brackeis above the line represent the
codes of the known hotspota (See Strains in Naterials
and Methods). Where the figure in brackeis is aligned
with one of the mites found in this work, this means
that no recombination between that site and the ¥nown
hotapot could be detected,

Celle (#11106) (»11131)

6 1 4
6§ 8

This represents the Aéc region and shows that 6rIl mutants
induced by NA at pH 3.7 were found to coincide with

rI1106 gite of Benzer and that 8'rIl's induced at pH 4.0
mapped at the rITl3l site. At another gingle site 4 riI
mtants induced at pH 3.7 and 6 rIl's at pH 4.0 were

found to be coincident and a still further site was rep-
resented by a solitary rII induced by NA at pH 3.7.

This example is a hypotheticel one chosen merely to
illustrate the rationale of the figure.
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Represeniation of.the Dimensions ef_‘ ril De_letions
Induced by NA at pH 3.7 and at pH 4,0

The seguence of subregions of the rII locus which could
be obtained by deletion mapping with my collection of
known deletions mutants is shown in the middle of the
Tigure. |

Above and below this repreme'ntatioﬁ of the locus the lines

delineete the exteni of the deletions induced by NA,

Above 1= Deletions induced with NA at pH 3.7

Below :~ Deletions induced with HA at pH 4.0.
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The results point to the fact that the NA-induced spectrum of
r mutants is not influenced by the pi of the treatment over the
range measured here and so the anomsly between Tosaman's rosulte
and that of Eoch and Drake remains. I1f anything the protocol used
in this work was more aimiler to that used by Drake, ie. mmz rathaor
than Kma and s higher concentration of nitrite, One cu,ﬂemnoé
between the protocol of Koch and Drake and of this work is that the
T4 treated with NA already carried & leaky rlI mutation. However
this wag probebly nct responsible for the failure of Koch and Drake
to induce deletions with MA since even in normal T4 strains no
deletiong ware induced (Drake; perd. t;.-m.). 1t ig of course
posgible that the difference in the two sets kof work is due to T¢ |
¢train differences though there is no evidenoe for this.

It should be said that in subgoquent work in which NA was used
a3 a mutagon, doeletions were again found to be induced. (See

Chapters 3 and 3 of Hesults).
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3. EFFECT OF P-FLUOROPHENYLAIANINE ON INDUCED MUTATION IN T4

PFM §is 8 structural analogue of PA, and the choice of this
agent ms an ancillary treatment was prompted by two reports, one of
which showed that it was mutagenic in Ustilamo (lewis and Tarrant
1971) and the other that it could hasten the onset of ageing in
Neurospors (Lewis and Holliday 1970). These ﬁndings were inter-
preted by the authors as being due to the incorporation of PFPA into
enzymes, with @ resultant loss of catelytic specificity. 1f such
lack of accuracy effected proteins in the translational mchingry |
thig could cause a mom’ rapid onset of the orror catastrophe pro-
posed by Orgel (1963) to account for ageing. Simtlarly it was
suggested that PPA\ incorporstion into such onzynes as DNA polymerage
could result in loss of fidelity of the engyme causing &n increase
in mutation frequencies. Certainly genetic alteration of DNA
polymerase can affect mutation rateg (Speyer, Karam and lLenny 1969;
Drake et al, 1969).

In eddition Kilbey (unpublished results) has found that in the
K3/17 strain of Neurospora, the UV-induced reversion frequency of
the adenine allele was depressed some two-fold if the spores had
been pregrown with PFEA present. The inositol allele however was
induced to revert by UV at a higher rate aftor pregrowth with the
analogue. The reason for the ditfgrent!.al effect at the two loel
has no explanation, nor has the fact that Kilbey found no mutageniec
effect of PFPA slone, in contrast to the findings on Ustilago
montioned above.

- Another amino acid analogue, cansvanine, hag been shown to
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enhance EMS-induced mutation rates in barley (Khalatar et al. 1871).

There is A certain irony attached to the findings of mutagenic
and co-mutagenic properties of smino acid analogues since Auerbach
has rom-in:l.sced that prior to the demonstrationa of DNA as the
genetic material, such compounds were considered as potential
mutagens, the rationsle being based on the concept of the protein-
aceous gene. Thus amino acid analogues might be expected to change
the structure and specificity of the gene; in other words, mutation,.
Plus c¢a change !

Summaries of the range of biclogical effects of smino acid
analogues 1_n microorganisne are given by Richmond (19262) and a
cataloguwe of such agents is to be found in Richmond (1968).  Some
of the specific effects of FFPA will now be given.

1t glowe down the rate of protein synthesis and the general rate
of E.coli growth (Cohen and Munier 1939) and also increases the rate
of protein turnover (Cohen et sl, 1958)., The presence of exogenocus
PA relieves the inhibition on growth rate impoged by FFPA showing
that PFPA ie a biological &s well as a chemical analogue of PA.

PFPA is mccepted by phe-tiNA at & rate about 10% that of PA
(Nisman and Hirsch 1958)., ‘The analogue can replace up to 5% of
PA residues in proteins of E.coli (Munier 1959; Munier end Cohen
1959) the replacement probably being st random throughout the popu=-
lation of proteinsa (Cowie et sl. 1959).

One well.-kr';owh property of PFPA is ite asbility to haploidize
a variety of diploid fungi and it is routinely used for this
purpose. (Lhoas 196lan 1968; Pa Cunha 1970; Day and Jones 1968,

1460 ad1971). Haploid celds of higher plants have been shown to be
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at a selective advantage in the presence of PFPA {Gupta snd Carlson
1972). The mechanisas involved in these phenomens sre not known.

In the bacteriophage MS2, PFPA decreased the infectivity of
the RNA of phage which had been grown in its presence and this was
interpreted as being due to the incorporation of the PFPA into &n
enzyme guch as RNA replicase with a resultatt increase in the fre-
quency with which errors are producéd in the genetic material of the
phage (Abdel-Hady and Leach 1972). This is of course snnlogous to
the interpretation of Lewis and Tarrant (1971) to mccount for their
results.

PFPA was used in conjunction with two mutagens, 5-BU and NA.

1. J5-BU Mutagenesig

The preliminary experiments were designed tc; determine the
approprinte concentration of PFFA to be used for gubsequent work.
Both Lewis and Tarrant (1971) and Kilbey (pers, comm,) used concen-
trationg of the enalogue which e;ut growth rate by 50%. These were
1.0 and B.Omg/1 reepectively. The difference may be due to differ-
entinl sensitivity of the two species or to the conntitut-ion éf the
growth media,

(a) Effects of PFPA on Growth of E.coli B in SUM

Since 5~-BU was to be used as & mutagen, SU was present in the
growth medium of the E.coli prior to and during the mutagenic
treatment. SU is an analogue of PABA, a cofactor required for the
synthesis of folate, which in turn is needed for methylation of many
compounds, one of which is & precureor of thymine (Friedkin and

Kornberg 1957)., SU inhibits de novo synthesis of thymine, resulting
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in increased incorporation of 5BV into DNA and thus 5-IU mutagenesis
is encouraged.

An overnight culture of E,coli I was diluted into aliquots of

SUM containing PFPA at various concentrations. The controls were
either unaupplementgd SUM, or SUM with PA added at the same concen-
tration as the nnalog\k. The cultures were aerated at 3?°C and
sanples were taken st intervals and plated to estimate the vimble
c¢ell count.

From Figure 6 it can be seen that PFPA at all cancentretioni
used had a marked inhibitory effect on the bacterial growth rate.
The kinatics of the growth curves of the analogue-treated cultures
were cloger to linear, in contrast to the more exponentisl growth
in the control. This was in sgreement with the findings of Cohen
and Wunier (19_59) and Munier and Cohen (1956 and 1953).

The concentration chosen for further work was 300mg/l ae thil
ceused & 50% reduction in the viable cell number at the eﬁd of the
growth period coupared to the control. Cohen and Munier (1939)
used a coﬁcentration of 100mg/l but comparigons are not really valid
gince the media used by these workers was quite different from SUM,

1t should be noted that PA at all concentrations tested had
no effect on the growth rate compared to the unsupplemented culture,
(b) Effects of PFM_on Plague Formation of T4

Since it was intended to plate S5-BU-mutagenized phage on plates
containing PFPA, it was necessary to determine whether the presence
of the snalogue in the plates affected e.0.p. or plague morphology.

A mixture of T4r” and Té4rll 1272 in spproximately equal propor-

tiona was added to cultures of E.coli B grown in SUM in the presence
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or absence of Pf'PA at 300mg/l. After 15 minutes samples from each
.aliquot were plated out, v¥here the bacterial growth medium had -
contained PFPA, the analogue was also present in the poft agar at
300mg/1l. After incubation, it wag found that the absolute frequen-
cles of f and r plaques were the same whether PFPA was present or
not and thus wuch & concentration of FFPA would seem to be approp-
riate in that it had s marked effect on E.coli growth but did not
interfere with e.o.p. or T4 plaque morphology.

(c) Effect of FFPA on One-Step Growth of T4

Since 5-PBUJ has to be administered to phage while they are
growing intracellularly it was necessary to detaminé if PFPA hed
any effects on phnge growth within FFM-grown E.coli. To do thig,
8 one-gtep growth experiment was performed.

T4r” was added at low m.o.i.i’i'_:f jin the presence of cyanide
to cultures of E.coli B which had been grown in 8UM in the prenénce
or ahsgence of FPFPA et 300mg/l. The complices 'were &iluted into
fresh warm SUM supplemented with FFPA in the came of the aliquot in
which the bacteriz were grown in the presence of the analogue, and
sampleg were taken at intervals which were either plated directly
or after premature lysis. The plating bacteria were grown in the
absence of PFMA and the soft agar was unsupplepented.

Figure 7 shows the results of this experiwent. For hoth
treatments the burst size was low compared to that typical of T4
grown in normal medium (esee Table 18), The maéon for thie is the
presence of SU which as has been said inhibits thymine and hence
DNA pynthesis. In addition tetrahydrofolate, whose synthesis is

alao inhibited by 8U, is hsed as a cofactor for & T- even phage-



Viable Celig/ml (X 107)

Figure 6.

0 1. 2 ' 3
‘ Time in Growth Media {(in hours }

1

ol
=00
270 ™
240
210
180 =
/ . 300[&;‘_‘:{/1
150 . o)
/
/
/
. /
/
120 /
/
/
/
/
90 = /
<4
/
50 b i . doomg/ L
- . A . X a
S “ - / Ly /500mg/1
L L . o) ) N
. ‘ ’ /X . ’/"- /%/
. ) P
' 4



Effect of PFPA on Growth Rate of E.coli B in SUM

The concentrations of PYPA in the different growth media

are shown in the figure.
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directed engyme which methylates deoxycytidylic acid (Fluks and
Cohen 19537} to form S-hydroxymethyleytidylic acid which is found in
T4 DNA rather than cytidylic a,cid.r . Thus 8U inhibits T¢ DNA syri—
thesis in two ways.

Benzer and Freemse (1958) reported a burst size of about 1 in
SU which is some tenfold lower than the value I obtained in the
ahgence of PFFA. This may be due to the fect that they plated o_ut
30 minutes after the start of intéct:lon. It can be seen from
F.:l_gum 7 that lysais in SUM diq not occur until 40 minutes had elapsed,
Thus [enzer and Frea—ae may well have based their estimate on the
number of infective centres rather than the progeny of a hurst.

It can be seen from Figure 7 that the presence of PFFA glmost.
doubled the burst size. In a further similar experiment the burst
size was measured in SUM in the presence and sbsence of PA. No
difference was found, the reegpective burst sizes being 11.3 and 12.8,
Thus the increase cauged by PFPA is not due simply to a general
effect caused by a high concentration of amino acid., The length

of the latent period end the efficiency of adscrbtion was not arfeo'
cted by the presence of PFRA,

The fact that an agent which inhibited the metabolism of the
bacteria actually enhanced the buret siwe of the phage wig An unex-
pected result and will be discussed later. |

Nevertheless, the fact that PFPA did ndt drastically interfere
with phage development meant that 5-BU mutagenesis could be feasible,
(d) 5-M-Induced Forward Mutetion in the Presence of PFPA

Culturens of E.coli B were grown up in SUM and in SUM supple-

mented with PA or PFRA, The cells in each culture were adjusted
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to egual cell dengity so as to normalize the m.o0.1i.. The experi-
ment wes then performed ae described in the Materials and Methods,
with PFPA or PA being present throughout the course of the mutagenic
treatment, ‘Three independent estimates (a, b & ¢ in Table 13)

were made for each treatment. Where appropriate the growth media
of the plating bacterias and the top agar contained PA or PFPA, both
at 300mg/Y..

In Table 15 it can be soen that slthough PFPA had no effect on
the spontansous mutation frequency compared to either of the control
treatuents, it reduced the S~BU-induced r frequency some six-fold
compared to the treatments where the SUM was unsupplemented or when
PA was present.

1t waa decided to. ses whether the inhibitory effect of PFPA on
S-BU-~induced forward mutation frequencies slpo occurred for reverse
nmutegeneeis,

(@) B-BU-Induced Reveraion of Two Tdrll Mutants in the Presence of
PEDA

Two T4rll mutants (coded L1 and L5) vhich had been induced with
NA and which had boen shown by reversion spot-tgsts to be 3-BU-
revertible were chosen, Lyrates of each mutant were grown and
testad for spontaneous revergion frequoncy, and the lysate of each
mutant with tho lowest incldence of revertants was chosen for further
study.

In separite treatments, the ril phage from each strain were
used to infect, in the presence or absenco of 5-HJ, E.coli grown in
SUM, SUM + FA or BUM + PFM, the E.coll in each culture having been

adj ugted to the same cell densities. The expariment waa then done



TABLE 15, Induction of r Mutants by 5-BU in SUM in the Presence

and Absonce of PFFA and in the Presence or Absenco of

Treatment ‘Aliquot No. of » Mutants Mutation Index
_Medium _ — . T (x10~4)

g a 29 2.3
b 23 . 2.5
c 33 2.9
SUM 4 SBU ‘ a _ 136 48.1
124 4r.5
158 _ 84,9
SUM . PFEA & m 2.2
17 2.4
e 15 2.1
‘SUM + 58U+ PRPA a 6 - 8.6
21 8.1
19 9.3
SUM_+ PA a <3 2.4
38 3.0
45 2.6
BiM +58U +PA - a 141 T 47.1
‘ 306 86.2

127 37.5
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a5 described in Materials and Methods. Three estimates of the
revergion frequency after each treatment were made. There was
good agreement €or the estimates within each group and Table 16
gives the mean reversion index of the three values.

The results show that PFPA, though not mutagenic by itgelf, did
depress the S~BU-induced reversion indices of both rll wutants by a
factor of about ten, compared to the other twop treatmente.

The fact that PFI"A inhibited both §-BU=-induced forward and
revaerse nutagenesis is good ovidence eguinst the offect of PFRA
being due to differential selection of r genotypes under the con-

ditions used in 5-BU mutagenegis.

Timing of the Effects of PFPA on 5-BU Induced Reversion
. Since in all the experiments, PFPA was present both in the

growth media of the host bacteria, and during the actual mutegenic
treatment, it is reasonable to ssk which of the two components is.
regpongible for the depression of 5-DU mutagenesis. | It could be
that the presence of free PFPA during nutagenic treatment ig x«éspon-
gible or else the physiclogy of the host may be altered by growth in
the presence of the analogue such that 5-BU is rendered a less effec-
tive nutagern.

In an ettempt to resolve theae possibilities the two components
were separated. Thia was done by growing E,coli B in SUM either in
the presence of P or PFPA, After 3,5 hour's growth the celle
were washed go as to remove frwe PA or PFPA. Each culture was aplit
into two, one aliquot being suspended in fresh SUM + PA and the other
in SUM + PFEA, ‘Yhere appropriate, 5-BJ was sdded to aliquots of

each of these four cultures and T4rllL3 was added at low m.0.1i. to



TABLE 16, 35-Bu-Induced Reveraion of T4 r1l'e L1 and L5 in SUM

in the Presence of PFPA or of PA

. Treatment S . Mean Reversion
STBAIN Mediun r Revertants Index
rI1L} SUM 27 5.3x10~%

-4

SUM + 58U 2216 - 4.7x10
SUM + PA 17 3.2x10"°
SUM + PA + SHU 2041 4.0x10™2
- -6

SUM + PFPA : 37 $.3x10
SUM + PFPA + SBU 176 - 4.0x10™°
. B

r1IL5 SUM 7 3. 5x10

SUM + SBU 3142 8.0x10
SUM + PA ‘ 12 2.8x10° 7
SUM + PA + 53U 3233 - 7. 7x10™%
. SUM + DFPA 10 3.1x10

SUM + PFPA + S5HU 246 5.9%10"°
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all cultures and the reversion indices were mesisured in the usual
way. Three independenﬁ estinates for each troatment were made

and Table 17 shows the mean reversion index of the three. Where
the post-washing medium contained PFPA, so too did the plating agars
and the growth medium of the plating bacteria. In Table 17,
treatments 1l.,2., 7.7 &’8. vere analogous to the original experiments
in that the medis wore constant thrdughout the experiment, Again
PFM can be seen. to have decreased the putagenicity of 3-BU. A
study of the reversion indices wvhere the medin were different for
the E.coli growth and the mutagenic treatments ahows that the major
component of its depressing effect on 5-BU mutageneais was exerted
by its presence in the bacterial growth medium rather than in the
putagonesis mpedium. The slight decrease in $-DU-induced reversion
frequency when PFPA was present only during and after mutapenesis
(ie. Treatment 3) indicates that a minor component of the inhibition
mey be due to the presence of the free analogue during infection.

A general explanation to account for the facts that PFRA
depreased 5-BU mutagenesis and enhanced T4 burst size 1s that £t in
gsome way relieves the inhibitory effects of SU. Such a relief
would result in enhanced de-novo synthesis of folate and hence of
DNA. If thymine were present in higher concentrations, then 5-BU
incorporation into DNA would be discouraged. The fincreased burat
gize could also be accounted for if folate starvation were not go
acuts in the presence of FFM.

This hypotheosis was investigated in two waye., The experiments
were repeated uging MM instoad of SUM mnd in addition a different

antagonist of folate was used instead of 8U,



Estimation of the Timing of the Inhibitory Effect of

TABLE 17,
IPFm on 5-BU-Ind1;¢ced Reveraion o: T4 r1l1lL5
Treatment  E.coli Growth Infection
Code Medium Madium

1, SUM A SUM*PAYSRU

2. " SUMHPA

3. " SUMYPFPAT5BU

4. " SUM+PFRA

5. SUM‘PFIA SUM*PA+SEU

6. " SUM+PA

7. " SUM*PRPA+SBU

8. " SUM*PFPA |

+ Reversion
I Revertante Index
4263 6.ax10™%
-7
144 2.4x10
2963 4,702
-7
185 2,9x10
1284 1. 1x10':4l
52 4.3x10""7
-5
541 8,2x10
85 1.3x10"7
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Iffects of PFM in Minimal Medium

{a) Effect of PFPA d¢n Growth of E.coll B in MM

A culture of E.coli B was diluted into M2 with or without PFRA
at 300ag/l. The cultures were aerated at 37°C and samples were
taken and platod. Figure 8 sghows the results., PFPA had a more

marked effect on the growth rate in MM than in SUM in that the
viable cell density a8t the end of 4.0 hours growth wns about 25%
that of the conteol in MM than in SUM. The growth rate of the
culture with PFFA presant was similar whether tho medium was MM or
SUM,

(b) Effect of PFPA on T4 One~Step Growth in MM

The expericent was performed as describaedbefore, and wae done
using both T4r”' and T4rili272. E.coli B was grown up in SUM or MN
either in the presence or absence of PFPA at 300mg/l. In addition
tfxe effects of 5-BU on the burst sizes was measured by adding the
bage analogue (0.04mg/ml) to gome of the aliquots during the
infection.

Figure 9 showa only the effect of FPFFA in MM on the one-step
growth parameters of T4r'. The regults for rlll272 were essentisl-
ly the same as the wild type. Table 18 ghows the mean (ot two
experimefite) burst size of both T4r' and T4ril1272 when grown in
the wvarious media.

The results show that in the absance of SU, FFRA, far from
enhancing the burst size, reduced it to some 25% that of the control,
Anslogous to the results of the bacterial growth experiments, this
digference could be attributed to a marked increspe in the burat

aige of the countrol when SU was omitted whereas the size of the



Effect of PFPA (300mg/1) on Growth Rate of E.coli B
wwob i S

in MM

The constitution of the growth media are shown in the

figure.
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TABLE 18, Comparigon of the Effects of PFM on Mean T4 Burst Size

in the Pregence and Absence of SU and in the Presence

and Absence of 5-BU

Growth Medium ¥ean Burst Size -
33_:;'_: T4rli1272
SUM 12.6 10.5
SUB+5BU | 10.5 11.6
SUM+PFFA | _ 26,5 | 24.3
SUM+SBU+PFPA 23.5 24.3
MM 7 122,1 92,0
MM+5BU | 126.3 | 90.6
MH+PFPA 29.6 23.5

MM5BUYPF R 28,6 21,9
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burst in the presence of PFPA was very much the same in MM and SUM,
In none of the growth conditions did the presence of 5-BU hawvo

any significant effect on burst size.

(c) Effect of PFPA on 5-BU-Induced Reversion of T4rIl I3 in MM

The experiment wag performed in the same way as described
before except that SU was omitted from one of the treatment media.
Table 19 gives the mean (of three estimates) reversion indices of
L3 after the different treatments.

Ag was to be expected, in the abseounce of SU, 5-BU mutagenegis
was dopressed but. was nevertheless quite strongly mutagenic. it
is cloar homover that when 5~BU was aan:lnislt,emd in MM, FFPA had no
effect on tho induced reversion index, in contrast to the gituation
when SUM wes used &s the treatment medium,

The findings that in MM, compardd to the controla, PFPA had a
more inhibitory effect on E.coli growth, depreseed the size of the
burst, and had no effect on 5~-BU mutagenesis supports the notion
that PFA can indeed reliéve the inhibition which is imposed by SU
on bacteria and phage and that this relief can mask the general
inhibitory action of FFRA.

It ip pertinent to agk whether this postulated relief by FFRA
wig specific to S5U inhibition, or whether it wag & more gonerml
phenomenon such that PFPA could relieve blocks imposed by other drugse
at other pointe in the folate biosynthetic pathway.

To this end the experiments concerning the éffects of PFPA on
growth rate of E.coli, Td-bufst size and 5-BU putagenesis were
done, uging the drug T (2,4~dlamino-5(214!5'trimethoxybenzyl)=

pyrimidine) rather than SU.



TARLE 19, Effect of PFPA on 3-Bl-Induced Reversion Frequency

of T4 ril L5 in the Presence and Absence of SU

Mean Heweraion

Growth Medium r* Revertents Index
' -7

MM 41 6.7x10
MM+PFPA : a7 8.2x10"7
Y5 BY 678 1.8x107°
HM+SBU+PFEA 554 1.8x107°
SUM S 69 6.9x10~7
SUM+PFRA 82 " .8x1077
' -q

 SUM45IR 1391 4.5%10

SUM+GBUPFPA 316 7,7%x10™°
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Effects of PFPA in the Presence of T

~ TM is a potent inhibitor of dihydvofolate reductase in becteria
(Burchall and Hitchings 1985) and this inhibition results in &
depletion of tetrahydrofolste (Bertinc and Stacey 1966; Wilson,
Farper and Rothman 1966) with a consequent depletion of synt!;esimd
thymine. TH also hag boen shown to inhibit RNA (Then and Angehrn
1972) and protein synthesis (Dale and Greenberg 1972) but both
these inhibdétions are less than that imposed by TM on DNA gynthesis,
which is ppobably caused by thymine starvation (Dale end Greenberg
1972) rather than by the more indirect method medisted by the
inhibition of protein synthesis proposed by Eiaenata&t,and Langyel
(1968},

(a) Effoct of FFPA on Growth of E.coli B in TMM

The extent of the inhibition cauged by TM on bacterial growth
rate has beon shown to depend on the constitution of the growth
mediun (Bughby and Hitchings 1968). In particular, the exogencus
addition of endproducts of folate metabolism, such as certain anino
acids, purines and pyrimidines, were found to relieve the inhibitioa,

Accordingly it was necessary to estimate the concentration of
T™ in the i used here which would inhibit E.coli growth to the sane
extent s SU before going on further to measure the effects of PFM
in TMM.

E.coli B was diluted into M to which TN had been added at
different concentrations. The cultures were grown up and gaapled.
It was found that ™ at 0.lmg/l inhibited E.coli growth to about
the same extent as did SU in the earlier experiments (see Figure 10},

Concentrations of T¥ greater than 0.2ng/]l were found to be hacteriow



Figgre 106
Effect of TM on Crowth Rate of E.coli B in MH

The oconcentrations of TH in the different growth media

are shown in the figure.
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cidal.

. Having chosen O.lmg/l as the epproprinte concentration of TH
the effect of adding PFM (300mg/1l) to this medium on E,coli B
growth rate was estimated. ‘This was dona in the ususl way, and the
E.coli viable cell densities after 3.5 hours growth in the various
medie are given in Table 20,

in TMM, the preseuce of PFRA at 300mg/l reduced the finel
viable titre to about 25% the value in the TM¥ alone, This iz o
similar reduction to that found when PFPA was used in MY and compares
with the 50% reduction found in SUNM,
(b) Effgcts of PFEA on T4 One-Step Growth in TMM

The experisent was performed as dlready described. [E.coli B
was grown in MM, TMM (TM at 0.1lmg/1) and T + PFRA. The cultures
were equilized for coll density and were each infected with T4r .
Figure 11 shows the growth curves obtained for the three growth
conditions. The mpan burst sizes of T4 _:ln the preaence of M,
TMY and TMM + PFPA were 168.4, 43.5, and 15.6 respectively. The
presence of PFAM\ therefore reduced the burst size some 60-70% in
the TMM in contrast to the enhancement of burst eize in S5UM causad
by PFAA. TH itpelf reduced the burst size to about 25% of the
value found in MM. This reduction was not as geeat as that caused
by SU in B physiologically equivalent concentration (as determined
by the inhibition of E.coli B growth),

Why this difference exists<is not clear.3> W€ has in fact been
shown that E.coli treated with TM &t quite high levels can still
support phage growth (Miovic and Pigzer 196;3) but the media in that

study and in this one were quite difforent,



TABRE 20, Effects of PFPA on the Growth of E.coli in the Pregsence

and Absence of TM (0.lng/1)

Viable cells/ml

G_rqwth_ Medium After 3.5 Houra Growth
a0l 8.8x10°

MMTH (0. 1mg/1) 4.5x10%
MLOFPA 2,4x10°

MM+PFPA 411 7.9%107



Pigure 11,
Qne-Siep Orowth Experiment with T4 in the Presence of

PIPA and of TH

The constitutions of the different growth media are given
in the figure., The curves obtained after prematurs

lyais are not given.




Figure 11,
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Effocts of PFIA on S5-HU-Induced Hevergion of Tarll LS in TMM

Apinopterin, another folate antagoniut which acts in & very
similar taah!.on to TH (but ig & great. doal more expensive) has been
found to enhance bage analogue mutagenesl (F‘reese 1959a) for reasons
analogous to those proposed for the incneaﬁ in sutapenesis csused
by BU, In the light of the similarities between ™ ami aminopterin
it is not unreasonable to suppose that TN ghould aleo enhence 5=5U
nutagenesis. |

mregtimation of the efdect of m on 5=-8BU mutagenesis wag done
uging T4rIl1 L% in reversion atugies- Tho prgtocol was as already
described for reversion experiments except that T (0.lmg/1) was
used instead of SU. In additioﬁ, the effects of PFPA on 5~-BU
mutagenapis in TMM and in MM wore measured in the usual way.

Tablle 21 shows the reversion indices of T4ril L3 under the various
conditiong. (Mean of three esumté,), The prosence of T
enhanced the induced mmrsion‘ index éhout ten-fold compared to
when 5-313 was used in MM. This compares with the epproximately
forty~fold increase when SU was used as & folate antagonist. It
éan be seen that FFEA had no ef&ect;. on S5-BU-induced reversion both
in MM and in TMM, |

| It should be noted thﬁt ™ wag not mutasgenic by itself. it ia
[+ wrimidine analogue and might thus have been thought to possesas
mutagenic powers. Freege (1959a) hag shown that only & minority
of bage analogues are mutagenic and it would geem that TM falle into
theucategory of non-effective bage analogues.

One other poin.t which may be considered here ia that thymine

deprivation imposed by both TM and SU might have been expected to



TABLE 21, Effect of PFPA on the Frequency of 5-BU-Induced Raversion

of T4 rl1l L5 in the Presence and Absence of TM

Mean Reversion

*

Trea.tment Medium r Revertants I_ndex
-7

M 41 6.3%10
\ertsay : 37 : 1.7x10™°
MM+TY 26 - 3.5%10" 7
o o -

MUFTAHS U 2941 1.4x10
APER 57 8.8x10" "
MM+PFPA +5DBU 250 . luaxio”™
MMHTM+PFPA 51 6.9%10" 7
-4

MMHTMPRPAY5BU 2714 1.2x10
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have mutagenic consequences. Drake (1973) has demonstrated that
mutationg in T4 can be induced by thymine deprivation. . There
are two possible reasons why neither 8U or TM were shown to be
mutagenic in this atudy.
{a) Drake (-_19735 found that anly AT mutants were induwed to revert
by thyaine deprivation; The ril sutants, L1 and L5, which 1 used
were both strongly revertible with 5«BU nnci were therefore likely
to be GC at the mutant eite (Champe and neﬁmr 1962b; Drake 1963),
and hence may be refractory to reversion caused by thyamine gtarvation,
() Drake employed conditione of total stervation wnlike the con=-
ditiona uped here where the thymind starvation wae not complete;

| In 8 very dif!erent s.}mteﬁ,.smvenmn et al. (1973) have shown
that neither TW nor sulphamethoxazole (an anzlogue of PAEA, related
to SU) could induce chromoscumal demage in hinm patients treated |
with these drugs.

Discussion of the Effects of FFM on S5-BU Mutscenesis

'i'he a_baénce of any interaction between TM end FFRA cn any of
the parancters peasured in this study indicates that PFPA cannot
reliew all inhibitory biocks in folate meteboligm and that there
may be & specific interaction between SU snd FFPA,

'me fact that the burgt pize in the joint presence of SU and
PFPA was higher than that found in 5U elone but only slightly less
than that found in MM + PFPA suggests that PFPA relieved SU inhibe
ition rather than vice veras., This view ig supported by the fact
ﬂmt FFPA in MM had no effect on 5-Bl-induced mutagenesis but only
dapressed it in the joint presence of SU.

The fact that virtumlly all the depressgion of 5-BU nutagenesis
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in HUM could be accounted for by pregrowth of E.coli B suggests that
the preinfection hogt physiology was responsible for the effect.

Some possible explanations for the phenomenon are discussed
below, It ghould be born in mind that at this time such modols
must be a8 uttlé speculative. |
{(a) SU ac{:s B8 8 compa;titive inhibitor of the condensation reaction
between PABA and 2-amino-4-hydroxy-S-nothylpyrophosphate-dihydrop~
teridine in the formation of dihydropteroic acid (Woods 1840;
Griffin and Brown 1964).

I PFIA was incorporated into the primary sequence of the
enzyme which catalyses this reaction, it might parndoxically,
incresse the epecificity Aor the recognition properties of the enzymo
guch that it can more readily distinguish PAPA and SU, and in con-
Aequonce ray have o preferential affinity for PABA compared te the
unmodified onzyne, Certeinly the extent of inhibition elicited by
incorporation of PFFA hag been‘shown to vary greatly between diffore
ent enzyoes (Yoahida 1960; Richmond 1962; Westead and Boyer 1961).
Indoed the last authors could trace no decrease in the activities
of certain enzymes into @1ch P had been incorporated.

The concept of incorporation of the wrong amino acid actually
increasing enzyme specificity is somowhat hard to envigage. Thig
pogtulated mode of action of PFPA can he thought of 28 ¢ phenotypic
mutation. Certain genotypic mutations do in fact result in quite
marked differences in specificities of enzymes in the utilization
ér different subgtrates (see Harris 1970). in addition, the
exigtence of T4 gene 43 antimutator allales demonstrates the poge-

ibility of mutations actually being &ble to increase enzyme
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ppecificity,

In order to account for the lack of interaction betwesn T and
PFPA, one would have to state thai;. an. incfem in discrininatory
properties Aaf dihydrofolate reductase &o@s ﬁat occur when PFRA is
incorporated into it, Since T¢ iteolf directs the synthesis of a
dihydrofolate reductase (Mathows 19678 & b; Hall 1967) one has to
apply thie provieo to phm and bacterial enzyme alike. Incidene
tally the T4 engyme has the unusual feature of being 1ncorpomted
into t.he ts8il plate of the phage (Kozloff et al., 1970; Mathews 1971),
(b) The fact that mutants of Neurogpors (Tatum et al. 1954) and of

(Dav:Ls 1955)
E.colt{ - s __J can be. isolated which show multiple requi.rements for

PABAY tyromine, PA and tryptophan indicates that these compounds are
metabolically related. This is not surprising since all are
arogsatic agino acids and indeed they all ghare a common precursor,
ghikimic acid (Davie 1935), |

The control mechanigms of ummntic amino acid synthesis are
complex aud are poorly umderstood. Brown (1970;&:131:) has ghown

5

that there are at least two sets of permoages. for each of the amino
acids, one gpecific for each, snd & general one, amenable to feed-
back iuhibition by any of the end-products, In addition an E.coli
gene (ptyR) jointly reguletes all the engymes in tyrosine synthesis
and ona of engymes in the PA pathway. ‘The repressor product of
this gone can bhe activated by any of the amino acids such that the
target enzyoe in the PA pathway is 'rer.'iressed while the enzymes in
the tyrosins pathway are derepressed.

it hasalready been mentioned that the tryptophan analo_gma, Ip,

hag just the vpposite effect from tryptophan in deciding the -atate
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of sctivity of the tryptophan biosynthetic pathway.

If in an analogous way, FFPA possesses the ability to digorien-
tate the control of aromatic amino acid gynthesis, a poseible
explanation for the interaction betwoon SU and FFPA can be postulatod,

Giver that shikimic acid is commpon to all the pathways, if PFIA
could affect the overall control of mromatic smino scid synthosis
such that PAB} was preferentinlly synthesized, the consequence of
the incressed flux to PABA wouid be a larger pool size of the co-
factor which could then alleviate the competitive inhibition of 8U,

Given the nebulous gtate of knowledgye of the control mechanigme
of arom_ati& amino acid synthesis in the normal state, let alone in
the presonce of PFPA, the actual mechanism of such a postulated
interference of control by PFAA must be a matter of conjecture.

(c) Thia point again relates to the similarity of gtructure botwesn
PA and FABA, and consequently of their regpactive anslogues PFPA and
8U., Thig third model propoaeé that because of the gimilarity of
shapo and charge hetween PFPA and SU, the former cen prevent the
formation of the complex between 8U and enzyme without itself acting
ap an inhibitor, One would neoed to say that this shielding efféot
by PFPA does not, or at least does, but to s lesser extent, apply

to the situation whore FABA 18 presented ns substrate.

The protein in which this shielding occurs need not necessarily
be the enzyme involved in the coﬁdensing reaction with PFABA but
could be sny protein which uges PABA as substrate. Thie point
epplies equally to model (a) sbhove. |

One would predict that in model () the effect would require

E.colt to be grown in the presence of F¥PA 50 a8 to allow the
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analogue to be incorporated into the relevant bacterial enzyme.

Since bacterial protein synthesie stops on phnge infection
(Benger 1053; Bilizikian et al, 1967; Levin and Burton 1961) due to
tho oxclugion of host mRNA from the basterisl ribosomes (Kennel 1968
& 1970), it is to be expected on thiw model that the preesence of
PFRA during infection would heve no further effect on the sizp of
the burgt or 5-BU mutagenesis. For the latter paranoter, this
wag in fact the case.

Models (b) and (¢) require that the pools of the regquired
productes of folate metabolism are g0 depleted during the growth
of the hacteria in SUM, that the addition of PFPA dt_n-.‘;.ng the
mutagenic treatment is not sufficient to cause an increase in the
thynine pool o an extent auff.icient to depress 5-HJ mutagenicity.

All three models invoked somewhat unorthodox mechaniems to
account to:f the interection between PFMA and SU, but on the othar
hand the phenomenon to be explained is of an unusual nature. The
vandityl of the hypotheses could however be tested.

In model (&) assays of the condengation reaction with PABA aa
gubstrate using extracts of B.coli grown in the presence or absence
of PPPA would ghow whether there was ditfémntial competitive in-
hibition by SU on engyms from the two extracts. On the basig of

model (a), FFPA need not be present in the free state during the
assay.-

If model {c) were valid, free PFPA would be required during
the assay for any relief of SU inhibition by PFFA to bo observed
and the bacteria need not heve been grown in the bresence of the

anglogue.
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With regard to the testing of these two models it has already
been mentioned that the target protein need not necessarily be the
engywe which catalyses the condensation of PABA, Therefore if the
asseys wore done on this enzyme, and PFMA was found to have no
effects, this in itself would not preclude the basic validity of
the médels. An exhaustive ﬁeries of asgays of ull enzymes which
use PABA am o substrate wuld.hava to be carried out before any
defix‘zité conclusion could be reached.

If model (b) were trua, this would be reflected in an alter-
ation of pool sizes angd enzy:me activities conderned with at least
some of the intermediate steps in the synthesis of aronatic amino
acids, when the cells are grown in the presence of PFM. To
doternine whether this in fact occurs would be & task of sizeablo
proportion, |

Since the phenomenon involving the interaction between PFPA
and SU 1s somewhat peripheral to mutagenesis studies, 1 decided not
to investigate vigourouasly the undarlying mechanisms involved,
though I bolieve the problenm to be of no smril interest.

If then one can consider the antimutator effect of PFPA on
8- nutagenesis in the presence of 5U to be of a tﬂvial (from the
mutation worker's point of view) nature, it would seem that FFPA
has no effect on the efficilency of 5~3U as a mutagon in ™. This
lack of etteét will be discugsed at the end of thig chapter in
relation to thae findings on the effect of PFPA on NA nutagenesis

in T4,
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11. NA Mutagenesis

The antiputator action of PFRA on 5-BU mutagonesis in the
presence of SU was interpreted as beiﬁg dua to ﬁ dose reduction
effect whereby less mut:agen wag ahle to reech its site of action.

u‘ ma.ga are mutagenized extracellularly,as is the caso with
KA as nutagen. in the :abnence of PFA, then clearly tho doass of
mutegen administered cannot be modified in the way proposed for S-illl.
when mutagenized particles are uged fo infect E,coli grown in the
presence or absence of I’Fm; any differencaes which may be observed
will be due to modifications of resolution and expression of pre-
nutational lesiong.

NA Induced Forwerd Mutation Experiments

The NA treatment was performed in the way described, phage
boing treated with 0.1 NaNO, fn n 4.0 acetate buffer to about 1%
survival, After treatment the phage woere used to infect E.coli B
which had been grown in M! supplemented with either PA or PFPA
(both at 300mg/1) and the complices were plated, using gsoft agars to
which PA or PFIM had been added as appropriate. The piatea were
incubated and inspected for r plaques. Table 22a ghows that there
was & slight enhancinp effect of PFRA on NA-induced (but not 8pon=
taneocus) r frequency. The effect wasg bnly 8 small one and would
not be velid in ita own right, but Tahle 22b, ¢ and 4 shows tho
results of three repeats of the experiment. In all experiments the
induced mutatfion frequency was about twice as high when PFPA was

present than when PA wns added.

The fact that PFPA was present in tho soft agar prompted nme to



TABLE 22, MA-Induced r Frequencies in the Presence and Absenco

of PFM

NA treatment was for 4.5 mins. in all experiments.

Experiment a)

Experiment b)

Experiment c)

Experigpent d)

Growth
¥odium
and No. of Plagues No,. of

Treatment Inspected r Plaques = Frequency

M 4.2x10% 14 3.3x10™4

+PA A 9.0x10° 16 1.8x107°

+PFEA 3.5%107 12 3.4x10~2

+PEPA A 8.3x10° 22 2.7x10™3
% Surv,.te 2,3%

4PA 1.1x10% 3 2.7x20™%

BA BNA 2.3x10° 18 7.8x10"%

R 9.9%10° 2 2.0x20~%

TFR HA 2,2x107 24 1.6x10™2
% Burv,:= 9.4%

+PA 5.3x10° 15 2.8x10™%

PA-HTA 2.8x10% a8 1.7x10™3

FFRA 5.7x10° 15 2.6x10"%

BFPA+NA 1.0x10% 20 2.9x1073
% Burv, - 1,6%

+BA 5.0x10% 13 2.6x10™%

+PARA 2, 1x10? 32 1.5%10™2

BFPA 4.3x10% 12 2.8x10™%

PR PAA 3.2x10% g2 2.6x20"3
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think of a possible explanation for the increased MA-induced
autation frequency.

The ability of the rll protein to tolerate mutational change
without sctually causing a change in phenotype hes been mentioned.
If phage carryirlxg such inocuous putations are plated in the pnesénce
of PFPA and the mlo@ is incorporated :mto' r proteins, then the
combined effect of the two components could reduce the activity of
the brotein to much an extent that an altered phenotype is generated;

Thim idea is analogous to that of Xoch and.Drako {1970) who
found that in T¢ gemi-rll 'n‘i:rainn, full ril mutants could be induced
by NA at sites hitherto umreported. Ilather than the gonotypic
gensitigation uuggésted by these authorsg, 1 wanted to test whethoer
what night be térmed phenotypic sensitization occurred.

Thia was done simply by taking all the r gutants which had
been induced by NA and plated in the presonce of FFM in the experi-
ment whoéa results were given in Table 22d ond restreaking the on
E.coli B on plates with PFPA abaent. For all the 82 r mutants so
tested, r plaque morphology was found on plates ‘lacking PFFA. Thigs
shows that the idea of esensitizatbion of the r ﬁmte:lns by PFPA wag
not reapongible for the incrense in Mation frequency,

Reconstruction Experiment

A reconstrmtion- experisent wag dong to determine if r mutants
are at a selective advantage dfter m-tmated phage are plated in
the presence of PFPA. ~

| A phage mixture of 'i‘4_g+, ril11272 and an rl mutant was made up
in nn aspproximate ratio of 50::(:1. The mixture was treated with

NA for 4.5 minutes, etored overnight and plated against both E.colt B
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and E.coli BB both of which had been grown in the presence or
ahsence of PFM, The top agarg also contained PFPA where approp-
rinte, Counts were made of total plagues and of the incidence of

I plagues on both ﬁtrains of bacteria, Any r plaques on E.coli HB
are rl whereas on E.coli B the mutant plaques will be a mixture of
both genotypes. Table 23 shows that FFPA had no offect on the red-
ative frequencies of either r genotype whether the phage were tmate#
with NA or not. |

Effect of PFR on NA-Induced X Frequency in Joint Presence of SU

Thoe modele put forward to account for tho deprossive effect of
PFEA on 5~ mutaggneais in 5UM all predicted that this antimutf-
penic effect would be specitic to bese anslogue autagens. Thie
pradiction was tested by repeating the NA putagenesis experiments
but using E,coll hosts which had been grown in SUM T FFPA rather
than in MI + PFPA,

The results of two such experiments are shown in Table 24 and
they cun be scen to be virtually the same as were found in the
experiments where MM was used. The fact that in the preasence of
8M, PFMA still increased the NA-induced 1 frequengy is in keeping
with the prediction made above.

NA Treatmant of T4 Grown in the Presence ot PFM

The protocol of thie experiment can bhe considered as the mirror-
imapge of the firat series of experiments.

Lysates from single T4r' plaques were grown up on E.coli BB in
¥M supplemehbed with PA or PFM, both at 300mg/l. Although it wasg
not checked, it was thought that phage grown in the presence of the

analogue would contain PFPA in the gomatic proteoinsa.



TABLE 23. Reconstruction Experiment:- NA Trestment of a Mixture

of T4r‘, rIl 1272 and an ri Hutaht

Yoan % of Mean % of

Growth Medium r's on B.coli B r's on E,coli BB
and Treatment Mean pfu/plate (le. rl & rlI) (ie. rl)
M 524.7 3,24 | ‘1,86
PA+HA . 294.5 2.51 1.50
PFPA 592,.3 3.10 1,62

PFPA+NA 268.1 2.86 1.41



TABLE 24. Effect of PFPA on NA-Induced r Frequency when Host Cells

are Grown in SUM

Egﬁrrirmrent 1.

Growth Medium

and Treatment No, of r Plaques I Frequency
SUMAPA 18 2.8x10™2
SUM-+DA A 46 1.4x10™°

| | .

SUM4EFPA 12 2.5x10
SUM PFPA A ' 93 2.0%10™°

NA treatment tipoi« 4.5 mins.

Survival to 1.8%

Experiment 2.

Growth Medium

and Tre tment No. of r Plagues r Frequency
SUMAPA 11 ‘ 2.9x10~2
SUN PA A . 69 1.8x1073
SUM 4PFPA L4 2.8x10"3
SUM-OFPA ®IA - 126 3.0x10™2

NA treatment time:- 4.5 mins.

Survival 1~ 2.7%
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The two sets of phage were treated with NA in the usual way and
were gcored for survival and for both epontaneous and NA-induced T
frequencios., Table 25 shows that theee pnranefers; were very similar
for both lysates. '

This experiment involved NA treatment. in the presence of PFPA
(if in fact the analogue has been incorporated) but allowed mutant
expression to occur in the absence of PFPA, since the anelogue was
omitted from the growth medium of the plaeting bacteris and the plat-
ing medium and to all intents and purposes only the phage DNA ig
injected into the host (Heréhey and Chego 1952; Hershey 1953).

Thus the protocol contrasts with that used in the firet series of
experiments in which NA was administered in the sbgence of PFPA and
where it wns the expression of the mutantg which was subjected to
PFPA~treatment.

The lack of any effect of PFPA when it was adninistered in
thi.s fashion is not too swprising. It had been thought however
that the incorporation of PFPA might alter the etructure of the head
@uch that reactivity of DNA to NA might be modified. It has been
shown that protein-nucleic acid interactions do have some importance
in the action of NA on viruses (Schuster and Schramm 1958; Schuster
and Wilhelm 1963; Dussault et al, 1970). Clearly under the con~
ditions used here the effect of PFBA incorporation was not gufficient

to modify the reactivity botween NA and the DNA,

Effect of PFPA on the Spectrum of NA=-Induced x Mutants

The enhancod recovery of r mutants when NA-treated T4 infect
B.coli grown with PFPA eeems to be & genuine co-mutagenic effect.

1 .wished to datermine if there was & change in the epecificity of



TABLE 25. NA-Treatment of T4 Grown up in Modium Conteining PFBA

a) Survival

Time of Treatment

{ming,)

5.0

% Survival

PFRA-Grown T4

140

. 58,3
18,6
5.1
1.5

0,86

Control FPhapge

100
67.1
22,0

8.1

1.7

0.65

b) x Mutation Frequency (NA treatment wag for 5.0 minutes).

Dhage Grown
in PFPA NA
No No
No Yasg
Yes No

Yes Yes

Plagues

Inepacted - r Plagues £ Frequeney ™™,
6.4x10° 12 1.9x1072
4.2x10% 54 1.3x10"3
4.8x10% 8 1.7%10~2
4.8x10% 61 1.3x10™>
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NA putagonesis as well aa in its potency.

A large scale putant igolation experiment was performed, using
the sampe protocol described for the pmliminarj exporinmentg in thias
acction. |

The induced r mutants were puriﬂéd and aacribed to the differ-
ent r genotypas, The rll's. were mtéimd and were napped within
the rIl region. 3In addition reversion analyscs were carried out
on the ril mutants, .

It ip evident that though PFﬁ& increased the NA-induced x
frequency it had no effect on the specificlty of the mutants so
induced. Both the relative proportions of the different r geno~
types and the diagtribution of the rII mutant classes were essen=-
tially the same whether PFPA was present or not (Table 26).

Figures 12e and 12b ghow that the maps of point wputations and
deletions 4id not differ significantly from the control when PFMA
was present,

The fact that there was no change in specificity is perhaps
surprising since it pugpests that there is a common step in the
pathway via which all NA-induced premutational lesions are fixed
and that thia step is altered by PFM, The other possibility is
that independent mechanisms in the HA gutagenic pathway are all
equally affected by FFRMA to the same extent, This alternative
would seem & priori to be somewhat improbeble,

Effect of PFPA on NA-Induced Reyergion of an ril Mutant
Five rll trangition mutante which had been induced by NA were

tested for their revergion responee to NA. One mutant, designated

14, ghowed 8 strong reaponse to NA and wag chosen for thig reversion



TABLE 26. Isolation and Characterisation of NA-Induced r Mutants.

Plated in the Presence and Absence of FFPA

a) 1golation of Mutants

Treatment  Plaques Inmpected . r Plaques  r Frequency
+PA 6.2x10" 21 3.4xw07?
FPANA 1,7x10° 227 1.3x107
+DFPA 5.8x10% _ 28 4.5x107%
. +PFPAHNA 1.5x10% Sq02 . 2.6x107>

NA treatment was for 4.5 minutes and gave & survival of 0,91%.

b) Classification of r's into Genotypes

. Ireatment . o xiL Lxill

Nos. % Nes.,  _%_ Nos. 5
+PA B+ 36.2 7 33,3 2 9.4
+PA+NA 126 63.1 62 0.9 12 6.0
+PFPA 11 43.8 = 14 56.2 0 -
+PFPA+NA 224 60.0 140 - 35.0 20 5.0

c) ﬁevergion Analysis of ril Mutants 7

Q_l_ggs_of Reversicn ' ' Ui;igin of I‘,‘[,I,.P.

tPA  +PFRA +PAHNA +DA+PFPA
Hi..gh Roeversion 1 1 6 ¢ 9.7) 14 (10.3)
No Revertants 0 T g8 (12.9) 18 (13.2)
Bauckground Reversion Only 5 10 14 (22.6) 30_(22.1)
With 2-AP o 1 18 (29.0) 38 (27.9)
with 5-8U 0 "0 12 (190.4) 2B (20.6)
with 2-AP & 5-BU 1 1T 4(9.M 8 ( 5.9)

Figures in brackets are the % of each class.
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Ragme:entation of the Spectira of 11 Point Fuiations

Induced by HA with Post=ireatment Infection in the

Presence and Absence of PIPA

legend:=- Ag for Figure 5a.

The numbers above the lines:~ PFPA prepent in post-NA~
treatment medium.
The mumbers below the lines:~ PFPA sbsent from post-

HA-treatment medium.




Figure 12a.
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Representation of the Timensions of rII Deletions

Induced by HA with Post—treatment Infection in the

Pregence and Absence of PFPA

legend:~ As for Figure 5b.

Above:~ PFPA present in posit=NA-treaiment medium

Belowi= PFPA absent from post~-NA-treatment medium.
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study. In spot tests 14 failed to revert with 2AP but it did
respond to 5-BU, suggesting that it carries C st the mutant site.
The reversion experiment wag done by treating 14 with NA for

4.5 minutes in the usual way. The trested and the control phage

ware then plated on E.coli B and B.coli WA3C in order to estimate
.nuwmal and reversion mape-ctively. Where the effect of PFPA
was to be measured, the analogue was present in the top agar and
in the growth medium of the plating bacteris,

In addition aliquots of treated and control phage were
adsorbed to E.coli B grown in the presence or absence of PFMA
before being diluted into fresh MM + PFPA. The cultures were
incuhated for 60 minutes before lysis was completed by the addition
of CHC13. The phage were then plated against E,coll B and
E.coli wg80 which had been grown in the absence of PFFA,

Thus reversion was measurecd either after a cycle of growth in
the presence of the analogue or after direct plating on the restrice
tive host. See Table 27.

No difference in the reversion frequency was detected when
NA-treated phage were plated directly on the restrictive host in
the presence or absence of PFM, However when the phage were first
allowed s round of growth in the presence of FFPA the reversion
fmquéncy of 14 wag increased by a factor of about four compared to
when this growth sccurred in the presencs of PA, Thus it would
appear that replication or at least some parameter of growth nust
gecur for PPM to exort its co-mutator effect on NA mutagenesis.
Discusaion

AS was slready mentioned, the fact that PP causes a general



TABLE 27. Effect of PFPA on NA-Induced Reversion of T4 rii Id

a) lmmediate Plating on E.ooli WAR0

Growth ¥edium ,
and Treatment gf Revaertants Reversion Frequency

+PA 12 8.6x10™7
+PFPA 17 4.0x10™7
+PA+RA 45 7,1x107°

6

+PFPA+NA 49 6.0x10"

NA treatment was for 4.5 mins. and the surviving fraction
wag 0.92%.

b) Plating after Allowing a Cycle of Growth in B.coli B

Growth Medium
‘and Treatment  r' Revertants Reversion Frequency

+PA ' 308 1.0x10”°
JPFRA 330 1.2x107°
+PAGHA 61 8.9x10”8

+PFPA4NA 242 3. 751070
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increase in NA mutagenicity points to the fact that a eingle step

is common to the production of both classes of NA~induced tranaitionsg
and perhaps. to detetions, It should be said that the frequency of
deletions \n;an based on & small gample go that the increase in their
frequency found when PFM was present may not bhe real.

Since in the absence of SU, FFFA was found not to affect tha
trequency of S-BU-induced mutationa it would seem that there is a
PFm-.;mnsit'im atép in the NA.mutagenic pathway which does nct have
a role in 5=BU nmutation broduct:l.on.

Can we postulate any likely candidates for this PFPA-sensitive
step in NA mutagenesias?

Allelas of T4 DNA polymerase (gere 43) have been ghown to have
marked mutator (Speyer, Karam and Lenny 1966) or antinutator (Drake
ot al, 1969) bshaviour. In some instances the effects of such
alleles on induced mutation fregquencies have heen messuraed. Freene
and Freese (1967) found no evidence of mutational aynergiam between
the mutator allele tsl38 and NA, Drake and Greening (1870) on the
other hand used two antinmutstor alleles and reported a depression
of NA patagenesis, specific for the AY 7 {C transition when EMS is
the mutagen and the AT ~>GC mutation when MA is used.

Mutations at other loei in the T4 genome have alsc been shown
to alter 'spontancous' mutation frequencies. Mutants of gene 32
which encodes Albert's protein {(Alberts 1970; Alberts and Frey
1970) have been shown to depress mutetions at GC sites but to enhance
mutation rates where AT is the mutant site (Drake 1973).

| The reports concerming the mutator effects of gene 30 (DNA

ligase) mutants sre in some conflict. Sarabhai and lamfrom (1969)
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reported that proflavine-induced reversion of an ril frameshift wag
enhanced when the phage carried @ mutation in gene 30, Thie
finding was not confirmed by other workers (Dérnstein 1971; Koch and
Drake 1973). A report of a very large mutator effect of & ligase
mutant of T4 on spontengous mutation rates (Campbell and Rowe 1972)
is sigo in conflict w:l.ih the findings of Xoch end Drake (1873).

In E.coli, mutant alleles at several loci have been ehown to
have mutator behaviour; mut T (Treffers et al, 1954), ast (Goldstein
and Smoot 1955), mut S (Siegel and Bryson 1967), pmut V4 (8iepgel
1973) and several others (e.g. Hill 1988 and 1970; Liberfarb and
Bryson 1870) have been reported in the litemtum.l

Hill (1972) has ghown that. there isg mutationsl synergism
between mut N1 and UV, ENS and MMS. Vhether the mut H locus codes
for a DNA polymerase ig not known, This study of Hill's was
exceptional, since studies on mutationsl eynergism between mutagens
and bacterial mutators are rare.

It should be @aid that the effects of PFPA on NA mutagenesis
have some points in common with the effects mediated by a T¢ mut-
ation, hm. A preliminary study of this mutation formed the subject
matter for Chapter 8 of Rosulta and the mimilarities between the
PFR~affact and the effect of hm will be more appropriately discussed
after the consideration of hm.

Protably the most reasonable explanation of the synergism
between PFHI\ and NA is that a mutator enzyme ia transiently gensratod
becnuse of the incorporation of the manalogue into its sequence..
Such an enzyme with altered specifities could be termed & phenotypic,

as opposad to genotypic mutator.
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Of courge it ig possible that it is not & ¢ingle mutational
mechanisn which 18 so changed, but rather that each NA-induced
premutational lesion class has its own independent pathway and that
each of these nutational pathways is equally affected by PFR,

The failure of PFPA to cause a chango in the NA-induced spectrum
may be considered & necessary corollary of the lack of alteration
in the relative proportions of the clagses of mutant induced by NA
in the presence or absence of the analogue. The relationghip
betwoen the spectrus and the cla;aaes of nutante of which it ia

compoped will be digcussed later.

The fact that PFPA enhanced the NA-induced mutation frequoncy
but not the spontaneous nor {in the absence of 5U) the 5-BU-induced
frequencies may be interpreted in one of two ways. The first is
to say that the mutagenic pathways of NA-induced mutations are dif-
forent from the apontangous and 5-HJ pathways and that it is only
the step(s) in the former which are PFm-aan-aitivo. The second
posgsibility is that the incorporation of PFPA into the mutator
protein changes the accuracy of thig protein only when it encounters
HA~induced lesions, and that when tbe lesions are 5-BU~induced the
error-pronenass of the protein is unaffocted by FFPA incorporation.
Clearly at this stage it ig impossible to distinguish between these

possibilities.
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4, EFFECT OF STREPIONYCIN ON INDUCED MUTATION IN T4

The thinking behind the bhoice of the antiblotic SM as an
ancillary agent in mutagenesis was basically two-fold,

(a8) SM has heen shown to intercelnte into DNA (Lerman 1984) but
this author failed to demonstrate any mutegenicity with SM. There
ie one report of mutation induction by SM (Fernandez, Haas and Wyss
1953), but the measurements in thig study were open to congiderable
error. SM at very high concentrations hag bgen shown to induce
achromatic lesions in mman chromosones (Obe 1970) but not in those
of Vicie fabia (Cbhe 1972). Vhether the effect in the former caue
is due to intercalation i@ not known.

Erythromycin. which ig related to SH both in structure and in
mode of action has been shown to induce peti-tashin yeagt with veyy
high efficiency (Carnevali et al 1971; williamgon et al 1971) but
in all probability this effect is an indirect one medlated by the
1nh151tion of mitochondrial protein syntheegis and not by & direct
nutagenic effect of erythromycin,

1t was thought possible that intercalation of an agent into DHA
would regult in localized stereochomicel alteration of DNA, The
posaible coatribution of DNA stereochemigtry to the poaitioning of
hotgpots will bhe discugsed later. By altering the stereochemistry
it wag conpsidered to be a possibility that the rll spectrum of
mutants could bo changed. It hes in fact been shown that ethidium
bromide, an agent which readily intercalates with DNA, results in
differontial reading of treated templatea by DNA polynmerases from a

varisty of vertebrates, the extent of the infidelity of reading
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depending on the base composition of the template (_i?ridnnar and
Weissbach 1971).
(b) SM is of course beet known as an sntibiotic which scte by
inhibition of protein éynthesia. A great deal of evidence now
exists to show that S binds to bacterial ribosomas and 1nh1b1ts
their function. (See review by Weisblum and Davis 1968). It
should be noted that in the already-mentioned study of Fermi and
Stent (1362), it was found that in the presence of another protein
gynthesis inhibitor, chloramphenicol, the 5-BU=induced intergenic
gpecificity in T4 wase altered. The cause of this phenomenon isg
gtill unknown. |

Apard from the actunl inhibition of protein-ayntheais, the
interaction of SM and bacterial ribogomes msults_ in two other
related phenomena which make the use of this agent of greater
relevance to a study of this type.

Low lovels of BM have been shown to coiuse phenotypic suppression

of gome nongenge codons in E.coli (Gorini and Kataja 1964), bacterio-
. phage T4 (Scarfati 1967; Karam and O'Donnell 1973) and sevaral RNA
bacteriophages (Kuwans and Endo 1969).
Complementary to this 18 the finding that StrA smutants of

E.coli, which are resistant to SM, diminish the efficiency of pre-
existing nonsense suppressors (Gartner and Orias 1986; Gorini 1970),
This restriction applies also to_missense suppressors {Bigwas and
Gorini 1972), This restriction probably esccounts for the recent
findings {(Clarke 1973; Bkavronskaya et &l. 1973) that the frequencies
of UV=-induced ochre suppressors were depressed in Si-resistant

gstraing of E.coli. This antimutator effect could be relieved by
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addition of 8M to the plating medium,

Although the nature of tl{te phenotypic suppression and of the
regtriction of suppression ig imprecissly umderstood, 1¢ soons §Mar
that translational ambiguity is involved. This interpretation is
in sccord with the findings of in vitro experiments where the addit-
ion of SM resulted in increased levels of misreading of sy;xthetic
polyribonucleotidos {e.g. Davies, Gilbert Snd<30r1n1l1964) and of
naturally occurring messengers (Schwartz 1965). Although SM-
mediafod suppresgion is fairly unspecific in that it can act on all
thres nonsonse codons and on a variety of 1B§enae codonsg, the
sisreasding 1s not totally at random., If homopolynucleotides are
uged ag megsenper, only one of the ﬁwire within a codon 15 sub-
ject to misreading (Davies, Gorint and Davis 1865) and it has also
been shown that certain triplets are refractory to misreading in
vitro (Pavies, Jones end Khorana 1966). The demonstration of
mistranslation in vivo has teen somewhat harder, but Strignini and
Gorini (quéted in Gorini 1970) have shown it to ocecur,

It the hypothesis put forwafd concemning the ability of FFPFA
to cause misreading is to be believwed, then one could consider PFPA
and 5M a8 mediators of the same end result, though each agent
achieves this and by very different meansa,

if SM could be shown to have an effect on the specificity of
the induced mutant spoctra of Td, then the posaibility exists of
diggecting the two conponents of the ection of 5M enumerated sbowe
to gee which is responsible.

The relative importance of intercalation could be tésted by the

uze of another compound, euch ap sparmine, which alpso intemalateas
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into DNA (Lerman 1964). This compound has no effect on mutation
rates in T4 {(Drake 1970) but it is antimutagnic for E.coli (Johnson
and Bach 1965 5nd o667

The relative importance of the phenotypic suppression and mis-
reading could be determined by the use of another pgent, suwch as
5-FU, which mimics SM in these paranoters. 8=-FU is an analogue of
urscil and 18 incorporated into RNA, snd may pair with eithor A or
C. This results in the guppression of nonsenge codons (Benzer and
Champe 1961; Champe and Benzer 1962h; Garen and Siddiqui 1962).
Concomitant with this loss of accuracy, a3 measured by phenotypic
suppraegeion, is the fact that 5-FU also causes the production of
defective proteins as a result of misreading (Naono and Gros 1960).

However 5-FU is a potent inhibitor of nucleic #c:l.d synthests
(e.g. Osawa 1965) and hence the mutagenicity of 5-BU (one of the
mutapens uged in this study) would be increased for reasons which are
analogous to those used to account for the fact that other inhibitors
of DNA syntheeis (e.g. SU, T, Aminopterin) alsc increase the
mutagenic powers of base analogues.

A better choice might woll have been & ram mutant of E.coli,
which has similar effects to thoge obtained by the addition of SN,
It suppresses nongense and missense codons (Gorini 1969) and it
increases the level of in vitro miereading, to £ level equivalent
to that found when wild type ribogomes in the presence of SM are

used to direct the synthesis (Gorini 1970).
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EXPERIMENTAL

Y. 5=8U Mutagenesis
{a) Effect of SM on Growth of E.coli B in SUM

Just as in the work with PFPA, it was necassary to estipate the
dose of SM which would cut the growth rate of E.coli B grown in SUM
by about 30% since the initinlly intendsd protocol for 5-BU mutagen-
esis was to mutapgenize the phage in the presence of SM and in cells
‘which had boon grown in the presence of the drug. The procedure
for estimating the appropriate concentration of SM wng the same as
that used in the preliminary experiment on PFPA, It can be seen
from Figure 13 that SM at 2mg/ 1‘msu1ted 113 a vial_:lp cell dgnaity
after four hours growth in its presence which was about half that

found in the control.

(b) Effect of SM in the Plating Medium on T4 Plague Formation

This preliminary experimnf wag necessary becausy it was
‘ intended to plate smtagenized phage on plotes containing SM.

E.coli B was grown up in SUM supplenented with various concen-
tratione of SM. After 3,5 hours growth T4_1_;+ was added at low m.o0.i,
and the complices were plated on plates to which 8M had been added
at different concentrations.

Table 28 gives the number of T4 plaques/plate after the various
treatnents. The results show that pregrowth of E.coli with SM
at 2mg/1 was not very satisfactory asince T4 showed 8 drop in €.0.p.
even when the plates lacked the udrug,. In addition those plaques
which did form were not well deﬂned and it would have been very

difficult to recognize plaque morphology mitants. When E.coli was



Figure 13, .

Effect of 3M on Growth Rate of Es.coli B in SUM.

The concentrations of SH in the growth media are given

in the figure.
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TABLE 28, Effect of SM in E.coli Growth Media end Plating Media

an T4 Plaque Formation

Conc. of 8M in

E.coli Growth Media Conc. of SM in Plates (mix/1)
(mg/ 1)
0 0.1 0.5 1.0
0 : 200 211 195 199
1.0 142 130 74° 30°
2.0 44°  36° ? ?
3.0 ? ? ? ?

? = No plaques discernibde because of very poor
bacterial lawn formation.

0 « Plagues poorly formed on thin lawyn.
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grown in SM at 1.0mg/1, the e.o.p. wasg 5till less than the control
but the plaques were quite distinet eo long as the plates contained
SN at & concentration no higher than 0.lmg/l. The effoects of Sk
on @.0.p. will be returned to after consideration of the one-afep

growth experiments.

(¢) Bifect of SM on One-Step Growth of T4

A culture of E.coli B was grown in SUM with or without SM at
1.5zg/1. This lower dose of SM was chosen bacause of the drastic
effect which SM at 2mg/1 had on T4's pluque-roming ability.

After 3.5 hours growth, the bacterin were rosuspended in fresh
SWM + SM, the viable cell density of each aliquot having been
adjusted so that they were the same.

T4r” was then added. SM was omitted from the plates end from
the growth medium of,‘ the plating bacteries, Because the effect of
SM on @,0.p. hinted at the possibility of impairéd T4 adsorbtion to
SM-grown E.coli, it was decided to do the experiment in the abaam:é
of NaCN go thet the Kinetics of adsorbtion could be measum’d.
Accordingly the zero timeg in Figures 14 end 15 correspond to thé |
¢imes at which the phage was added, rather than the times mt which
the complices were diluted out of NaCN. In these experiments,

dilution into fresh medium was done twelve minutes after the
addition of the phage.

Figure 14 phows that under the conditions used here, SM hed a
drastic effect on a number of parameters of T4 growth. The
adsorbtion of the phage was greatly impaired, as shown by the fact
that in those aliquots prematurely lysed, the number of viable

phage was similar to the values found in the uniysed aliqﬁota.
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One-3tep Growth Experiment with T4 in SUM in the Presence

or Absence of SH at I.Emg&

Symbols:-  Open Symbols - Prematurely lysed with CHC1,
Cloged Symbols -~ Plated directly
Triangles « SH present

Circles - SM absent

H.B. t = 0 wae the time at which phage were added,

in the abmence of c¢yanide.
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The fact that the titre of phage in the unlysed aliquots fell during
the latent period pointed to the failure of a proporticn of the phage
which had been adsorbed to develop. The fact that the lysed end
the unlysed aliquots peealled each other so clogely sugpested that
the large majority of adsorbed phage failed to develop.

This experiment was repeated, ueing a lower concentration of
SM (1.0mg/1). See Figure 15. The effects which were seen with
5M at 1.8mg/1 also occurred at 1,0mg/1 hut to a lesser degree.
Adgorbtion wag still impaired. Approximately 70% of the phago
were adsarbed comrxémd with more than 93% in the control.. There
weg alao & fall in the titr:-e of phage in the unlysed eliquots such
that the titre of viablo phaege was reduced ebout _thm—-!old. it
should be notod however that the final titre (after 80 minutes)
reached & velue of about twice that at the start of the infectiom,
Clearly‘t!‘:_a:_:. there were gome guccessful infections. If one
dividas the final titre by the number of viable adsorbed phage
(this latter function can be obtained by subtracting the lysed
titre from the unlysed titre 20 minutes after the start of the
infection) che obtains a corrected burst-size of 13.0. This com-
peres with a value of 14.1 in the control. If the interpretation
of the hehaviour of the T4 growth parameters is correct, then SM
had no effect on the burst size of those phape which adgorb and
develop successfully but it completely inhibited the growth of the
pajority of phage.

Freeda and Cohen (1966) found that intracellular protein
synthesie directed by T4 wns in general inhibited less than that of

bacteria, though the syntheeis of certein proteins such as lysozyme
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One-Step Growth Fxperiment with T4 in SUM in the

Presence of Absence of SM at l.Ong1

Synbols as for Figure 14.

As in Figure 14, t = 0 was the time at which phage

were addod.
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were peculiarly sensitive to inhibition by SM,

Older work, with another aminoglycoside antibiotie, Aureomyein,
ghowed that this drug inhibited adgorbtion of phage through a sgtill
unknown mechanism (Altenbern 1953). It has also been reported that
SM hae & lethal effect on free phage (Edlinger 1949; Jones 1945;
Cohen 1947; Bourke, Robbins and Smith 1952), but the doses used in
all these studies were massive. However to check this possibility
1 exposed free T4 to SM at 1.5mz/1 for two hours. At this concenw
tration no loas of titre wasg observod. The fact that bacteris
containing sature T4 cnan be lysed prematurely by addition of SM
at high concentration (Symonds 1957) could not have been responsible
for the drop in titre since in a subsequent sihgle—,burat expariment
with an amended protocol._(see below), SM was present throughout the
courgs of infection hut no loss of titre was observed.

The finding of & reduced mean burst size as measured by divid-
ing the final by the initial titre (burst size = 2.1 in the presence
of S¥ at 1,0mg/1), which was interpreted as being due to a minority

of individuals giving rise to full bursts, while the remainder
contribute little or nothing to the final titre is reminiscent of
an aspect of the phenomenon of capacitance (Benzor and Jacob 1953),
UV-killed B,coli can efficiently support the growth of T4 go long
ag infection is done immediately after irgadiation. However if
time is allowed to elapse before infoction the mean phage burst is
reduced. It was found on closger analysis thet some infective
centres ylelded nomal bursts while others gave no progeny (Boyle
and Swengon 1971). However the ability of the phage to adsorb was

not impaired under the conditions causing loss of capacitance.
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It ig clear that the effects of SM on the development of T4
are puch ag to render its usc es an ancillary agent in 5B nutagen-
esis most unsuitable, at least under th_s cond}.tions usgad above.
The most obvious drawback ig the fact that & substantisl fraction of
the phage remnins unadsorbed and hence is impervicus to the muta-
genic action of 56-BU.

A second protocol was found to be more acceptable. Here the

E.coli wag grown in SUM in the absence of SM and after 3.5 hours

growth phage and drug (2.0mg/l) were added contemperaneously, again
in the absence of cyanide, and the experiment wag performed in the
usual way, Under this regime SM aid not interfere with adsorbtion
nor did it :lnactivate any infective centres during the latent
period. It did however reduce the burst size by about 50% compered
to the control and it extended th; latent period some ten minutes.
See Figure 16.
(d) Effect of SU on 5-BU Forward Mutagenssia

T4r* phage, and where appropriate SM at 2.0mp/1 end 5-BU at
0.05mg/ml were added to & culture of E.coli B which had been grown

in SUM. The oxporiment wes carried cut as described in Materials

T Ty

g o L e

and Methods. The results’ are given in

Table 293, Estimates of the induced mutant fréquencies were made
in two waye.

{a) By dividing the total number of r's by the total number of
plagues inspected. This value will be an coverestimite since it
troats all r's as if they were of independent origin. Given the
large number of independent estimates (i.e. ono for each plate), on

which this moan is based, the extent of the overestimation should be
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One=-Step Growth FExperiment with T4 in SUM in the

Pregence or Absence of SM at 2.0mg/l. (SM sbeent

from Escoli growth madias.)

Symbols 2o for Figure ld.

t = 0 was the time at which phage were added,
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TABLE 29, EBffect of SM on 5-BU-Induced Frequency of T4 r

Mutation {(lat 1solation)

a) lsolation of Mutante

TREATMENT MEDIA

Control 48M +63 . +8=BU4SM

' 3 3 5 . 4

Total Plagues Inspected . 6.0x10°  8.1x10°  2.3x10°  7,1x10
Total of r Plaques. - 18° 1 - 188 . 310
% of plates with at least 1 r 8 2.5 771 64.2
Mean pfu/plate 918 834 786 818

Mutationn Index(TOtal r's

Total £'s ' 343a8° 1.3x10° 6.1x10°  4.3x15°
Total Plaques _ :

© .18 of the r's obtained in the control were on one plate..
On testing, all 18 were found to be ri's and were in all
probability the result of a jackpot.

b) Classification of r's into Genotypea

(i) Totals
Treatment rl ril rlll

Nos. % Nos. Ya Nos. %
S5=BUI+SM 157 57.3 148 : 38.4 9 3.3
587 a7 8l1.5 17 14.3 -8 4.2
(ii) Number of Plates Carrzmg at Ieaat One Plggue of the

o Relevant Genotype

Trogtment po § ‘ r1X ©orlil

Nos. % Nos. . % Nos. %
5.8+ 9N 86 58.9 51 34.92 9 6.2

5~BI 52 75.4 12 17.4 5 7.2
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similar for the SM~treated phage and the control.

{b) By calculating the percentaige plates with at least one
mutant plaque. For this to be legitimate the pfu/plate in the two
treatments should be the same. In this experiment (and in & gub-
seguent repeat experiment) this was the case. This method will
give rige to an underestimate of frequency since it assumes that all
r mutants on a single plete are the progeny of one mutant perent.
That thig essumption is not true could be ghown by demonstrating
that on gome plates & mixture of r genotypes occurred.

Both methods of calculation show that 5-BU-induced forward
mutation frequency was marginally lower in the presence than in the
absonce of §M, but given the errors involved in the calculations,
there fo no justification for considering the difference to be a
real one.

Al} the g mutants induced by $~BY were purified and then
ellocated into the r genotypes in the usual way. Table 29b(i)
shows the clagsification of all the p's, irrespective of whether
they came from the same plate or not. In Table 20b(11) the classi-
tication wag based on the number of plates on which there was at
least one representative of the relevant genotype.

it is questionable whether the higher proportion of ril's found
in the 5-BU + SM treatment is a rosl one, given the already-mentioned
errors involved. In fact in & subsequent experiment (see below) no
real difference wag found in the relative frequancies of thoe
different xr genotypes induced by 5-BU in the presence and absence of
8M.

The ri and rlIll nutants were discarded and no more than one rll
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wag taken from each plate for further anulysie. This precaution
ensureg their independent origin. There was therefore a total of
12 rllts induced by 5=-BU in the gsbsence of SM and 59 rll's induced
in tpe progence of the drug.

1 coneidered these numbers too low for any valid comparison
betwe‘en the two classes to be made. Accordingly the collection
wag supplemented w:l'l_:h more ril'a igolated in the way described
ahove.

Table 30 ghows that the results were essentinlly the same as
in the first experiment yiz:- no effect of SI on 5-BU mutation
froquencies and lack of mutagenicity of SM itself. As was mentioned
above when the r's were classified into genotypes no difference in
the relative frequencies of the r genotypes of mutants induced in
the presence and abgence of the drug waﬁ found.

Inde:_:endsntly arising rII's were taken from this isolstion,
glving a ngand total of 71 ril's induced by 5=-HJ and 80 induced by
5-8U in the presence of SM,

Although there appeared to be no effect of 5M on S-BU-induced
mutation frequency thig did not necessarily preclude the poasibility
of moditication of the induced apectrum, though to bo sure it made
it loea likely than if the frequency had heen chenged. Accordingly
the rii's were mapped within the rIl region. It is clear from
Figure 17 that there was no essential difference in the 5-BU-induced
spectra in the presence and abgence of Sk, 0f course for those sites
with only single representatives there can be no oxact overlap but
avery hotspot containod representatives induced by 3-BU in the

presence and gbpence of S,



TABLE 30. Effect of BM on 5-BU-Induced Frequency of T4

Mutations (2nd lsolation)

A). lsolation of Mutants

THEATMENT MEDIA

Control oM
Total Plaques Inspectod s.3x10%  2.7x10%
Total of r Plaques ‘ 7 9
% of Pletes with at least 1 r 6.2 8.1
Mean pfufplate 745 B16
7 ' -
Mutation : Index{ooter L8 2.x18°  3.5ad?
Total Plagues
b). Claagification of r's into Genotypes
(i) Totnla
Treatment rl S |
Nos. = _%. Nos, %
5-~FRJ5M 148 65.2 72 27,9
528U 214 56,2 143 37.5

+5-8BU 55BN

(1i) Number of Plates Carrying at Least One Plague of the

lelovant Genotype

Treatment _;-_L

il

Nos. % Nes. %
5:BU+SM 54 61.4° 29 27.6
580 86 50,9 59

34.9

a.8x10%  2.ex10?
381 258
69.4 82.8
564 731
7.8x10°  9.8x10°
rill
Nosg, %
18 7.0
24 6.3
rill
Nos. %
18 17.1

24 14.2
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Regr'esentation of the Specira of rII Point Mutations
Induced by 5EBU in the Presencé and Absence of SM

legend:~ As for Pigure Sa.

The rumbers above the lines:- Induced by 5BU in the
Presence of SH.
The rmmbers below the lines:- Induced by %5~BU in the -

Absence of 3Me.
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In view of the lack of any difference in the rll spectra and
the S-R~induced mutstion frequencies in the presence and absence of
M it was decided not to take the analygis further by clagsifying

the patterns of reversion of the rilts,

IX. NA Mutagenesis '
Effect of SM on NA Forward Mutasonesis

In a forward mutation exper:lﬁent '1‘4_1;+ phage were treated with
NA in the usual way (o.1M NaNOz‘ in pi 4.0 acetate buffer for 4.5
ninutes). The mutageniﬁed phage womr then added to o culture of
E.coli B which had been grown in MM and to which cyanide had beon
added ten minutes earlier. After a;llmring time for adgorbtion the
complices were diluted into two fresh ealiguots of MM prowarmed to
37°C. To one of these aliquots had been mdded SM at 2.0mg/l. The
culturea were incubated tﬁr 15 minutes hefore being diluted further
and plated sgainst E.coli B. Neither the top agar nor the grawth
medis of the bacteris had had 5M added.

After ovornight incubation the plates were inspected for r
plaques. ¥From Table 31 it can he conciuded that SM hed no effect
on Mi-induced y frequency and on further annlygis it can be seen
that it failed to alter the relative proportions 6! the different r
penotypes, See Table 310, | |

. Given those negative results, it was decided to take the
analysis further only as ‘tar as allocating the rl_l's into cistrons.
Thig was done by crogsing the. induced rll'e with r11638. Those
matants which recombined with this deletion wore placed in the rllA

eistron and those that failed to cross were claggified as belonging



TABLE 31._ Effect of SM on }&-«Induced Freguency of T4 r Mutations

A) lgolation of Mutants

Treatment Total Plaques Inépecteﬂ Total x Plaques r Frequency
Control 7.8x10% 11 2.6x10™%
o 6.9x10" 17 2.5x10~%
- 9,2x10% 120 1,4x10™°
+NA 48N 2.4x10° 284 1,610

b) Classi.ficﬁtion of r's into Genotypes

Treatment rl | ril _x_-_;.;g_;_

Nos. _j__ Nos. % "Neos. %
+HNA 73 56.6 42 32.6 14 10.8
+NA+EM 160 56,3 92 32.4 32 11.3

¢) Classification of rIl's into rIIA eud rIIB Cistrong

Zroatpent rlla ~Z11B
Nosg. % Nos, %
A 25 59.5 17 40,5
NA+EH 58 66.0 30 34.0
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to rIiB, Table 31lc shows that the presence of SM had no effect on
the relative frequencies of induced rIl's of the two cistrons and it
was decided to take the analygis no further.

Rather disappointingly theh,m had no effect on the potency or
specificity of NA- and 5-BU-induction of r mutants. All one can
say is that none of the modificationa of cellular metabelimm caused
by BM are of importance in the mutageni§ pathways of either mutagen.
This ia not to say that all modifications o:rl ribosomal function or
all intecalating agents will algo faill 't_o have any effect on ind\.tced

mutagenéaiﬁ.
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5. A PRELIMINARY STUDY OF THE hm MUTATION IN T4

The work to be described in this chapter wag concerned with e
study of possible changes in mutagen specificity due to an alteration
in genetic background rather than by experimental manipulation of
the conditions under which mutaganesis was carried out.

The mutent used was designated hm by Dr. J.W. Drake who supplied
a stock of the stmih. | This mutant has a rather unusual hintor&.

A nutent of T¢ with increased UV sensitivity was isolated by Harm
(1963), This rutant, named x, was also shown to have reduced
intragenic recombingtion frequency (Harm 1964) and an inereased
sengitivity to X-raye and to M3 l(ﬁ;ldy, Btrom and Bernastein 1971
Mortelmang and Friedberg 1972), Drake (1973) has establighed that
the x "mutation" is in fact a double mutant and he hag designated
the two mutants px and hm. He found that px is responsible for the
UV and MiS senpitivities and for the reduced recombinaticn frequency.
The hm mutation, on the other hand was cheracterized aa having wild-
type UV and WMS5 sensitivities and normal recombination frequaency.

1t does however possess & higher spontancous frequency and it enhances
the frequoncy with which mutations induced by 2-AP, MMS and UV are
induced, |

The fact that hm can enhance induced mutagenesis without itself
causing a great increase in spontanecus fregueancy renders it a gocd
candidate for a study on the effects of @enetic background on the
specificity of induced mutatione since there will be less ‘tontamina-
tion'of the induced mutations by those arising gpontaneously than

would be the case if the effects of an sllele which produces
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magsively elevated spontaneous mutstion rates (e.g. gene 43) on

induced putations were measured,

Experimental

NA Treatzent of T4 hm and T4 hm'

Prelininary to any studies on the Té¢hm strain, lysates were

grown up on E.coli BB in the usual way end aseayed for the incid-
ence of spontansous r mutants, Tho freguencies in five lyanteé
are shown in Table 32 and were soms two to three timoes greater than
thoae found fér the M+ strain. Thie increase in gpontanccus r
frequency was not as great as that reported by Drake (1973) and

tha reagon for this ig not known. Of the five, lysate E had the
lowest frequency and this was used in the subsequent work.

It was intended initislly to ileoclate a wvariety of different
classes of rll mutants and to compare the reversion frequencies
induced by different mutagena when the ril's were in the hn and hm*
backpgrounds.

NA was chopen ag the mutagen to induce rll mutants in the hn
background since it i giople to adminigter and it induces e
variaety of mutant clesees. 1t was intended to hackcross the rlli's
80 induced into the hm' strain and compere the induced reversion
froquencies of the sgame rll in the two strains.

The hn stock lysate was treated for 4.5 minutes with 0.1M
Namz in g 4.0 buffer. From previoug experience it was assumed
that such a treatment would result in ebout 1% survival. The
dilutiong, prior to plating were calculated on thig assuwption so

as to give about 103 pfu/plate, In tho event however the plates



TABLE 32, Spontaneous r Mutant Frequency in Five hm Lysates

Lysate Plaques Ingpected No. of r Plaques r Frequency
A 2.6x10% 18 é.sgm"‘
B 3.,6x10° ' 24 6.7x207
c 2.4x10% 16 6. 7%10™%

D  3.2x0t 16 5,010~
a . -4

E 4,4x10 20 4,5x10
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gshowed virtually confluent lysia, there being many more survivors
than expected. This suggeation of increzsed NA-resistance in hn
was investipnted.

Both Tdho and hn  were treated with NA (gH 4.0) in the uaual
way, sanples being taken at intervals and plated agminst B.coli B
to estimate phape survival.

From Figure 18, it i clear that there was & marked incronse
in the resistance of hm compared to the wild-type. Both killing
curves were linesr &nd -hence the ratio of purvivors in the hn
over the p‘g!:_ strain increased with inc.rensing FA dose.

To my knowledpe this was the first domongtration of a genetice
ally determined ef!ect on the response of T4 to inactivatian by NA.
Differencas in sensitivity due to genetic background have however
been found in E.coli (Howard-Flanders et al. 1066; Clarke 1970),
Salmonells (Rudner 1961) and various fungi (Chang and Tuveson
1967; Lennox and Tuveson 1967; Zimmerman 1968). 1n addition
winklsr (1965) hag shown that to & certain extent, the NA-gonsite
ivity of bacteriophsge kappa can be altered by genetic changes in
the host, Sorratis,

It is of couree quite possible that the difference between
tho two straing was not due to the mutetion at the hm locus.
Indeed it could be that by chanco, my wild-type strain was in fact
NA-sensitive due to en independeat nutation, To go gome way
towards testing this possibility, the experiment was repeated, but
in addition the responses of two extra wild-type stocke (i¢B and
T4D} kindly supplied by Dr. J.¥W. Drake) wore neasured. It was

found that the killing curves of these two strains =nd of my
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original wild-type virtually{ overlepped, the hm strain being more
regigtant than all other three atrains. This result suggests that
my wild~type Qas- not in fact NMA-gensitive, It does not howaver 4ay
that it was the outation in the ha locus itself which was respon-
sible for the resistance in this strain,

Given thip difference in the NA-sonsitivities of the two
straing, it was decided to test whethor the strains differed in
thelr rasponse to HA as a uutagen,

When meking comparisons of induced smtation frequencies in

strains ghowing different sensitivities to the lethal action of

P

i a smutagen there is 8 problem in deciding the definition of equiv-

emn

alont dopes. One can compare equal physical doses, or one can
congider equivalent doses as those which give the same level of
survival in the two strains.

To a certain extent a prior knowledge of the reagons for the
gensitivity difference is required before deciding which of the
two defiritions of equivalence is alpropriate, 1f in the reaigt-
ant gtrain there is some kind of barrier whereby fewer lesions in
DNA are induceod per unit dose then equivalent survivals ahould be

compared. If on the other hand, the sawe number of lesions were
induced by MA during the treatment of hn and hn' , but in the former
strain & highor fraction of the lethnl lesfons wore repaired, then
the ¢riterion for egquivalence would be in terme of equal physical
dose.

8ince the nature of the reeistance in the ha strain was not
known it was decided to compare tho NA~induced forward (_1:,+-7 r

mutetion frequencies in hm and hm' both at equal doses and &t
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equal survivals,
Both hm and gm,: were treated with NA te 1% survival in the
ugual way. In addition hm wae treated for the same tine (4.3
minudés) as gave about 1% purvival -in _h_rz_gt The tma;hed and
centrol phage of both atrains were plated on E,coli B and were
inspected for the incidence of r plaquea‘. See Table 33,

Even after allowinglto:- the higher spontencous r frequency in
hm, the frequency of NA-induced mutantg was about double that of
the frequency in hn’ at equal doses, and about 2.5 times higher at
equal survivals. This experiment was repeatod three more tines
with egsontially the same result. |

Two very general explanationa for the nature of the reaistence
in hnt were mentioned ebove. One invoked £ mechanism by which the
nuabar of induced lesions was reduced and the other was in terms of
improved efficiency of repair of potentially lethal mutetions.

The fact that hm not only had a highor survival at any given
NA dose, but also had an enhanced induced r frequency favours the
gsecond gensral model. Although NA~induced lesions leading to
lethality snd to nutations may be different, it ig¢ reassgonnble to
aggsume that the rates at which both clasees are induced will be
correlated. Hence one would predict that if the resistance to
NA in hm 18 cauped by better protection of the DNA, the hm strain
ghould have a lower induced mutation frequency compared to wild-
type.

One other possible explanation was considered. As well as
acting on DHA alone, NA can covalently join DNA to protein, and in

phage T7 thia type of crosplinking ig respongible for a significant



TABLE 33, HA~-Induced r Frequencies in T4hm and ’I'411_|f

Plaques No, of r
Strain KA Treatment % Surv. Inspacted Plaques r Frequency
' (nins) - -
nn* 0 100 5.0x10" 12 2,4x107%
4 -3
4.5 1.3 2,38x10 34 1.2x10
hn o . 100 2.4x10? 16 8.6x10™2
4 -3
4.5 12.5 1,9%x10 54 2.8x10

4 3

6.5 1.1 2.1x10 71 3.4x10°
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proportion of the lethal action. of NA (Dussault et el, 1970), NA
has alsoc been shown to cposslink nuclechistone in calf thymus
(Potti and Bello 1971), It is not known whather phage can be
insetivated by the nction of NA aolely on protein. If such inac-
tivation could occur and if hm had & somatic protein more resistant
to it, then a higher proportion of lethality will be of genetic
origin (rather than what might ternm somatic killing) in bm than
m-g_{. At equivalent survivals then on this model the induced
nutation frequency would be expected to be higher in hm.

However the model algo predicti equal mutation frequencies at
equal physical doses. Unless one postulates s atrong (end g _priori,
a vary unlikely,) correlation between the probability of a phage 's
receiving a somatic lethal -hit and of its carrying a premutation at
one of the r loet, the fact that hm had a higher induced frequency

than ngf after 4.5 ninuteg NA treatment argues againgt this model.

Recongtruction Experinent

One further possible explanation ig that r mutants are at &
selective advantage ‘in FA-treated hm phage. A reconstruction
experimgnt was performed to ece if thie was so. There certainly
are precodents, as was illustrated in the Introdt#tion. of mutations
in the rII. locus being at a selective advantags in certain genetic
backgrounds, ril mutants being able to suppress a variety of
sutations at other loci in T9.

The experiment was done as follows., Twelve spontangous hm r
double mputants were picked, purified, and auocatad to genotype.

Four of then were ril's and the roversion response of each to NA



126,

wag measured. Nene was induced to revert and the one with the lowest
spontaneous reversion frequency (hm rIIAlQ; with s frequency of
1.6x10'8) was chogen so that the selection on both the major clesses
of r mutants could be determined.

Mixtures of hm r' and hm rlIAl0 end of hn r'and hn rl were

made up in ratios of 20:1 in favour of the hm r' phage. The
mixtures were treated with NA for 6.5 minutes and ware plated on
E.coli B, The frequencies of the r nutants were compared with

the frequencies when the mixtures were plated before being subjected
to NA troatment. Table 34 shows that the frequenciea of both x
mutants wore almost identical before and after NA trectment indie
cating that selection in favour of fully expreseed r nutants in the
hm strain was not responaible for the increase in induced mutation

frequency.

Effact of NA Treatment on One=Step Growth of T4_hm_ and Tdhm'

1t has long been known that some sutaganic agents, meat
notably UV, are not only lethal te bacteriophage but alsc have
marked effects on thé physiology of the survivors of the treatment.,
After UV irradiation the mean buret size 15 reduced and the latent
poriod is extended (Luria 1944) énd thig delay ie due to effects
of UV on the DNA (Betlow et al., 1953),

Phage which survive EMS treatment, have nomai bhurst sizes
but the latent period is extended (Ray, Bartenstein and Drake 1872},
To my knowladge the effects of NA treatment on ths ono-step growth
paraneters of T4 have not been reported, and it was daclded to do

the appropriate experiment and further, to compare the ¢ffects of



TABLE 34. Reconstruction Experiment. Treatment with NA of &

Mixture of hmr' and hmrlI Al0 and of har and hmrl

' +
a). Mixture of hmr and hmrll AlO

: Plaques ‘
Treatment Inspected No. of r Plagues r Frequency (%
}] 813 39 4.8

HA (6.85ming) 1089 61 5.6

+
b). Mixture of hmr and hmrl

Plaques .
Treatment Inspected No. of r Plaques r Frequency (%)
0 333 28 8.4

MA (6.5ming) 521 37 7.1
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the NA treatment on the burst of hm and ‘m{'—.

i1t is not unreagonable to suppose that if the hz mutation is
implicated in the repmir of NA-induced lethal damnpes, thie may be
reflacted in an apelioration of any physiological domage ae well.

Both hnt and E’.+ were treated with NA for 4.5 minutes mnd the
survival of each strain was assayed. The treated and control
phage of ench stroin were used to infect E.coli B, grown in MM,
in the presence of cyanide at low m,0.1. 1ultiplicity resctiv-
ation wag thug prevented, |

The expariment was conducted in the usual way. The mesn
burst eizo of the NA-treated phege was estimated in the normal
manner i.e, as the ratio of vimble phage at the end of the infec-
tive cycle over the initial viable phage number, Table 35 sunmari-
zes the results of the experiment and Figure 19 shows the timo-
coursg of the ono-sten growth, showing only phage plated directly
and not after peemiture lysis. It can be seen that neither the
burst size nor the efficiency of adsorbtion was affected by NA
treatpent of eithor strain compared to the gontrols. The latent
period of the treated phage was extended by about eight minutes
in hn' end by sbout five minutes in hm. This slight diminution in
the extent of the delay in the hm striin was found in two further
repeats so it represeuts 8 small but real difference hetweon the
two strains. The lack of eﬁect on mean buret size; but an
increamsed latent period of NA trested phago is reminiscent of the
already-mentioned effects of EMS on one-step growth,

At thig stage it is not possible to say what are the reasons

for the extengion of latent period in MA-treated phage. It may



TABLE 35. Effects of NA-Treatment on the Parameters of the One-Step

Growth Experiment with T4hm and 'I‘tlhm+

Strain NA Treatment % Surv, % Adsorbtion Burst Size

~ {mins)
T4hm 0 100 92.4 143.2
4.5 11.6 90.1 131.8
t4hm* 0 ' 100 89.8 135.6

4.3 0.97 87.7 144.2



Figure 19«
Cne~-Step Growth Experiment with T4hm and nggf with or

without Prior HA Treatment

The strains and the treatments are shown in the figure,.

The curves obialned after premature lysis are not given.
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well be that damage inflicted on the DHA by NA slows down repli-
cation and tranecription. 1f the difference in the latent period
of NA-treated hm and hn' is real, one could hazard that the former
strain is in some way betéer able to cope with the damago brought

by NA.

Intracellular NA Treatment of Tdhz and ‘1‘4_11@_"'

Having demcnatrated & marked difference in the sensitivitie?
of hm and pi' when they were treated with KA extracollularly it was
intended to investigate the relative sengitivities of the two
straina to 1ntM11qu NA treatment. A number of preliminary
experinents ware carried out to find the best conditions for such
a otudy, The first was to measure the lethal effects of NA on
E,coli B,

A culture of E.coli B was fllter-washed end suspanded in
i 4.0 acetate bhuffer to whlch had been added 0,14 Na‘NOz.
Samples were taken at intervals and the bacterisa were plated and
asgayed for survival., See Figure 20, Comparisonlwith Figure 18,
which illustrates T4 inactivetion under the same conditions, reveasla
that tho E.coli was very much more seneitive to the lethal action
of NA than was T4, The reason for this ias not known but it pay
be that a larger proportion of the killing of bacteria is due to
non-genetic inactivation.

Whatovwer the reason, the greater sensitivity of the bacteris
does not augur well for an attempt to tremt T4 intrecellulsrly,

The phenomenon of the capacity of UVekilled E,coli to support

T4 growth if infection is doma immedietely atter irradiation hes
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alveady been mentioned {(Boyle and Swenson 1971). Capacity of
X-ray-killed E,coli has also been demonstrated (laban et al. 1933;
Pollard at al, 1958; Whitmore a_nd Pellard 1058; Marsden et al.
1972). The next experiment to be described was dosighed to test
whether capecity 1s exhibited by NA-killed E.coli,

E.coli B was treated with NA as described previocusly and
igmediately after the treatment the bacteria were infected with
T4hr' at m.o.i, of about 0.5 in the presence of cyanide. After
10 minutas the cultures were diluted and plated against untreated
E.coli B, In additien aliquots were taken and lysed with GICIS
80 a5 to agsay the fracticn of unadsorbed ﬁhagn., It can be seen
from Table 35, that although NA treatment of E.coli did not inter-
fere with adsorbtion, thome phage which did adsorb failed to
develop. ‘The phage surviw.;ora in the unlysed aliquots could be
almost complately accounted/o;y'the unadsorbed phage, which would be
indifferent to whether the hoet had been treated or not,

In the finsl experiment in this spction the phage were actually
treated with FA during thelr intracellular growth. T4!_1;gf was
added to B culture of broth-grown E.coli B in the presence of
cyanide and &t low mr.0.i. After 10 minutes the complices were
diluted into freih prewarmed broth and woere incubated for 5 minutes
at 37°C at the end of which time they were further diluted into the
usual NA reaction mixture. Samples were taken and plated against
g.coli B either directly or after haging been prezaturely lysed
with CHCZLS.

The resulte in Table 37 show that the extent of T¢ inactivation

wag much greater in the intra- than extracellular state. (The rate



TABLE 36. Measurement of Ability of

HA-Kiiled E.coli B to

Support T4 Growth

NA Treatment % Survival
of E.coli (minsg) of Becteria
O 100
2.5 2.5
5.0 0.0008

No. of T4 (pfu/ml)

+CHC1

7 1::3.04

6.6x10"

7.1x10%

no CHCIS

6. 7x106

1.0x10°

6.8x10%



TARLE 37,

Survival of I4 Treated with NA lntracellularly

NA Treatment
of Complices (mina)

No, of T4 (pfu/ml)

-|-('.‘HC.‘L3
4.4::102

8.6x10°

1.4x101

no G-ICIS

5. 6::104

1.3x10°

2.0x10"
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of inactivation of extracellular phape can be estimated by the fall
in titre of wnadsorbed phage.

Given the findings feom the prelimipary experiments the most
plausible explanation is that the killed bacteris cannot eupport
the growth of the phage. Another possibility ig that in fact the

phegoe are more NA-gensitive when in the intracelluler state.

In any event it was clear that it was not possible to do the
intended comparigon of hm and hm' inactivation when treated

intracellularly.

The Effect of hm on the Specificity of Spontensous and of NA-

Induced r Mutants

Because of the enhancing effect of NA nmutapgenesis in the hnm
gtrain it was reasonable to agk whethor this synergisn was a general
.non—»epaciric increase, or whether it involved a chmge in the
specificity of the mutational spectrum, Compumentarj to this was
the need to determine the nature of the spontarecus mutant apectrum
in this strain, given the higher spontansoua r frgquoncy in .
This ia of interest in its own right. In sddition 1# thoere is B
difference in the spontaneous spectre of hm ﬁnd hm', then the MA-
induced epactrunr in hn nsy need to be zdjusted by a correction
factor which takes into saccount the difference in the background.

Two fairly large-scale experimente were performed to isolate
and characterize r nutants induced in the two gtrains, The
experimental procedure was the same as that described for the first
forward mutation experiments on hm and g_u_l_+. Both straing were

treated to arcund 1% survival and hm was treasted for the same time
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as gave 1% gurvival in &rf.

The results of the two experiments appear in Tables 38 and 39,
These tables ghow the frequencles of the induced r mutants, the
diastribution of the r's into genotypes and the roversion analyses
of the ril's. The reversion analysis of transition rll mutations
was taken a step further compared to previocus snalyses in that ail
trangitions were tested for their reveraion response to HA, AB
has been pentioned those trangitions which regpond to 2-AP are
mainly AT mutants and arong those which are induced to revert with
5-BU there ie & preponderance of mutants ylth GC at the outant
site (Bautz and Freese 1960';“cnlampe and Bonzor 1962b; Dreke 1963),
However & more 'rigourou diagﬁosis of the base mir at 2 Lransition
gite can be gleaned from the reversion response to HA; those which
fail to be induced are AT at the mutant site and thoese which do
show a responme (a poﬁi.tive response was scored i1f reversion
froquency wag greater than 6-fold higher than spontanecus frequency)
are GC mutantg. The fact that HA under the appropriate conditions
acts ouly on cytosine (3-HMC in the case of T4 (Janfon and Shugar
1965)) has already been discussed.

In this work, most of the rll‘'s which responded to 5~BJ were
also HA-revertible.

1t ghould be montioned here that atter HA treatment there
appeared to be a largor surviving fraction in hm than in M':. Thig
observation will be returned to later,

Inspection of Tables 38 and 39 shows that although hm exhibited
8 highor r frequency (both spontaneous and NA-induoced) than hn®, the

relative proportions of the different r genotypes were not wodified,



TABLE 38.

Isolation and Characterization of NA~Induced r Mutants

+
in the T4hm and T4hm (1st Isolation)

a)., lpolation of Mutants

Time of Plaques :
Btrain Treatment % Surv. Ingpected r Plagques r Frequency
N ~tmins) -
hm 0 100 2.5x10° 8 3.2x107%
hm 5.0 1.5 3.,6x10% 48 1.3x1073
hm 0 100 1.3x10% 11 8.5x10™
™ 5.0 8.6 1.2x10° 326 2.7x107%
hm 6.5 1.6 1.6x10° 497 3.1x10™
b). Classification of r's into Genotypes
Strain Treatment rl ril rIil
Nos. % Nos. y ) Nos. %
oy 0 3 37.6 5  62.5 -
iy 5.0 28 68.3 16 - 33.3 4 8.3
ho o 5 45,3 5 45.5 1 9,1
ha 5.0 165 67.9 61 25.1 17 7,0
Im 6.5 289 63.0 141 30.7 29 6.3
). Revergion Anmlysias of ril's ,
Class of Reversion Strain and Origin of Mutations
-+ + }
) hm'5.0  ho 0 hm 5.0 hm 6.5
High Reverting 1(20.0) 1 8.7) O0C = ) s 9.8)  9( 7.4)
No Reversion 0C -~ ) 3(20,0) 2(18.2)  9(17.8) 17(14.0)
Background
Neversion only 3(60.0) 9(60,0) 9(31.§) 9(17,68)  34(28.0)
With 2-AP 0 = 3 O0( - ) 0( - ) 10(19.6) 16(13,2)
With 5-BU 1€20.0) 1( 6.7) O( -.) 11(21.6) 27(22.3)
With 2-AP & 5-BU 0( - ) LK 6.7y 0o( =) 3( 5.9 3( 2,5)
wi 1
th EA only 0C =) 0 =) 0 -) 4(7.8 1512.5)

trangitions tested)

Figures in brackets are the % of each c¢lasa.



TABLE 38, Isolation and Characterization of NA-Induced r Mutants

in T4hm and T4_1_1_13,+ and Analysis of Spontaneous hmr Hutants

{2nd Isolation)

a). lsolation of Mutants

Time of Plaques
Strain Treatment % Surv. Inspected r Plaques 1 Frequency
“tmingy - — ' '
hn* 0 100 1.1x10 4 3.6x10™
ho* 5.0 1.0 2.0x10° 200 2.0x10™>
hm 0 100 7.5x10° 430 5.7x107%
o 5.0 6.8 3.2x10° 1364 4.3x10™3
hm 6.5 2.5 2.1x10° 921 4.6x10™
b). Classification of r's into Genotypes
~ Strain Treatment rl rll riil
Nog. % Kosg, % Nos. %
mt 0 4 100 0 - 0 -
ha ¥ 5.0 247  61.6 122  30.4 32 8.0
hm 0 156  36.3 244 56.7 30 7.0
hm 5.0 781  58.6 450  33.8 101 7.6
hn 6.5 576  64.7 246  27.6 68 7.6



TABLE 38, Continued. ...

¢) Reversion Analyeis of rIl's

Class of Reversion Strain and Origin of Mutations

hn 5.0 b 0 hm 5.0  hm 8.8
High Reverting 28(23.1) 37(16.0) 79(21.0) 49(22.5)
No Heversion 20€16.5)  12( 4,9) 48(12,7) 22(10.1)
Background

2)  51(28.
Reversion only 31(26.6)  13.8(%6.7)  76(20.2)  51(23.4)

With 2-AP 20(16.5) 36(14.7)  108(28.6)  74(33.9)
With 5-BU 6( 5.0) 6( 2.8)  28( 7.4)  8( 3.7)
With 8-3J & 2-AP 7¢ 5.8) 5¢ 2.4)  10( 2.7)  6( 2.8)

with HA (only

transitions tested) 9( 7.4) 7( 2,6) 28( 7.4) B( 3,7)

Figures in brackets are the % of each class.

d)} Absolute Prequencies of the Different Freguenc;ea of NA-Induced

- and Spontaneous rll Mutants in hm and hm

Class of Mutation Stx.'ain and Time of NA Treatment

% .0 o M50 mme.s
Deletion 2.9x10° 9.0x15° 1.3x18° 1.1x15° 7.1x153°
Transition® 8.3x18° 1.7x15° 6.3x10° 4.6x15° 4.2x15°
Franesirift & 1.1x15% 1.6x107 1.805 2.4x5% 2.4x7?
Transversion

A ~ The data for this are taken from the apontaneously arising ril's
which were analysged during the work in Chapter 2 in Results and
which are shown in Table 13.

B - ril'g which were induced to revert with either base analogue.

C - riitg which failed to be induced to revert with base analogues
but did revert spontanecusly.
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there being an excess of rll's in the spontaneouely-ariging hn r
mutants and an excess of ri's in the Na-induced mutants in both
strains.

The classification of NA-induced rll mutants with regard to
their reversion characterigtics shows that the increase in the
frequency in the hm strein could not be attributed to a specific
increase in one type of mutation but rather there was a general
incresse in all classes of induced mutations. Thero were very few
spontaneoue rii's in the _h_x_:_n.i' gtrain 80 x;o comparison could be made
within these experiments of the types of spontaneous rIl mutants
arising in the hm and !_t_a‘r_nf atrains. Howover 8 comparison of the
patterns of mvefsion of the hn rii's and the ril'e which arose
spontaneously in the wiid-t{ype strain and which were analysed
eérlier (see Table 13) shows that the contribution of transitions
amongst the gpontansous rli's in hn was greater than in the rll's
arising in the wild-type strain. This is in apreenent with the
findings of Drake (1873). Hdwever, when the classificetion of
the NAw~induced rll's in tho two astrains was corrected for this
difference in spontaneous spectra this did not alter the initial
conclusion i.e. that the inerease in the NA-induced frequency wag
a goneral rather than a apeciftic cne.

Napping of the ril mutents was dore in the ususl way. The

gpontansous hnrll spectrum comprised outants obtained in the two

exporimeonts and is given in Figure @1 in conjunction with the
gpontansous spectrum obtained by Benzer (1961). The two gpectrs
are similar but they do exhibit some differences,

The relative contributions of the two very large hotapots of



Pigure 21

Reg;esentaﬁion of the Spectrum of Spontaneous ril

Point Futations in T4hm

The numbers cbove the lines:~ T4rIThm sutanis.

This map differs slightly from the previous ones, in that
the rumbers below the line represent the spectrum of

spontaneous rIlfs shown in Benzer (1961).

The féct thnt I poscesmed very few reprgsantativeﬂ of the
gités in Benzer's map meant that in the majority of cases
no élignment between his sites ond mine could he made.
Therefore the fact that most sites in the iwo spectra
are not aligned, does not mesn that the sites are in fact
“different, only that in most cases the comparison was

imposaible,
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Benzer (rIIl3l in ASc and riIll7 in H4) were less in the hn strain
and the hotgpots rilll4 and rlIN24 assumed greater importance. In
addition there was a botspot in region AZg-hl. In Benzer's spon-
tenecus map (based on about 5 time‘s ng pany matanta) there is one
gite represented by 8 mutants. The hotspot in the hmrll spectrum
at this region is therefore some 10 timeg hotter than tho one
reported by Denzer, All the mutants at this site were transitions
and wore induced to revert with HA, . Given this lasgt fact it is
not irrelevant to note that Senger's (1981) 2-AP induced spectrun
ghows a marked hotgpot in A2g, Unforttmatgly a representative of
this site was not avallable so it wns not poasiblarto determine
whether this 2-AP hotgpot and the hn spontaneous hotspot mapped at
the szme site. |

The maps of the NA-induced rII spectra of the hm and mhg’r strains
are found in gigums 224 and b, BExch map compriged mutants ob-
tainéd in the two experiments, and for the map of ril's in the hn
gtrain the mutants induced at both doses of NA were pooled. This
waa felt to be legitimate since tho spectra obtained from the
individual treatments were similar. Figure 22a ghows that the
spectrun of NA-induced rll point mutante in the hm strain did not
differ in any striking way from that found in _I_l;n_+ rnd hoth spectra
are in accord with that shown by Denzer (1961). All the NA-
induced riI delotions in the hm' strain and = sample of 24 deletione
induced in hm were mapped. Both maps are in agreement with previcus
work and with Tessman (1962) in that the majority of the deletions
extended to the right of the rIIB cistrom.

The implications of these results on the effect of the hn
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Representation of the Spectra of rIl Point Hutationa
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by HA in T4bm end T4hm

legend:~ As for Figure 5a.
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Figure 22a.
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Figure 250

Representation of the Dimenmions of rIl Deletiona

Induced by ¥A in T4hm’ end T4tm

legendi= . As for Figum Sha
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mutetion on NA-mutagenesis will be discussed later efter consider-

ation of further work on this strain,

Comparison of Survival of Tdhm and T4}_1_n_1_+ after Treatment with Other

Agents

lisving shown & marked difference in the sengitivities of the

two gtraing to NA inactivation and possibly to HA it was thought to
be worthwhile to see if killing of hn and hn' by other agents slgo
differed in severity.

Only a fow of a&ll the pogsible rRzents were chosen. All had
been ghown to he lethal to T4 and most of them are known to induce
genetic damape to phage.

(a) HA

Both hm and hm* straine were treated with HA as described in
Materiais and Methods. Banples were taken at intervala and plated
againgt E.coli B to assay survival, From Figure 23 it can be
seen there was indeed a difforence in the two straina, Doth were
inactivated exponentially but the alope of the killing curve was
greater for hn' phage than for hm, such that at the highest dose
(76 hours) the surviving fraction in the hm atrain was ebout 3
hundred tipes greater than in the wild-type. The extent of the
resistance to HA found in the Hn strain was spproximately the same
as that found for NA inactivation.

(b) UV

Both straine were treated with UV ag described in Naterisls

and Methods. Ssmples were teken after variousg times of irradia-

tion and the phage were pleted on E.coli B and survivals were
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estimated., Figure 24 shows that there was no difference in the
sengitivities of the two strains towards UV. This is in agreement
with brake (1973).

(c) Hent

The dotails of the inactivaeting effects of high tempereture on
T4 are not known, In bacteria, mutations and depurinations can
readily be induced by heating (Zamerhof &nd Greer 1958; Zamenhof
1960; Greer and Zamenhof 1982). The wmutagenicity of high tempera-
ture treatmentmof T4 hag not been aamyed. but it bas been demon-
gtrated thut mediun~lsvel heating (45003 especinlly in acid condite
iong can be nutagenic to T4 (Freese 1961; Drake 1966a).

1t ia quite likely that a substantial fraction of the inactiv-
gtioh of T4 ie due to effects of heating on protein gtructure,
indeed the rate of phage inactivation fits well with that which
would be expected if denaturation of protein were responsible
{Adags 1953). There is indirect evidence that such denaturation
does not involve the phage tail fibres (Kacseer 1957).

The phage of the two strains were subjected to heating at 70°%
ag degcribed in Materials and Methods. No real difference in the
rates of inactivation of the two straing could be detected. See
Figure 23.

(d) Bisulphite

1t was mentioned in the Introduction that bisulphite can sact
on cytosine in single-stranded regions tRNA, converting it to
uracil {Goddard and Schulman 1972) snd in addition it has been

shown to modify uridine residues (Shapiro and Breverman 1972;



Figure 24.

100

10

1.0
o
b
o
£
H
7
R

0.1

0.0t

: hao
0,001 i l 1 1 f ]
0 0.5 1.0 1.5 2.0 2.5 5.0
- ) Time of Irradiaiion ( in minutes)



Figure 235.

100

10

1,0
'....l
]
b
st
b
5
=)
U
hi
0.1
0.01
0,001 L — L l

G 10 20 . 30

. om0 . —
Time ut 70°C (in minuies)



136.

vataya and Hayatsu 1972),

It hes alsc been ghown to be mutapenic in hacterionphages lambda
(Fayateu and Miura 1970) and ™ (Summere and Drake 1971) and 1in
E,coli (Lukai et al. 1970) the mutents induced being almost
exclusively GC ~>AT transitions.

The two straine were teeated with sodium bisulphite as desc-
ribed in Materials and Methods and were asgayed for survival on
E.coli B, Figure 26 ghows that there was no difference in the
sensitivities of the hm and hn' strains to bisulphite.

(e) EIS |

This gilkplating agent ig moderately lethal to phege T4, A
large fraction of the lethality can be attributed to genetic
damage since EMS-inact¥vated phage show gtrong multiplicity reac~
tivation (Ray, Bartenstein and Drake 1972), Chemical studies slso
indicate a genotic target (Brookes and Lawley 1963). In addition
the rotes at which T2 ig inactivated by EMS have beon shown to be
affected by both viral and host genotypes. The T4x strain shows
greater EMS sengitivity than does wild-type. Mutations in both
the T4 and the E.coll DNA polymerege ioci also render the phagoe
more EMS-sensitive (Ray, Bartenstein and Drake 1072),

However, the hm mutation appears to have no effect on the
rate of EMS inactivation as witneseed by the sinilarities in the
killing curves in the hn and hu' straing shown in Figure 27, It
ia hence reasonsble to agsupe that the EMS sonsitivity found in the

T4x strain is due to the px rather than the hn mutation,
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Effect of iost Genotypeson Inactivation of T4hn snd Tdhm '

The survival of T4 after treatment by agents such as UV and
photodynanic action is influenced by host penotype to a much lesser
oxtent than is most phiage. Most notably the seneitivity of irrad-
iated T4 is refroctory to host celi reactivation (Harm 1968 and 1973)
unlike other plmges such &8s lambda and the T-odd coliphages (e.g.
Geissler 1968).

Howsver T4 sengitivity to UV is increased when the host is
defe;::tive in the Komberg polymerase (Smith et al. 1970).

As alresdy mentioned hogt genotype hase 2lso been shown to have
an effect on the rate st which T4 1s inactivated by EMS (iay,
Bartenstein and Drake 1272). These authors alse reported a
synergistic effect on EMS sensitivity between certain phege mutat-
iong and epecific mutaticnsg in the host.

It waa decided to examing the effecte of different host geno-
types on the survival of the hm and _h;f strains after they had heen
trested with the agents described above (éxcept heaty) and with NA
to gee it the tﬁwo phages responded differentially in various repailre
dasficient hosts.

The strains of repair-deficient hoagts were all derivatives of
. E.coli WP-2 ond were ag follows.

{a) CM561, This strain carrios a zutation at the exr locus
(Mattern ot al. 1968) and was initially isolated by Hill (i958) as
a W-gengitive putation. It has slightly reduced recombination
frequency (Uoward-Flanders and Boyce 1966) and it entirely abolishes

UV mutagonesis. Witkin (19%%and b) has rather spoculatively suggested
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that the wild-type exr gene product attaches to the ends of DNA
adjacent to gaps and stimulates recombination repair of UV-induced
denpage and that it causes errors in the repair,

(b) Ci371, This strain possesses & mutation at the recA locus
which renders it UVesensitive due to an inability to carry out
recombination repair of UV-induced damage toc DNA, The recA mut-
ation is characterized by its UV-sensitivity, an increase in DHA
degradation after UV-irradiation, a markedly decreaged recombination
frequency, and decreased rates of UV-induction of bacteriophage
Jambda {Clark and Margulies 196;5; Howard-Fliunders and Theriot 1966;
Clark et al, 1966; Clark 1967; Bz;ooks and Clark 1967; Hertman‘ ang
Luris 1967). Like the exrA mutation the rech sutation alsv causes
& loss of UV mutability (Witkin 1967).

(e) WP2 vvrA. This strain carries the yvrA allele and is W=
gensitive due to an inability to excise damage inflicted on DMA by
UV (Boyce and Howard-Flanders 1964).

(d) CMs11, 'mis is 8 double mutant carrying both the exrA and
uyrA alleles.

Both hm and g_z_lf phage were treated with the sane agents aa
wore used in the section mbove, i.e. NA, HA, UV, bisulphite and
BENMS, The treated phage were plated againat the E.coli repair-
deficient straine and also against the parental WP-2 strain and
E.coli B, It was found that the killing kinetics of both phag\;a
straine in response to all the agents tested ms;mcgpendgnt of the
host genotype used. Thue the hm atrain maintained ite resistance
to 1A and NA in all hosts teated.

To my knowledge there are no reportg dealing with the effects
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of host gonotype on the inactivation of T4 by NA, HA or bisulphite.
Ray, Bartenstein and Drake (1972) found no effects of exr, her or
racA mutations on the rate of EMS~inactivation of T4. The refrac-
toriness of the effects of most changes in host genotype on ™
survival after UV has been mentioned.

In the light of the comparative 1ndepéndence of bactel;'ial
repair shown by T¢ the failure to detect any changes in the survival
of the hn and gr_-f strains in the different hosts used here wae not

too surprising, It should be said here that under exceptional
conditions of infection (in the presence of chloramphenicol), nicks
in ™4 DNA can be repaired by the bacterjl.al repair gystem. Intereg~
tingly, when the complices are released from chloramphenicol inhib- -
ition, the T4 system acts on the host-mediated repair (Carlscn et al.

1973).

Reversion Studies in T4hm and T4hm'

Although forward nutation studies on the Iz systen have the
greater potential for providing information on mutagen specificity,
they are clearly unwieldy compared to reversion experiments. This
is especially true if, in addition to measuring the frequency of
forward mutants, the mutants are also classified into the r loct,
and into sites within the rll locus. Tipe did not allow forward
mutation studies in the hm and _I__t,gg_'f gtrains to be done with all the
mutagens described below,

It was therefore decided to compare the response toa selection
of mutegens of a number of ril mutants in the hm and ;_1_:11' backgrounds.

Since all the mutagens to be used induced base-pair substitutions
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predominantly, rll transition sutants were used as tester strains.

Four independent rll's isolated after NA mutagenesis of the hm
strain were chosen since they had acceptably low sponteneous rever-
ston frequencies and they were fjudged to be transitions on the basig
of their positive responses to base analogue revergion gpot-teste.
Two of them (coded 11€ and 12J) were induced to revert with HA and
were clapsified as pogsessing GC at the mutant gite. The other
two (14A and 181) failed to respond to HA and were typed as AT
mutante.

In order to get each ril into the wild-type genetic background
repeated backerossing was carried out, E.coll B at 2x108/m1 wag
infected simultanecusly with T4hm r' at about 5x10°/ml and the
appropriate Tdhnrll at about 53107/1111 in the presence of cyanide.
After 12 ﬁ:l.nutes the cuiture wng diluted into fresh broth and was
incubated at 37°C for 60 minutes before lysis was completed by the
addition of CHC,. " The phage were then plated on E.coli B.

After incubation, an r plaque was picked from the plates and

used to infect a culture of E.coli BB go as to give an LTS.

Using the rll's from each LTS a new crosg between each mutant and

the hin ¥

gtrain was performed, and the whole procedure described
ahove was repeated. Altogether eight serial backcrosees were
carried out. After the final backeross five rll plaques from each
strain were used to set up LTS'g.

To test whether the hm allele had been lost during the backe
crossing, each of the original hmrll stocks, the original wild-type
-_h_m:_:_-: strain and all the LTS's of the backcrossed ril's were treated

with HA and NA and the rates of inactivation of all the strains were
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measured. 1t was found that for both sgents, the survival curves
of all the backerossed rll mutantes were very similar to that of the
original p‘mi strain and hence were more sensitive than the original
hmrl]l gtraéms, suggesting that the hm allele (or the sllele respon-
aible for conferring NA- and HA-resistance in the hm strain) had
been logt in all the gtrainsg which had been suhjected to backecros-
sing. One LTS of each backerogsed rll nmutant was grown up to high
titre for further studies.

The general procedure for the reversion studies wasg to treat
the riI's in both the hm and hu' backgrounds. The wutagenized
phage were than plated on E.coli B to messure survival and on
E.coli w#S0., The phage were either plated directly on E.coli Wf80
or elee were adgorbed to & permissive host go me to a&llow the
nutagenized phage a cycle of growth before plating on the restric-
tive host. In order to test whether the genotype of the host
moditied the reversion frequencies induced in hm end ,t_n_r-f. a variety
of E.coll strains were used as hosts for this growth cycle. These
were E,coll B, E.coli WP-2, and the four repairedeficient derivatives
of WP=2 catalogued above, In fact the results of the reversion
experimente for both phage straing and for all mutagens tested were
shown not to be affected by the genotype of the bacteria in which
permigaive growth was allowed. Accordingly only the resulte of the
experimentes in whicp E.coli B was used 68 host will be given.

() Mo

Each rll mutant both in the hm and hm' streine wae treated for

4.% minutes with NA in the usual way end the survivors were assayed,

The treatment was stopped by diluting directly into cultures
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of E.coli (at about 4x10%/ml) fn broth and in the presence of
cyanido at m.0.1, of about 0.5. Vhere plating for ravertants wag
done directly, the bacteris in the stopping broth were E,coll W4S0.
If 8 cycle of replication was allowed, E.coli B was used. In this
latter case the samples were diluted & further 1/30 once adsorbtion
was complete a0 as to ensure that the vanst majority of plating
bacteria were E.coli WEE0. In a ginilar study, Hautz~Freeose and

Freese (1961) killed the E.coli B with UV prior to phage adgorbtion

to engure that the permigsive host contributed very little to the
regtrictive bacterial lewn. Howevor tho tochnique used here was
quite satisfactory although it did entail the need for a larger
nunber of reversion plates because of the lowor phage dengity.

It has elready been ghown that NA treatment of T4 did not
affect adsorbtion ability. Thus one can be aure that the great
majority of phage adsorbhb to the permissive hogt ensuring that a
round of growth of the survivors doegs indeed occur. Irn parenthesis
it should be mentioned that the effects of the other agents to be
described below (HA, EMS and bisulphite) on adsorbtion were measured.
None of them had any inhibitory effect on ths rate of adsorbtion.

It has besen postuleted that at low concentrations BA ettacks T4
tall fibreg but that thisg effect disapdears at higher HA concen-
trations (Kozloff, lLute and Hondorson 1657).

Table 40 shows the resulte of the NA-énduced reversion experi-
ments. In genoral the spontaneous reversion frequencleg were
higher when replication wae allowed before plating on E.coli w#BO.
Thim is to be expocted and is in agreamsnt with Beutz~Freese and

Frease (1961) and Freege, Bautz and Bautz-Freope (1961}, Each



TABLE 40.

HA-Induced Reversion of riifs in hm and hm' Backgrounds

rIi Strain

hnrll 118

hm+r11 lie

harll 12J

nn*rIy 127

hmrll 144

hm'rli 14A

i3

Cfcle of Growth % Surv. Revertahte Rev. Freq.
No 100 a7 6.9x207"
No - 10,1 237 g8.1x10~®
Yes 100 29 1.8x10™°%
Yes 10.1 251 3.1x107°
No 100 a2 3.5x1077
No 0.91 176 2.8x107°
Yes 100 36 5.8x10™7
Yes 0.91 212 6.2x1075
No " 100 78 1.3x10™°8
No 9.6 361 1.8x10™°
Yes 100 108 2.,4x10™°
Yes 9.6 518 2.6x10™°
No 100 37 9.4x107"

No 0.86 154 6.6x107°
Yes 100 62 1.8x10™8
Yes 0.86 300 7.6x10"°
No . 100 25 2.0x10~7
No 15.2 211 3,5x10™8
Yes 100 31 2.6x10™7
Yes 18,2 474 9.1x107°
No 100 30 1.1x1077
No 1.6 209 6,1x10""
Yeo 100 51 2.5x10~7
Yes 1.6 315 2,4x10™8

Continued.....



TABLE 40. Continued.....

ril Strein NA_ Cycle of Growth % Surv. Revertents Rev. Freg.

hm eIl 351 - No 100 37 6.8x10°7
+ No 12,6 248 7.2x10"°8

- Yes 100 68 2.1x107°

+ Yes . 12.6 516 8.2x10™°

I 151 - No 100 28 2.3x10™7
+ . No 1.4 186 2,1x10™°

- Yes 100 42 7. 110”7

-8

+ . Yes 1.4 257 g.8x10
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E.coli B cell which was infected with a viable phege will contain
agny progeny 8t the end of the latent periocd and it needs only one
spontanecusly-ariping revertant amongat the progeny for a revertant
plaque to be scored. Bowover sgince the infected cella were plated
prior to lyasig the number of infective centres is the same whother
the phepe were gllowed 8 cycle of growth or not and thus the rev-
ersion frequency as measured by dividing the nunber of revertants
by the number of infective centres ghould be greater where growth
wag allowed. The fact that Kreig (1063) and Green and Kreig (1061)
found no increzse in spontanecus reversion frequoncies of ril's
after ollowing a cycle of growth was probably due to the fect that
the phage had lysed before being plated on the restrictive host.

Whether the phage were plated direc¢tly or were allowed & cycle
of growth, it was found that the epontaneous reversion frequency of
any given rlI mutant was higher in the hm than in the h__fgl_+ strain.
Thiag applied for all four rll mutants and was found in the controls
of all the othar mutagenic treatments dassribed below,

Turning to the M-induced reveraicn fregquencies, it was found
that here too the frequencies of revertants were increased in those
troatmenta whore a round of growth waa allowed, This snhancemant
held after correction for the higher sponteneous reversion freo-
quencies found under such conditiong.

This sugpested that a propertion of MA-induced lesions
required raplication bhefore they could be expressod ag sutations,
This is in agreement wit;?;lndinga_ and connluailtms of Bautz-Fresge
and Freese (1961),

In order to see more clearly the effects of the hm mutation
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on the NA=induced rewversion frequencies, the results have been
expressed as the ratio of rever:sion freguancy in the hm etrain over
that found in the l’_!_l_!l+ strain. The ratios of the induced reversion
frequencies have been corrected for gpontaneous reversion.

Table 45 glves these ratios gg well as those obtained with the
other mutagens used in this study.

- 1t can be seen that for all the ril'g the reversion freguancy
induced by NA ip the hm strain wag greater than that found in the
_hgf gtrain, In & repoat of thig experiment, such synergiem was
again found, the ratio never being legs than 3.,0. The extent of
the increase for all the straing was appréximately the sape and was
not much influenced by the phages being allowed & cycle of growth,

The fact that the onhanciné'eftect of hm NA mutagenesis
operated in both forward and reverse directions is good evidenco
againgt selection for or ageinst r mutants being & factor in the
synergi gm,

(b) HA

All the ril'a were treated with HA for 36 hours in the way
already degcribed. After termination of the treatment the
exporinent wig porformed in the way described for NA mutagencsisg.
Tables 41 and 45 sghow the resulta. As was to be expected, only
tho GC mutantg (11C end 12J) were induced to revert with HA., The
frequencies of induced reversion of both these rll's were somewhat
higher if the phage were passaged through E.coldi B. Such an increase
was Rlso noted by Freese, Mutz and Bautz-Freese (1961).

The ratios of the corrected HA-induced reversion frequencies

of rII's 11C and 12J in the hm and _1_13+ gtraine are given in Table 45,
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TABLE 41. HA~Induced Reversion of ril's in hm and hm Backgrounds

ril Strain HA Cycle of Growth % Surv. Revertants Rev. Freq,

AmpIl 11C - No 100 a8 8.9x10™7
+ No 0.3 247 8.3x10™°

- Yes 100 52 7.6x10"7

+ Yes 9.3 316 9.9x10™0

ho'ril 11 - No . 100 95 3.0x10™7
+ No 0.82 186 6.8x10°

- Yes " 100 64 9.2x10™"

+ Yes 0.82 375 1.2x1072

horll 123 - No 100 47 8.4x10™7
+ No 11,6 325 2. 7%10™°

- Yes 100 71 2.6x10™8

o+ Yes 11.6 213 3.7x10™°

hmiell 123 - No 100 56  2.1x1077
+ No 1.2 95 1.6x10™°

- Yes 100 74 7.2x10™9

+ Yes 1.2 134 3.5%107°

horll 144 - No 100 23 1.5x107°
+ No 14,1 03 2.1x107%

- Yes 100 4 4.9x107°

+ Yes ©14.1 172 6.2x10™0

hotelr 148 - No 100 25 2,7%10~"
+ No 0,71 74 1.7%10™7

- Yes 100 41 7.1x10™7

+ Yes 0.71 80 8.4x10™"7

Continued...« .



TABLE 41. Continued.....

e e e ]

ril Strain HA Cycle of Growth % Surv. Revertants Rev. Freg.

haril 18I - Mo 100 37 8,2x107"
+ No 11.1 94 7,1x10'7
- Yes 100 41 1.4x107°
* Yes 11,1 152 9,9x107%
naterl 151 . - No 100 - 1 2.0x077
+ No 0,53 23 . 1,7x1077
-  Yes 100 65 4.5x107"

+ Yes 0.33 74 6.9x10™"
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and can be gcen to be cloga to unity. It ig clear that the hm
mutation had no effect on HA-induced reversion of GC mutantg. The
fact that the two AT mutants in the hm strain were not induced to
revert showa that no change in mutationnl spacificity wns engendered
by hm. 1t should be pointed out that the ril's were initially
claggified as AT or GC on tho basis of their response to HA,

{c) Bisulphite

The rIl's in the two strains were all treated with bigulphite
for five hoursg, After stopping the treatmonts the phage were
added to the appropriate bacteria and plated as already deseribed.

in agreement with Summers and Drake {(1970), chly the GC mut-
ants were induced to revert by this agent. Ag in the caase of HA,
the fact that the AT mutants failed to respond in both hm and hm”’
strains points to the failure of hn to chanpe tho specificity of
bisulphite outegenesis. See Table 42,

As was found for NA and HA, the frequency of induced revert-
ants of ril's 11C and 12J was increased nfter agele of growth in
E.coli B, |

From Table 45, it might be inferred that if anything, hm
antimutated the action of bisulphite, since three of the four
ratios ware around 0.5. The ratios found vhen growth wag allowed
on the repair-deficient atrainas wore around unity. In fact when
the experiment was repeated (twice) ueing only E.coli 1 as the
hogt for tho cycle of growth the ratiog wore found to be about
one, suggesting that the apparent antimutagenic effect of hm on

bigulphite was due to gampling.



TABLE 42. Bisulphite-Induced Reversion of rIl's in hm and hm'

Backgrounds

Bigul-+ Cycle of

rll Strain phite Growth % Surv. [Revertants Rev. Freg. -
horll 11C - No 100 42 6,4::10'7 '
- No 2.4. 341 3.2x10%

- Yes 100 28 1,2x10"0
. Yes 2.4 471 5.1x107¢

pntrnl lic - No 1100 37 2,1x1077
- No 1,6. 214 4,0x1079

- Yes 100, 48 9,4x1077

4 . Yes 1.6 371 8.1x10™°

hmrll 125 .- No 100 86 7,1x1077
+ No . 3.9 . 238 9.8x10"°

- Yos 100 71 2,3x1078

+ Yes 3,9 383 . 1,9x107°

hmrI1 127 - No 100 71 3.1x10™7

+ No - 8.8 464 1.1x10™°

- Yes 100 103 8.1x1077

+ Yen 5.8 482 1.5x10™°

norll 14A - No 100 29 2.8x10™°

+ No 3.0 . 38 3.6x10"°

- Yes 100 42 8.2x10~°

+ Yes 3.0 57 7.4x10™8

+ : ' w7

nmte1y 14a - No 100 36 7,8x10

. No 1.8 28 3.8%x10" "

- Yes 100 41 3.4x107°

6

+ Yes 1.8 26 5,2x10°

Continued, ...



TALLE 42, Continued.....

Bisul- Cycle of : o
rII Strain phite Growth % Surv, liovertants Rev. Freq,

hmrll 151 - No 100 142 5.8x1077
+ No 2.4 148 7.1x10"7
- Yes 100 136 2.8x10"°
+ Yes 2.4 95 2.6x107°

ne 11 151 - No 100 72 1.2x1077
+ Ne - 5.1. 88 1,9%10™"
- Yes 100 182 7.3%1077

+ Yes 5.1 231 9.2x10" 7
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(a) EMS

The phage were treated with EMS for 90 minutes as described.
After stopping the reaction the phage were addad to the bacteria in
the game way 89 wagd done for the previous nutagenic treatmentas.

See Table 43, In agreemsnt with Kreig (1983) the GC mutants were
much more amenable to EMS-induced reversion than were the AT mutants
though the latter group did show some response to this agent. In
eddition the GC mutants profited mogt {in terns of increased
revergion frequency) from the cycle of growth in E.coli B,

The effectiveness of EMS sutagenesis for eny given ril mutant
wag the same in both the hm and hn' strains whether & cycle of
growth was allowed or not. See Table 45.

{e) S5-I | ‘

Bach of the phage strains was a2dgorbed to 'Stm-grown E.coli B.
Aftter 10 minutes tho complices were diluted into fresh SUM conteining
5-3, Each aliquot was immediately aplit into three (aliquots a,
b and ¢ in Table 44) and the experiment was performed in the normal
faghion for 5~BU reversion studies, Clearly the option of direct
or indirect plating which wasg ovailable for thoge amutegens admine
igteraed extracellularly did not apply for %5-HJ. For the calcula-
tiong of the ratios in Teble 45 the mean value of each set of three
ostinates was used. Thisg wag felt to be legitimate since no
obviocus jackpot was found in a&ny of the aliquots.

Although all four rll's in both the hm and _l}_r:_l,* straing were
5-BU~-revertible, it was the two GC mutants which showed the
atrongost responses. Thie i in keeping with several reporta on

specificity of 5-BU mutagenesis in T4 (Bautz and Freese 1960;



TABLE 43, EMS-Induced Reversion of rIl's in hm and _13!_@*‘ RFackgrounds

rli Strain EMS Cycle of Growth % Surv. Revertants Rev. Fregq.

heril 11¢ - No 100 64 a.0x30”7
| + No 21.8 486  8.6x107°
- Yes 100 126 7,1x10™7

+ Yes ' 21.8 570 3.6x1070

hm rI1 11C - No 100 31  l.2x1077
+ No . 14.6 248 7,0x10™C

- Yes | 100 59 ' 3.1x107°

+ Yes 14.6 414 4.6x10™°

herll 123 - No - 100 62 " 7.ax1077
“+ No 17.9 288 1.,,2x10"’5

- Yes 100 131 ' 2.__4:;10'6

* Yes - 17.9 389 . 7.9x1070

hnteIr 125 - No 100 34 1.6%10""
+ No 26.4 61 9.4x10™8

- Yes 100 7 4.2x10"7

+  Yes | 26.4 . 7 ' 3._8_::10"5

hmorll 14A - N " 100 77 2.4x10°°
+ " No 20.1 304 1.2x107°

- Yos 100 136 4.6x1078

+ Yes 20,1 322 1.9x10™°

hm'ril 144 - No 100 45 © 3.5x1077
+ Mo . 16.2 186 1.9x10™°

- Yes 100 73 6.5%10™

5

+ Yes " 18,2 290 ©1.8x10°

Continued. ...



TABLE 43, Continued.....

rIl Strain ENS Cycle of Growth T Surv, Revertants Rev. qu,_

hnrll 151 - No 100 a4  6.1x10”7
+ No 17.4 281 2.7x1070

- Yes 100 41 5.8x10™"

+ Yes 17.4 341 2..'63:10"6

hoFriz 151 - No 100 53 1.9x10~7
+ No 15.6 84 1.6x10"%

- Yes 100 - 206 4.1x107

8

+ Yes 15,6 356 3,5x%10"
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TABIE 44. B-~BU-Induced Reversion of ril's i“;tr‘zm:, and hm Backgrounds

ril Strain 5B Aliquot heyertants Rev, Index

hmrll 11C - a 68 8.2x10™ "
- b 31 4.,0x1077 |

- c 60 8.1x107

+ a 568 1.8x107%

+ b 407 8.7x10™°

+ e 603 1.1x20™%

ha LI 11C - a 21 . 1.6x1077
‘ - b 31 2.2x10™"

- c 31 2,7x10"7

+ a 236 ' 3.6x1077

+ b 105 - 2.8x1070

+ c 404 5.6x10™°>

bnril 123 - e 62 1.6x107°
- b 40 8.7%10"

- ¢ 44 9.5x10""

+ a 723  a.zxo™

+ b 6438 3,9x10™

4 c 936 - 5.6x10"2

ho rIl 123 - a 51 3.8x1077
| - b 106 5.5x10'_“'

- ¢ 158 1.6x107°

+ e 286 7.8%10"°>

+ b 533 1.2x10™

+ e an 9.4x107>

Continued.....



TABLE 44. Contin&d- LN

r11 Strain 5-BY Aliguot Revertants Rev. Index
herIl 14A - a 24 2,35%107"
- b 52 4.8x10""

- c 47  5.6x1077

Py 309 8.6x10™°

b 586 1.3x10™°

c 352 9.8x1078

e el 14A - a 12 1.1x107
- b 27 2.8x10""

- e 30 3.7x107"

+ a 186 2.,5xm"6

b 98 1.1x10™9

e 271 :3.53:ic10"e

hmrll 151 - a 71 6.8x1077
| - b 83 8.1x10™"

- e 36 4.4x10"7

+ a 203 6.2x10"8

+ b 299 9.4x10™°

+ o 271 8.1x107°

nm'rir 151 - a 42 C a.ax10”7
‘ - b 21 1.2x10"7

- c 28 1.8x1077

a 126 - 2.4x107°

b 171  3.x078

. -8

87 1.6x10



Ratios of Induced Mutation Frequencies (Corrected for

TABLE 45.

Mutagen

NA.
w
EMS
Bi gulphite

51"

D « Directly plated,

C - with cycle of growth before plating.

Spontaneous Reversion) of the ril's in the hm Strain

over the Frequenciesin the m+ Strain

11c
b c

3.1 5.2
1.1 0.84
1.2 0.81
0.68 0,54
- 3.3

=)

2.6
1.6
1.2

0.54

Strains
LYY

c 2 ¢

4,0 6;7 4;2
1.2 - -

2.5 0.67 0,83
1.2 - -
4,7 - 4,5

3.4

1.5

A - The figures for calculating the ratic of 5=-BJ mutagenesis in

the two gtraing were taken by averaging the three aliquots for

each treatment., -
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Champe and Benger 1962b; Drake 1963: Drake and Gréening 1970).

Table 45 shows that the 5-BU-induced revereion frequencies of
all four ril mutants were higher in the hm than inthhe !_15+ strain.
A replicate of this experiment gave essentipglly the same regult
i.e, an approximately five-fold increase in the induced reversgion
frequencies of both the AT and the GC mutants in the hm strain
compared to hu' .

In summary the reversion experiments performed here have shown
that of the mutsgens tested, only 3«BU and NA showed an increasged
potency in the hm strain. The enhancement gppiied to both classes
of transitions and in the case of ISA, ¢id not depend on & cycle of
growth before plating on the restrictive hoat,

The implications of the synergism betwoen hm and these two

mutagens will be discussed later in conjunction with the other

asgpects of the phenotype of the hm strain,

Ig One Igpqqs. Responniblg for allﬁ the Phanotypic Changes in 7‘1’4%?
Throughout t.he work on the hnm strain, it bhas been tacitly
aséumed fhat a single mupation wAS3 ;'aaponaible for ell the changes

in phenotype obgerved in this gtrain, and further that thias
autation wag &t the hm locus, Finally and par.hnp a little
helatedly, thise asslmi:tim wia tested. |
The procedure ;arsis to cross the hnm girain to the wild-t:jpe
and then choose those progeny which posgessed one‘ of the characters
of the hm strain. The appropriate product of the cross was thon
uped to repeat tﬁe procedure 80 that a series of backcrosses to

wild-type was performed.

g b

Mra B S
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None of the parameters which distinguished the two strains
wag anenable to eécreening, 80 the protocol was somewhet laborioua.
The character chosen was the comparative resistance of the hm
gtrain to NA asg thig was reasonably eagy to wzeasure and slse becauso
tha difference between the two strainsg in this characéer was atriking.
The actual protocol used was as follows,

E.coli B was jointly infected with hn and ,l_l_mj (both f) .at
multiplicities of about 3.0 each in the presence of cysnide., The
conplices were diluted into fresh broth, and after an hour's incu-
pation at 37°C, lyasis was completed with CHCL, and the phage wore
plated on E.coli B. After incubation, 12 isolated plaques were
picked and each was used to infect an early exponential culture of
E.coli B3 and high titre lysates wore grown up. Each lyaate‘ wan
thon treated with NA for 4.5 minutes and the phage, both treated
and untreated were plated on E.coli B to assay survival, The
survival levels of the lysates fell into two clesses (about 15% and
about 1%) which corresponded to those expected for hm and hm' respw
ectively, One of the lysates with the higher survival level was
chogen as one of the parents in the second backcross to the wild-
type strain. The whole procedure wae repeated a total of nine
times.

After the fivml backeross, one of the lysates of NA- resigtant
phage was plated on E.coli B and five young plagques were picked and
used to initinte fresh high titre stocka. Each of thesge fivo
lysates was then mssayed for spontancous r frequency and the one
with the lowest was chosen for further study.

A comparison was made between this strain (designated hm be),
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the original hm strain, and the l‘.@.+ wild=-typo strain, in which the
lethal action of IlA, the spontaneous and the NA-induced r frequencies
were measured.

Table 46 shows that the hm bc strain behaved in almost identical
faghion to the original hm strain in all these parameters, sugges-
ting strongly that one mutation was responsible for them, as well
of course for the NA-registance which was the selected character
in the backcrossing, although thé pospiblility of a‘ sories of vory
closely linkad mutations is not complotely excluded.

If however it is to be balieved lthat a aingle putation whs
regpongible for the phenotypic chﬁngas which 1 observed in the ha
strain, the queation of whether the mutation is in fact at the .
hm locus still remains. Drake (19':«;3) used the increased levels

of 2-AP mutagenesis as one of the criteris for diagnosing the
presence of the hm mutation, and this paramgter was chosen as the
one to link Drake's observations with nine.

In the section which dealt with the effects of hm on induced
reversion of ril mutants, the procedure for getting the rIi's inte
different genetic backgrounds was described. It will bo remembered
that two of the ril's (14A and 151) ware judged to be AT tranaitions
since they failed to respond to HA but did respond 1';0 2-AP in
revoraion spot-tests. These two rll's were serially backorossed
eight times from the original hm strain to the bm be strain. Thus
these rII's existed in the hm, the hn' and the hm b hackgrounds.

The 2-AP-induced reversion frequencies of both rIl's in all
thres backgrounds were measured, the experiment being performed in

the way described in Materials and Methods. Table 47 shows the



 TABLE 46. Comparison of the Strains T4hm, T4hm" and Tdhm be

a). Inactivation by NA

NA Treatment Strain % Survival
(mins) +
ﬁﬁ hm hm be
0 - 100 100 100
0.85 13.2

4.5 12.1

b). Spontaneous and NA-Induced x Frequencies

M Plaque

3 .
- Btrain Treatment % Surv. Ihspected r Plaques r Frequency
’ Aming) : ) )
hi 0 100. 2.2x10% 15 e.ex10™?
4.5 121 2.2x10° 65 2,9x107°
nmt 0 100 3.9x%10% ‘1. 2.8x1w0™
4.5 0.95  d.2x10% 8.  L.8x1070
mmbe O 00 3.3x0 24 7.1x070
4.5 . 13.2 . 2,7x10 82. 3,0x10™°
¢). Innctivation by HA
HA Treatrent Strain % Survival
{hours) N . |
hm hm hon be
0 100 160 100
a8 2.4 4.1



TABLE 47. 2«~AP~lnduced Reversion of rii 14A end rll 151 in the

hm, o and hm_be Strains

a). ril 14A

Strai 2-AP No. oLB_evertants Rev. -Index
hn - 28 6.2x10" "
- . 21 5,1x10"
- 42 7.4x10”7
+ 286 . 3,9%x10"%
+ 359 | 5.4x10™
" 244 6.5%x10%
hmbe .- - - 39 © g.axi0”’
- , | 52 ' 6.2x10"7
- 81. ‘ 5.0%10" "
+ 483 3.5x10%
+ 614 6.8x10™
+ 449 4.4x107¢
not - 37 ‘ 2.8x10™7
- 29 1.9x1077
- | 35 3.1x10™7
+ 281 8.9x10™°
+ 304 | 1.2x107*
+ 296 1,0x20™

- Continued..,. .



TA RLE 47’ Cont_inued. ss e

b), riL 153

S_tmin 2-AP No. of Revertants Rev. Index
hm - 28 | 1.6x1077
- 37 | 1,0%1077

- 39 : 2.,0%10™"7

+ 286 ‘ 8.4x107°

+ 261 ) 9.3x10™°

+ 302 7.9x107°

hm be - 35 2.1x10™7
- a0 2.3%10"7

- : 41 1.8x10™7

+ 443 7.9x107°

+ 416 8,8x10™°

+ 479 8.1x10™°

h]

nn’ - 81 8.2x10™°
‘ - 54 9.1x10™2

- 72 1.1x1077

+ 644 ' 2,0x1070

+ 586 1.6x10""

+ 702 2,3x1070
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regults, Thée induced reversldn frequencies of both ril's were
somo four-fold higher in the ham and hm bc strains compared to the:
hn' etrain. This was good evidence for the hypothesis that it
was indeed the hm mutation which was responsible, not only for the
effects found by Drake in his work, but also for the additional
changes in phenotype uncovered in this study.

‘Having obtained the two rIlI'a in7-the three backgrounds, the
revorsion responss of each ril to 5-BU wasg m,aasur_ed. It will be
remarbered that the two AT transitions responded only modeorately
to 5-BU. Howevar, it was found that tha roversion indices of
both rlXts in the hm and the hm bc straing were about five times
ap great as the values found in the _t_l_!f strain. Thus this
mtational synergisn with 5-BU is added to the catalogue of changos

attributable to the hz mutation,

Discusgion on the Nature of the T4hnm Strain

18 1t poseible to put forward @ coherent nodel to account for
all the changes in phenotype in the hm mutant strain?

First of all it seems clear that the hm locus does not dictate
a somatic protein, but mather that it is involved with some aspect
of the phage's intracellular metaholism. Two agpects of the hm
phenotype atmnglg pupport thig view.
{a) The higher rates of base analogue nudagenesis found in the hn
gtrain almost certainly must be dus to changes in the intracellular
physiology since these mutasgens are adniniatered intracellularly.

One would have to invoke a highly improbable model involving 8

matagenic interaction between hase-analoguo-gubstituted DNA end the
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coat protein to reconcile the mutational synergism with base
analoguss with a somatic function for hm.

(b) This mecond point hes already been mentioned. It is the
finding that the hm strein ia not only reaistant to NA but also
exhibits mutational synorgism with this sgent.

The differentisl resistance end (or) induced mutation frequen-
cies in response to a number of agents whose primary target is DNA
suggests thet the hm function is concerned with some aspect of DNA
metabolism and perhaps, more epocifically with repair of damago
to DNA,

The study &nd understanding of repsir procesees in T4, have
8o far lapged behind the spectacular progress made in thig field
in bacteria. The y gene of T4 is really the only one which has
baen characterized. A mutent at this locus was isolated by Harm
{1963) which was W=sensitive. It wzs later eshown that this gene
encodes an endonuclease which specifically recognizes pyrimidine—
dimers (Friedberg and King 1971; Friedberg 1972; Friedberg and
Clayton 1972) and y. gene mutants are unable to perform excision
repair of UV-induced damege. The UV~induced mutation frequency,
as messured by the number of mutants por eurvivor is however
unagffected n§ defects in the y gene {Moistrich and Drake 1972).

The UV~sengitive px mutation in T4 (Dreke 1973) has several
properties which are competible with the % gene product being
involved in recombination repeir., It has in addition to an in-
creage in Uv-sensitivity, a reduced recombination frequency and a
lowered UV=induced mutat:loh f requency. Buch characters are

reminiscent of some of the phonotypes found in bacterial mutante
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which are defective in recombination repair. These bacterial
mutants include recA (Witkin 1969c¢c), recB and _l_’_g_w_ (Witkin 1969c
and 1972) and lex (or exrA) (Witkin 1967; Mount et al, 1972),
Another T4 gutant, designated ¥ ig also Wesensitive (Boyle and
Symonds 1969) and like px, the y gene product may be invelved in
recombination repair, The y gene is unlinked to px and complements
with 1t with regard to the UV sensitivity (Boyle 1960),

Of course it would be rash to assume exact parallels between
T4 and E.coli repair systenms. Indeed several differences have
been found in the excision repair mechanisna; of the two organisms,
For example the T4v, endonuclease ig indifferent to inhibition by
caffeine and mcriflavine (Marm 1973), two agents which cen strongly
inhibit bacterial excision repair (Metzger 1964; Feiner and Hill
1963). One other difference is that the y gene product dleplays
a higher specificity then does the bacterial excision ropeir systenm
in that it acts solely on pyrimidine dimers, whereas the E.coli
system can excise different damages inflicted by varicus agents,
e.g. Friedberg (1972) and Kondo (1973),

Heapite such provisos, the well characterized E.coli repair
syatens do stimulate general hypotheses which may well accommodate
findings pertaining to specific viral processes,

Apart from the highly specialized photoreactivation system of
repair, which can monomerize UV-induced pyrimidine dimers in gitu,
there are two baaic ways by which bacteria can deal with damape to
their DNA, Very briefly they are as follows.

(a) The first involves excigsion of the damaped region of DNA follow=-

ed by the resynthesis of DNA to f£ill the gap o formed {Boyce and
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Howard-Flandera 1964).

(b) Recombinational, or post-replicative repair circumvents damages
which escape exciaion by 8 mechanisn whereby the dsughter gtrands
of replicated DNA which contain gaps onposite the lesions in the
parental DNA can recombine with intact portions of the parental
DMA 50 a8 to penerate a full length penoma. There is now 2 large
array ¢f bacterial mitanta which'ﬁre defective in specific steps of
these two genersl modes of repair,.

let usg firet compare and contrast the hm mutation witﬁ the
hacterial and T4 mutants with altered excision repair capacities.

Unlike hm, all such hactérial mutants are very senagitive to
UY. The UW-sengitivity of the T4 y mutation has been mentioned.
Such mutants algo differ from hm in that they exhibit the szme UV-
induced mutant yield per lethal hit {(Witkin 1967; Meistrich end
Drake 1972) wheress hm ahows mutationsl synerglen with UV.

In E.coli, Clarke (1970) found that an excision-defective
strain wag MA sensitive and that the NA-induced reversion frequency
per lothal hit was substancially increcased. The situation with
hm difters from this in that the increase in NA-induced mutation
frequency is accompenied by an enhanced resistance to thig ageat's
lethal action,

If the hm mutation is to be implicated into an excieion repair
system one would need to say that such a system in the hm strain
is more efficié¢nt at removing lethrl damage inflicted by HA and
NA but in the case of the latter mutagen such repair muast be error-
prong to explain the synergiem between NA and hm, If one pursues

such an idea several severe discremancies occur,
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To account for the fact that hm is not hyper-resistant to W,
WS, bisulphite or EMS one would have to gay that the ha repair
system either does not act on damages inflicted by these agents or
else acts on them with the same efficiency e the hn' allele. If
it is postulated that UV- and MMS-induced damages are not amensble
to hm repair, it becomes rather difficult to account for the
enhanced mutation frequency induced by hoth mutegens in the hn
gtrain,

It will be remembered that 3~8U mutarsenesis of bat_:t.ari,ophage
lenixis was enhanced in strains of E.coli deficient in excision
repair (Pietrzykowska 1973) suggesting that e gechanism other than
excigion repair is involved in 5-.-31; autagenesig. The fact that
5-B) wag found to be more potent in the hm strain therefore again
sugpgests that hm is not involved in excision r_epair.

Setlow and Carrier (1988) provided biochemical evidence to
suggest that hm is not involved in excision repair. They found
that in the T4 x strain (which harbours the hn mutation) the rates
of UV~induced dimer excigi.on wag the same a8 in the wild-type,

Any nodel put forward for the hm gene function, must account,
agong other factorsg, for the fact that the hm strain is resistant
only to A and NA of all the inactivating agents so far tosted.

Can this fact be due to the lethal igaions induced by HA and
NA being qualitatively different from those induced by the other
agentg? It can be argued that this may bae the case.

The model of Burnotte angd Verly (1971) was diecussed in
Chepter 2 of the Results. Briefly, they proposed that certain

clagses of NA-induced dﬁmaga to DNA could lead to either single
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si:rand breskage or to DNA croaslinking, both of which are greatly
more lethal than other clagses of damage, such as deaminations
which NA inflicts on DNA.

Turning to HA, 1t will be remembered that EDTA wag added to
the reaction mixture to prevent -catalyiia of the breakdown of HA
into toxic byproducts. It may be, however, that despite this
precaution there isg Vstill residual formation of such products and
that a proportion of the lethality is due to i;heir action rather
than that of HA., The actual ra.tp of inactivation of T4 by MA
treatment is low, the 1% survival level in hn and _!_1_.3; taking about
80 and 30 hours treatment respectively. It mpy be that th_is
postulated spontanecus breakdown of HA could account fora fraction
of this low rate of killing,. Among the breakdown products of HA
is Hgoz.

Peroxide can cause DNA backborie breakage which resulta in high
lethality but no mutagenicity (Freese et al. 1967; Rhosese and
Freese 1988; Rhaese, Freese and Metzor 1968; Freese and Fresse 1965),

Both these accounts of the typas of damages induced by HA and
NA are speculative, but let us for & moment accept them and further

lot us postﬁlate that the hm strain is better able to cope with
single-gtrand breaks than is wild-type. What are the implications
of gsuch an hypothesia?

It effectively precludos the hm system from having any role
in excision repair. In E.coli the sensitivities of mutants defec-
tive in excigion repair to agents (such as X-rays) whosa primary
induced lesions are single-strand breaks, are only marginslly

increased compared to wild-type and this suggests that excision
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repair is not involved in the repeair of such danape. Straing of
bacteria which are very sensitive to X-rays are known., They are
not excision repair mutants but rather they are deficient in recon-
bination repair,

The nttempt to assign to the hn system a role in excizion
repair was fraught with difficulties. Will sn allocation of hm
to a step in reconbination repair fare anyrbetter? Tho fact that
the hn atrain has wild-type UWesengitivity and recombination fre-
quencies and displays mutational synergisi with UV does not_ ausup
well for guch & model since ns was mentioned all the E.coll mutante
deticient in this type of repair ere UV-sensitive, and are refrac-
' tory to UW=-mutegenesis, and most of them have reduced recombination
frequencies,

However, despite such differences the fact that bacterial
recombination repair has been shown to have o role in the generation
of mutations means that the characters of the hm strain are less at
variance with this type of model.

Apart from the importance of the recombination repalr system
in W-mutégamsis, it has algo shown, as has been mentioned, to be
involved in IS end 5-BU mutagenesig (Pietrzykowska 19873). The
nodel put forward by Clarke (1070) algo invoked & role for recom-

bination repair in NA-mutngenesis in E.coli. In contrast to these

mutagens Kondo et al, (1970) found that EMS and NIG could still be
mutagonic in recA strains of E.coli. As far as I know the effects
of recombination-repair deficlency on the potency ©of the other
mutagens used on hm (i.e. HA, bisulphite and 2-AP) have not been

meagured, Novertheless for those mutagens which do ghow an
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enhanced effect in the hm strain, nmodels which invoke recombination
repair in their nutapgenic pathways have been put forward.

The difficulties which were met when the pogsible role of the
hm system in excision repair was considered slso occur in a modal
which proposes that the hm mutation dictates a recombination-repair
onzyne which cen act more rapidly to repair certain types of lethal
damages (i.,e. those induced by lA and NA) but is more error-prone
while performing thisg service. One again hag to propose that it
is specifically the clagees of damage induced by HA and HA which
aure dealt with wore rapidly in the hm strain.

Speculative proposals as to the ways 1n which HA and NA could
generate single-~gtrand broaks were made above, One could congider
such breaks ep being pripmery lesions. In the cage of an agent guch
as UV, where under certain conditions the initiel primary leslions are
exclusively thymine dimers (lMeistrich 1972; Meistrich and lLamols
1972) single strand gaps are formed, bot as primery lesions, but
as gaps in the DNA in the daughter strand opposite the initial
lesions in the parental strand.

It hag alrendy heen stated thget amongst UV-induced transitiona
in T4, the majority are GC ~7 AT transitions (Drake 1863 and 196db;
Meistrich and Drake 1972). This mutational specificity may be =
reflection of the epecificity of the siting of the regionas of DPNA
destined to be involved in the recombination repair eveont.

Let us for a moment suppose that the hm system is involved
with the dictetion of the accuracy of the peiring of DNA strands
during recombination.

It could be postulated that in the case of recombination-
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repair of UW-induced danage, some system other than hn is involved
in the siting and (or) the setting up of the recombinetion event,
Very tentatively px could be put forward as a candidate for euwch e
system in T4, A system which dictates the fidelity of the process
might then be considered an added bonus and hence the hn mutation
would not affect the rate of recombination repair of W damage,
only its accuracy. If =mo, this would asccount for the normal UV-
gsengitivity in the lim strein and the enhancenent of Wenutapenesis.

Turning th§-the more randon primary bresks induced by HA and NA
one could argue fhat the more fastidious gg:_"' gene product could
reject the fnssibiuty of repair at such unscheduled sites of
breakape but that the hn gene product could telerate and perhaps
modify the break-points so as to render them more readily amenable
to repair by some other system.

To account for the fact that NA, but not HA-mutogenesis is
enhanced in the hm strain one has to postubdte that HA-induced
mutations do not arise vis a recombination-repair pathway wherees
Ha-induced ones do.

The fact that there is such a good correlation between the
molecular changes induced by HA in the DNA (i.e. it acts aolely on
cytosine of 5-HIC when given under the appropriate conditiong
(peo Phillips and Brown 1967)) and the very hipgh degree of specif-
icity with which it induces G -»AT traneitions (Freess, Boutz and
Bautz-Freeso 1961; Teseman, Poddar and Kumar 1964; Howard end
Teseuan 1964; Brenner, Stretton and Xaplan 1963) supports the view
that the HA outagenic pathway is independent of repair-mediated

machanigna.
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The model tentatively propoged for hm hesg certain characterig-
tics of that proposed for exrA function in E.coll. 1Iatants at |
this locus are Wesgensitive, and the UV-induced mutation fregquency
is reduced to zero (Witkin 1967; iount et &l., 1972). They are
nlso sengitive to X-rays (Howard-Flgnders and Boyce 1966) and to NIG
(Witkin 19686). -

Derivatives of the exrA mutations have been isolated and
characterized. These so-called exrA(W) mutants have their radia-.
tion-gensitivity restored to wild-type level tut the antimutator
effects on W rémains (Sedgwick and Sridges 1972; Bridges et al.
1973).

In contrast to the exrA(W) gutants, hm exhibits increased rather
than decreased UV-induced mutation fregquency. However one need
only remember that different gene 43 allelés zay be mutator or
antimutator to realise that opposite phenotypes (compared to wild-
type) may be obtained by different alleles at a eingle locus.

Witkin (1969aandb) hae suggested that the exrA’ gene product
nay modify terminzl DNA beses adjoining gaps and although rendering
.guch bases available for recombination repair, sleo encourages the
likelihood of mispairing.

Quite obviously the gtate of knowledge of the nature of the
hm function ia such that it is not realistic to gay that the hn
and exrA functions are totally analogous, though the propertias
of hm can be compared to exrA with slightly more justification than
with most other bacterial systeme.

There is howover ong aspect of the phenotype of the hm strain
which is very difficult to fit into such m model and that is that

the sensitivities of hm to EMS and to MXS are identical to those
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of the 3_193 ‘gtrain (Drake 19273). Alkylating agents have been shown
to induce depurination in DMA (Bautz and Freese 1960) resulting

in single-strand brezks in & way essentially the same as postulated
for HA= ang NA-indoced breaks. The induction of most of the de-
purinations by alkylating agonts is a slow process (lawley and
Brooks 19063) occurring after the trestments havo been terminated.
If then the phape are plated immediately after treatment, then such
legions may not contribute so much to the induced lethality.

It is clear however that no simple model of hm, based on
annlogies with better characterized repair systems will account for
0ll the ranges in phenotype found in this strain, If hm is indeed
involved in recombination repair, then such an hypothesig could be
evaluated by performing the followinz experiments,

(a) Othor agenta which induce single-ptrand breaks should be used
to inactivate the hm and hm streins, The model predicta that he
would be pore resistant than ,lgf in response to treatment by such
agents at 'lizO s« lonizing radiation or Wetreatment of S-BU-subati-
tuted DNA,

{b) The lethality of NA in etraing of E,coli known to be recombin~
ation-repeir deficlent should be tested. It would be predicted
that gsuch mutant streing should be HA-pensitive, In addition, the
strains of T4, px and y, have, &8s has been mentionad, both been
implicoted in fecambinat:lon processes., If hoth streins were
senpitive to HA snd to NA, this would give greater credance to the
model.,

(c) A rigourous biochemical analysis of the rate and efficiency of

repair of the hm and _t_x_g_‘ straine after NA and HA treatment should
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be made, If in the hm strain gaps in the DNA induced by either
apant are repasired more rapidly, this could be dotected by measur-
ing the mean length of the DNA fragments. In the hn strain one
would predict that the mean DNA lengzth would bo greater.

Of course one can readily think of quite different and novel
roles for hn, For example one could postulate that it is
involved in the scheduled synthosis of DNA, perhepsiasan _.
adduct of the DNA polymerase machinery., The hn pene product mipht
be less fastidious when it encounters iesionsg in the DNA induced
by NA or HA which may result in an increased probability of the
altered bases being used sg tenplates for replicgtion, unlike the
hm  pgene product which may reject such bases as templates, Again
one has to say that for lesions induced by the other mutagens
tested in this system, the hn and hm' gene products are equally
recalecitrant about allowing repliastion of the lesions. If spon=-
taneously~ariging leglons are also preferentiglly replicated in
the hm strain, this could account for the higher spontaneous
mutation frequency found in this strain, If specifically the
lesions were those which potentisted baso~pair substitutions thig
might explain the fact that it ig the transitions whose frequency ig
enhanced in hn, The problemsa which applied to the other posgible
nodels for hn alss apply to such an hypothesis, the main general
problem being the fact that gome mutagens (iS5 and UV) have normal
senaitivities but enhanced mutation freguencies, some (EMS and
bigulphitel are unchanged in both parasmeters, end that although
both HA and NA sre lees lethal to hn, than to hn', only the latter

exhibits higher induced mutation frequencies in the hm atrain.
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Thia last podel is sinilar to one of the tentative hypotheses
put forward by Boyle (1969) to account for the T4y gene function.
At the moment however there i3 not encugh inforsation on the hm
strain to aliow a critical evaluation of any single model,

Apart from the experiments mf_mtioned above, which were
designed to test the validity of a specific medel of hm, there are
a nunber of other avenues along which studies of the hm aystem
night profitably proceed, These inblude:

(a) A study of the dominance relationships of the hm mutant might
give information on the nature of the hm gene droduct. Sinha and
Snugtad (1971) reported that mutanteg of T4 gone 32 (Alberts Protein)
inhibited the action of wild-type slleles at the same locus,
whereas sutents deficient in a ﬁurnber of different genes dictating "
the production of enzymes were recessive to wild-type. They
concluded frem thig that the gené 32 product had a stoichiometric
role,

(b) If complax genotypes carrying hm and a mutation at ancther locus
concerned with DNA metabolism were constructed, the Burviﬁl and
matational responses of such double autants might tell us whether
hm cooperates with any other known sysfem in an epistatic manner.
(c) It would be useful to know whether the hn systex is dispensable.
A start could be made by measuring the effects of nonsense sup-
presgors on the phenotype of the hm mutant. If the phenotype was
regtored to wild-type in the presence of & nonscnse suppressor this
would show almost certainly that hm geno function is not easential
for T4 growth. A faillure to demongtrate the suppression of the

hm mutation would not prove tho opposite conclusion. For
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rigourous study of the hm locus it would be very useful to develop
a conditional lethal aystem. It may be that certain hm slleles .
could be conditionally lethal. This brings us to point {1,
(d) An -eff.oi’t should be made to isolate further independent alleles
at the hm locus. Sucﬁ a task will be very arduoua, given the |
abgance of any gimple detéction procedure for hm mutants, but it
would bo interesting to see to what extent different slleles vary
in phenotype. |

It ia certainiy not immséible that a rigourous study of the
hn locus, both at the genetic am:! biochenical level, will allow it
to join the list.- of loci in T4 whose analyses have given us a
fuller understanding of some of the basic mechanisms involved in

the role of cellular physiology in the mutagenic process.
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DISCUSSION

The work in thils thesis has been focussed on the study of the
effects of various ancillary treatmonts on the specificity and
potency of mutagenesis. With the exception of the work in which
the effects of pd on NA-mutagenesis of T4 were examined such ancil-
lary treatmentg involved the modification of the physiological
state during, or subsequent to the mutagenic treatments.

The discussion of the work and the results on the trp operon
are to bo found in Chapter 1 in the Results. The nmajor part of A
this final discussion will be desvoted to the work cerried out on
T4. It will have been noted that each chapter in tha. Results
section carried its own relevant discusafon. This section will be
concerned with a more pgeneral consideration of_ the problem of
intragenic mutagen specificity in which the findinge made in this
work and those of other workers will be referred to and assesped.

It nust be said at the outset that, to a great extent, the
original aim of trying to estimate which, if sny, physiological
tactors determine the spectra of induced and spontaneous r mutants of
T4 did not succeed. Where an effect of ancillary treatment wag
found, it waes, with one exception, the goneral potency rather than
the specificity of mutant yield which was aitered, Such non-
specific effects were found with the co-mutagenic effects on NA-
mutagenesis by FFPA and by the presence of the hm allele in the
genetic background. It was apgued that the antimutator offect
of PFFPA on 8=-HU mutagenesis in the presence of SU could be

thought of &8 being of &an artifactual nature from a mutagenesis
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point of view and in reality it appeared that PFM had no effect on
5-BU mutageneais. Two other ancillary treatments, pH on NA
mutagenesis, and SM on either NA or 5-BU mutagenesis also gave
negative results,

Really the only change in the epecificity of mutations wag
that found in the spontaneous rll apectrum of the T4 hm strain,
in which a higher proportion of transitiong, and a somewhat
different riI map were obtained. Deapite the lack of change in
the NA-induced gpectrum in the hm strain it might etill be worth-
while to test whether the hm mitation causes & change in the spectrs.
induced by mutagens whose potencies are enhanced in this strain
viz base analogues, MMS and UV, Unfortunately, time did not allow
such analyses, the work on hm heing the last to be undertaken.

Supposing & change in the rlIlgectrun had been elicited by
any of the ancillary treatments, it is justifiable to ask what
contribution this would have made to our undergtanding of the
underlying cauges of intragenic mutagen specificity,

The very demonstration that the gpectrus could bhe altered
would have been of interest in its own right since such modification
has not so far been demonstrated apart from thoge cases (e.g.
Campbell and Rowe 1972) where the changes in physiology result in
such a massive increase in mutation frequency in their own right
that the ancillary treatment can bo thought of as the primary
mutagen which may well have its own characterigtic spectrum.

The two druge which were used ns ancillary agents, SH and M,
ware chosen deliberately because, as was discussed in the relesvant

chapters each has fairly drastic, and as far as one can tell, rather
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general effects on cellular metabolimn, The choice of such agents
might be criticised on the grounds of their being sledgehammers to
crack a putagenic nut., However their use was felt to be justified
for the very reason that they hed wide-ranging effects, Had a
change in ril spectrum been obsarved with either sgent, this in
itself would not have indicated which mechanisms were regponsible
for penerating intragenic mutagen gpecificity., However it would
have given encouragement to use. smaller nutcrackers. For example
in Chapter 4 in the Results 1t was montioned that if SM had men
effective in altering the rll spectra, thip could have heen followed
up by testing the effecta of other agents which mimic apecifically
one of the conmponents of the effects which SM exarts on cellular
metabolign,

In the event, the fact that neither drug did modify the spectra,
ip paradoxically a partial vindication of the choice of such agents
gince one could argue that if they can't do it, nothing will.

Unfortunately such a8 mssortion ig not rezlly justified, It
may well be that the nature of the rl] spectra is indeed influenced
by celluiar physiology, but simply that such physiologicnl mechanisms
as may be involved happen to be refractory to all the ancillary
treatmonts used in this atudy,

it would be appropriate now to discuss in some deotail gome of
the posslble reagons for the rnon-random nature of the ril apectrum,
to see whether the phenomenon can be explained without recourse to
the invokation of mechanisms involving cellular physiology.

Let us first consider somo explanzstions which might he con-

sidered trivial from a outagenegis point of view,.
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(a) Ono obvious hypothesis to mccount for the non-random distri-
bution of mutants within e locus, is that only at certain sites will
an anino acid substitution cause a detectable change in phenotype.

Certainly it ia clear that only g fraction of mutational
events are in fact dotected in forward amutation experimenta.
Spocificelly, the riIl region has been estimeted to contain about
2,000 base peirs (Edgar et ml. 1982). Therafore 2000 sites are
available for base pair substitution nutations alone. Add to this
the 4,000 gites which can be generated just by (tl)and («1) frame-
shifte and £t will be realiged that the 230 gites shown in Benger's
(1961) erduously obtained spectra are only £ very emall fraction of
potential sites,

There is another way of deponatrating the fact that the majore
ity of bage-puair pubstitution gutationg are nevm; detacted. The
nunber of substitutions which generate nonsense codons should bhe
minor compared to those which result in missense mutationa. Yet
in the rllI locus, Drake (1970) has calculated that of 71 base pair
gubgtituytion mytants, all mapping at different gites, no fewer than
44 were nonseonse mutations.

It shouyld be noted that & lower proportion than thip was
found for HAw-induced rllA nonponse mutantg. Out of 239 mutations,
54 wore classifiod es boing nonsense (Schwartz and Bryson 1969).

In the A -galactosidase gene of E.coli the knowledge of the
enzywe's anino acid sequence and consequéntly the mg:leotid,e sequance
of the gene, has allowed more precise formulation of the expected
contribution of base substitutions which cause nonsense codong

amonget all such mutents, In contrast to the expected value of
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6%, langridge and Caﬁpbell (1968) found that 93% of the mutants were
nonsende .

It ie not purprising to find that the deviation between obser-
ved and expocted varies from gene to gene. Whitfield et al. (1966)
showed that missense mutafts were about one third of all nutants
isclated in the aminotransferase gene of Salmonellas,

As if further evidence for the invisibility of most mutantsg
were not required, Hoch and Drake (1970), as was already mentioned,
found that new rll sites could be revealed if phage already carried
a seri-r senasitiger mutation.

Also, it was discussed in the Intreduction, that those mutagens
which induce base pair aubstitutibna induce & preponderance of rl'g,
in contrast to those agents which generate frameshiftsg where ril's
are preferentiaslly idduced. This fact has been used as indirect
evidance that the rIJ protein will tolerate more esmino-acid gub-
stitutions without causing an altéred phenotype than will the rl
gene product. Even if this is true, it dces not tell us whether
the ril proteins are exceptional in their ability to tolerate
mutations without altering the phenotype.

Clearly then the number of sites amenable to gnalysias is sev-
erely restricted and the spectrum will be none-random. However,
are the restrictions on the allocation of sites due to protein
structure sufficient to account for the hotapota?

Langridge in his studies on the distribution of mutants along
the ﬁ?-galactosidase locus in E,coli did not possess a mapping
systen of as high a resolution as that available for rll in T4,

and so he could only ascribe the mutante to regions rather than
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to sites. He found that mutants were distributed non-randomly
within the gene but that the spectrum could he attributed to
differential sensitixity of the enzyme at different sites to mut-
ational change since he combined genetic studies with in vitro
enzyme studies (Langridge 1263), In another study, Crawford et al,
(1970) mapped many nutants of different origin within the trpd
gene of E.colt, Their digtribution along the gene wag highly non-
random. There were clusters of particular classes.of nutants in
spacific regions of the pene, and this wasg 1nter§neted as being a
reflection of the differential ability of the protein to tolarate
different clesgses of mutational changes at different regions.

A glance at the rlIl spectra shows that the diatribution of
sites along the length of the cistrona. if not random, is fairly
regular. Thie 18 particularly true of the spontaneous spectrum
{ Benzer 1961), It 1g rather, the striking differences in the
intensity of different sites which leaps to the eye. Clenrly,
even at thoee sites with only a single representative, a mutation
at such a site will generate an altered phenoctype. Therefore,
although dne can gay that the restriction placed on the aumber of
detectable sites, due to the tolerance of mogt sites in proteins to
mutational change, will pgo some way to causing a non-randop spectrum,
it does not explain the difference in intenaity of hot- and cold-
spots,

This conglderation of the restriction placed upon the nuapher
of gites perhaps would seem to diminigh the impresaiveness of the
non~randon nature of the rlI spectrum.

There is however another consideration which points to just
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the opposite conclusion and is worth mentioning here. Ia reverse
mutation experiments in the rll sysgtem, where far lower mutation
frequencies can be estimated than is practicable in forward mutation
experiments, tqﬁelapontaneous mutation frequencies of 10-E and

lower are not uncommon. There is no g _priori reason to suppose
that at certain sites in rli, forwerd mutation frequencies of this
order will not occur. Tho task of jgclating rlI mutants which
arige at such frequencies would havé been beyond the cgpacity of
even Benzer. In his apparently exhaustive (and certainly exhaus-~
ting) spectrum of spontancous rii's, I estimﬂted.that the sbsolute
frequency of the cccurrence of a site with one representative was
around 2x10° since he must have looked at about 5x10° plaques.

It may be therefore that the cold-gpots (i.e. those sites with single
representatives are still ten, a hundred or even a thousand times
nore mutable than the lowest limit for spontancous forward putation
frequencies. In other words, the difference in the 'heat' of
different eites may in fact be 2 great desl greater. than might
eppear to be the case from inspection of the rII apectra, both
spontanecus and induced, which are in the literature.

Other lines of evidence point to the fact that the non-random
spactra in rll cennot be due solely to the restriction on the
numbers of detecteble sites caused by the nature of the protein,

Although different mutegens which induce approximately the
same classes of mutations have related gpectra, {(Benzer 1961)
there are severel gites which are strongly represented in one
mutagen's spectrum but very weakly, or not at sll in that of a

related agent. For exsmple, MA, 2-AP and 5-BU which all induce
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hoth GC —> AT and AT —GC transgitions (albeit in different relative
proportions) each have quite distinct gpectra. The ditferencgg are
greater than would be expected from the differences in the relative
contributiox; of each clags of nutant induced by each agent,

Algo, E'S, which induces mainly GC—>AT transitions has a
spectrum with no striking hotspots (Benzer 1961). 5~IU on the
other hend induces striking hotspots though it too has the sane
affinity for inducing GC— AT transitions in T4 as does EMS. HA,
which induces GC AT transitions exclusively in T4 also gives n
spectrun quite different from those found for 5~BU and EHMS (Ali-
khanian et gl. 1270).

Such differences in the spectra of different agents which
induce similar classes of mutations suggest '!:hat the differential
tolerance of the rII gene product to mutation 1s not the crucial
factor in the peneration of hotspots since the mutational origin
of e particulmr mutation will he immaterial in deciding its effect
on the protein function once the mutation is fixed.

Finally, the faect that frameshift mutants slso exhibit hot-
epotting argues against the hypothesis that the protein structure
i8 the sole arbiter of the aiting of hotapots, since a frameshift,
irrespective of 1its intragenic position ig very likely to destroy
protein function. Yot proflavine, which induces frameshifts 1:;
T4 (Orgel gnd Brenner 1961) does have £ hotspot in ite spectrum
(Bonzer 1961; Alikhanian et al, 1970}, In the spontaneous
spectrum, the two glant hotspota, rll7 and rl3l, are both composed
of frameghifts (Drake 1970). |

(b) The second hypothesig which really does not need recourse to
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explanations in terme of mutagen action is that hotapots are not in
fact gingle sites but rather that they are larger regions which for
gome reason are refractory to recombination and hence the mutants
within these regions are inseparable.

Certainly Teseman (1l965), usiag very high resolution recombine
ation assays claimed to show that some rlIl's which gpparently mapped
at coincident gites could recombing with each othor at fregquencies
of about 10 °, This is some 10,000 times lower than would be
axpected, on other criteria, for recombination botween adjacent bhase
pairs, In all cases where hotspots could be dissected, the
mutants could alego be distinguished by phenotypic differences, such
as thelr suppressability. However, deaspite hig ultraftine resolution,
he still found hotspots induced by NA, whose mutants could not be
digtinguished either by recombination or by phenotypic differences.

Exanples of variation in recombination frequenciess have been
reported for T4. Beckendorf end wilson (1972) reported a gradient
of recombinbdion frequancies along gene 34 but the differences in
the frequencies were not nearly great enough to generste hotspots.
At a finer level, Ronen and Salts (197)) found a wide range of
intracodon recombination frequencies at different sites in rlI,

The ohbwious criticism of suchaan hypothesis is that‘it cannot
account for the uniqueness of the spectra induced by different
nutagens, It ig the recombination between fully eastablished
nutations which is measured, and hence mutational origin will be
irrelevant in the determination of the recombinogenicity in eny
given region..

Both these hypotheses fail then to give a satigfactory account
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of the causes of hotgpots and alternativeg must be considered.

For those mutaegens which are given extracellulerly, an
initially attractive hypothesis ik that the DNA ip arranged within
the T4 hoad in such & way as to expose preferentially certain sites
for mutagenic attack. _ Such an hypothesis is rendered unlikely for
at lenst two reagons,

Firstly the packaging of DNA into the T4 head varies from
individuel to individual. The *headful' model proposes that
although a constant length of DNA is peckaged into each hesd the
ac/twal linear sequence varies randomly (Streisinger et al. 1964 and
1867; Sechaud et al. 1966). Consequently no-one site will rogul-
~ arly be exposed to attack becsuse of its positfion in the head.

Becondly, it has been found that W-induced nutation spectra
in rll ere essentially the same whether W ig delivered to phage in
the intra- or extracellular state (Drake 1963 and 1066b),

While this work was in progress, a fairly steady flow of
reports appeared, concerning the role of neighbouring bages in the
determination of mutation frequencies at specific sites.

Tho most striking exposition came from Okadn et al. (1972)
who found that a frameshift mutation of epontaneous origin in the e
{lysozyme) pene of T4 reverted spontaneously to wild type at vers;
high frequency. ©On analysig of the protein (and hence of nucleo-
tide) mequence it was found that the mutant was sited in a run of
6 AT base pairs and that it reverted to wild-type by a (~1) freme-
shift. This finding is in nice accord with the model put forward
by Streisinger et sl. (1968) which _predict.ed that frameshift mutat-
ions would tend to arise spontaneously in regions where & run of

bases occurred, due to an increased probability of etrand slippége
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during DNA synthesis at such regions.

In Selmonella a technique is available for the selection of
polar frameghift nmutationsg in the histidinsgl dehwirogenase gene
(Fink et al. 1967). Of six such mutants, all were found to.reside
at a single site, and on analysis this site wag shown to comprise’
two or three consecutive GC base peirs (Yourno, Inc and Kohno 1971).

Turning to induced frameshift mutations, in the same Salmonella
system, it seems thet ICR-191 has a propensity for inducing frame-
shifts {n rune of GC base pairs (Yourno 1971). The influence of
neighbouring bage peirg on subsgtitution gutationa has also been
demonatrated.

The firat conclusive report of such an influence came from
Koch {1971). He uged & system in rII, in which he could manipul-
ate the identity of the base peir adjacent to the one to be muta-
genized with 2-AP, He compared the frequency of induced AT -2 QC
transitions at the central position of a triplet when the third
pogition was occupled by AT or GC. He found that the frequency
wag up to 20-fold higher when AT wag present than when GC was the.
neighbour, but that the identity of the base pair two away from the
mutated gite had virtually no effect on the induced frequency.

Salts and Ronen {1971) found great variation in the frequen-
cles with which different rll ochre mutants are converted to amber
or opal by 2-AP mutagenesis. Since all three codons are nonsense,
the variation cannot bhe dismissed as being due to differential
tolerance of the protein to the ‘'wrong' amine acid which could well
be a factor if the frequencles of reversion were measured. These

workers clasgified the mutational derivatives from ochre on the
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basis of their behaviour on different restrictive E.coli stirains
carrying known nongense suppressors. However they failed to note
that it is known that the efficiency of nonsenge subppression itcelf
can vary congiderably from site to site (Salser 1969; Yahata et al.
1970). The reagon for thia dififerential suppressability camnot be
put down to variation in the restoration of protein activity by
_the insertion of the wrong amino acid at different sites. There-
fore the résults of Salts and Ronen may be alternatively interpreted
as being due to d;ffex;ential suppressability rather than mutability.

Rolated to the phenomenon of diffgrences in suppression at
different gites is the fact that the AUGR triplet acte as A sipnal
for f-methionine when it occurs at the initiation aite of g cistmwon
but that it codes for methionine when it occura elsewhere. The
bage sequences of the initiation sites of several cistrons of some
RNA phages have been elucidated (Steitz 1969 and 1972; Hindley and
Staples 1970; Staplk s et al. 1971; Staples and Hindley 1971).
However no consigtent sequence has been found common to all init-
iation sites and f{t would seem that 1f the signal which causes f-
methionine to be inserted resides in the nucleotide sequence, then
it is the gross stereochenmistry of a large region of nucleic acid
rather than the immediate neighbours of the AUG site which is resp~
onsible (Golini and Thach 1972),

5t11l1 on the subiect of suppression but at a rather different
level, levisohn (1970), as hae been mentioned, found lthat. HA could
cause phenotypic suppression of certain T4rl) mutantg, The
mechanism of the suppreseion ie not known but it may involve the

conversion of C~> U in mRANA opposite the mutant base. The fact
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that different rll's responded differently to HA suppression though

they contained the same mutant base pairs wae interpreted as showing
the influence of neighbouring bases on the ection of HA on different
cytosines at different sites in RMA,

Reveraion atudiea'which did not completely exclude the possib-
ility that cbeserved differences in mutation frequencies were due to
differential i:olerance of the protein to the wrong amine acid at
different sites have been done in T4 using HA as mutagen (Brenner,
Stretton and Kaplan 1965) and in yeast with W (Sherman et al. 19869),
Both studies demonstrated considerable varistion in induced fre-
quencies at different sites.

Very interestingly it has been shown recently that a mutator

allele of E.coll (mutSl of Siepel and FAryson {1967)) exhibits con-

saiderable variation in the frequencies with which it induces trang-
itions at different sites at the trpiA locus (Cosx, Degnen and Scheppe
1972). The suthors surmised that thie v&‘r_iation was due to fairly
local influences of noighbouring base sequence.

de Vries et al. (1971 and 1972) found, on close examination,
that base pairs at certain sites were quite refractory to the
rutagenic action of T4 mutator DNA polymerase, suggesting that the
specificity of action of this enzyme 1ls subject to modification by
local base seguence,

Though not strictly apposite in a consideration pertaining to
mutegenesis, reports on theo effect of neighbouring hases on the
reactivity of cytosine bases in tRNA bear mention here.

Bigulphite can only convert C-—7U when C 18 in the single-~

stranded gtate (Shapiro et al. 1973). Whan tRNA 18 treated,
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bisulphite converts cytosine residues which are not engapged in base
pairing to uracil with high efficlency. However in E.coli f-met
tRNA there is one cytosine reaidue which, although in a single~
strand configurntion is immune from attack. Thie particulsr
residue is adjacent to the unusual base peeudouridine. The >
significance of this is a matter of coniecture since the refractory
cytosine ig the only such hase in the entire tRMNA loop. It may

be that the stereochenistry of the loopmther than the neighbouring
pseudouridine base is responsible for rendering the cytosine un-
reactive.

Similarly, methoxyanine, which 1is clogely related to HA can
algo convert C > U in single-gtranded DNA. However the homolopous
cytosine to that mentioned above also failed to react with this
agent in E.ceoli tyr-tRNA (Cashmore, Brown and Smith 1971). These
workers showed that in an i1solated sequence of T‘lff CG (¥ < pseudo-
uridine) the cytosine would react with methoxyamine, indicating
that it 1ig the gross stereochemistry of the loop which is the cause
of the immunity of the cytosine and not the Pseudouridine neipghbour,
Cashmore (1970) noted that methoxyamine treatment of tIINA did not
change the specificity ot.g:lan?_i_ﬁbacylation.

The reactivity of methoxyamine towards ecytosine in aynthetic

:oligonucleotides has been shown to vary according to the mequence
of closely neighbouring bases (Steinschneider and Lesham 1972).
lastly in this catalogue there hag been one report on the
influence of neighbouring DNA structure on the frequency of spon-
taneous deletions in E.coll (Coukell and Yanofgky 1971), The

frequency of trp-tonB deletions varies considerably hetween dif-
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ferent E.coli strains (Spudich et al, 1970). Coukell and Yanofsky
(1971} found that the strain-specific differences were determined
by the DNA structure at, or very close to the Xrp locus. Not only
was the frequency of deletions affected by the local chromosgome
structure, but also thq positions of the termini were affected,
Mutante of E.coli deficient in DMA polymerasse {pol”) generato
higher deletion frequencies (Coukell and Yanofsky 1970) but the
possibility was ruled out that the differences in the deletion
frequencies between strains were due to differences in the DNA
polymerases. |

A1l theso studies have been concerned with the influence of
neighbouring bases on the freguency of fully expressed changes 1s
nucleic acid sequénce. There is & recent report which demonstrates
that the frequency of premutational 1gsio'ns is aliso gubject to mod-~

(Brunk 1973).

ification by neighbouring DNA structure{z He found that the mumber

of thymine dimers induced by in vitro UW-irradiation of Tetrahymena-

pyriformig DNA was greater the longer the run of pyrimidines in a
tract, to & much greater extent than would be due simply to the

fact that more thymines will be adiacent in the longer tracts .

o

Several comparative studies have been carried out on the
differences between AT-rich and GC-rich DMNA. Studies on the
dépéndence of physical structure of DNA on itg base composition .
have been at 2 gross level and hence may not be relevant to the
tine-genle influences of neighbouring bases which would be required
for mutetional site specificities. It is clear nevertheless that

the secondary stmucture of DMA does depend upon the base compousition
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(Bram 1971; Bram and Tougard 1972).

Other workers have looked at the dependenee of bape compog-~
ition upon the specificity of interaction between DNA aﬁd various
proteins which act on it.

For instance, E.coli RNA polymerase has been shown to bind

preferentially to AT-rich regiong of hacteriophapes A (Le Talier
and Jeanteur 1971) and f1 (Shishedo and Ikeda 1871 and 1872).
B.coli RNA polymefnse also transeribea the T4 genome (e.g. Sokolova
et al, 1970) but the comparative binding studies at different T4
regions have not been done. |

In contrast to the RNA polymerase, calf thymus histine binda
much more strongly to. GC-rich DNA (Cliark and Felsenfield 1672)‘.

Three other examples will be given to illustrate the diversity

of ways in which DNA base sequence determines prﬁtein specificity.

There is in E,coli an emdonuclease. which eleaves the DNA of
Simian virusg at a highly specific point sugpesting recognition by
this enzyme of a particular base seguence (Morrow and Perg 1972).

In phage T2, the extent of methylation of eytosine and adenine
wag dependent upon neighbouring bese sequence (Vanyushin et al
1871}, If the methylated and non-pethylated purines differ in
their response to mutageﬁ:lc ettack, here is 8 novel way for the
generation of non-random gpectra due to the influence of neighbour-
ing bases on physioclogicel factors.

The most obwvious example of specificity of protein-DNA inter-
actions is of courpe that found hetween the operator of bacterial
operons and repressor proteins. Presumably the specificity is

dictated by the base sequence of the DNA in tho operator,
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From all the examples discusseﬁrabové it ¢can be deduced that
the influence of neighbouring bases on. the frequency with which
several clasees of mutants arise is considerable. Is it gufficient
to explain the hotspot phenomenon, and if so is it necegsary to
pogtulate any role for physiological processes in deciding which
particular sequences will be most prone-to error?

The most striking hotspots oféig;ézﬁéyspontaneous frameshifts,
rl3l and rl17. Without knowledge of thé base dequence at these sites
it 1g¢ impossible to be cétegorical, but in the light of the findings:
of Okada et al (1972) it would not bhe too surprising if they con-
tained long tracts of the same base pair. A conmparatively simple
model for the generation of spontaneous frameshift mutants does exist,
(Streisinger et al 1966) but it is not clear whether the error-
proneneas of runs of the same base pair is a necessary direct
corollary of the physical stereochemiatry of the DNA at such regions
or whether it is medinted by inaccuracies of an enzyne system when
it encounters such tractas.

Pernstein (1971) in an exhaustive study of the effects of
mutations at many T4 loci oh tho frequency of reversion of ril
framoshifte found that some alleles of gene 43 (DMA polymerase),
gene 32 (Alberts' protein), gene 44 (DNA synthesis) end gene 47
(deoxyribonuclease) enhanced the frameshiftg' reversion frequencies.
Mutants st four other loci involved in DNA metaboligm had no
mutator effect. Drake end Allen (1968) found that an sntimutator
allele of gone 43 did not depress the frequencies of frameghift
mutationg. Nevertheless i1t is clear that a large array of enzymes

do have & role in the production of frameghift mutations, but in
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the absence of forward mutation studies involving the mapping of
the rli mutants in the T4 strains carrying mutations in any of the
loci stwdied by Bernstein (1971), one does not know which, if any
of the 16c1 are important in determining the siting of frameshift
musations,

More relevant to the work in this thesis is & consideration of
the generation of hotspots by mutagens which induce base pair
subatitutions.

In the catalogué of reporte on the influence of neighbouring
bases on mutagen site specificity, some of the examples came from
work done in vitro. These were on the modification of tRNA
sequence by bisulphite and by methoxyamine, and on the induction of
pyrimidineqﬁ%é%iglT.gxritormis DNA by WW. Clearly in such experi-

ments the role of physiological factors can be discounted.

Paradoxically, the fact that Brunk (1973) ghowed the influence
of neighbouring bases on the distribution of premutationsl lasions
in vitro may well substantiate, rather than negate the role of
physiological factors in dictating the giting of mutationn.
Certainly it 1s a big jump from bacteriophages to cilimtes but in

T4, although thymine dimers are induced exclusively in vitro by UV,

the majority of the base substitution mutations have AT at the
mutant site. Obviousgly, so fine an analysis does not exist for
Tetrahymena. Nevertheless, one can gpeculate that, although neigh-
bouring bases may well influence the s8iting of premutational lesions,
the positioning of the fixed mutant ig a matter for the jurisdiction
of physiological mechanisgms,

No direct attack on the possible influences of neighbouring
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bases on the site specificities of either of the two mutagens, MA
and 5-BU, which were used in this work, comparable to the exanmples
mentioned abovo with other mutagens has been made.

In the case of NA, if neighbouring bases have a role in deter-
mining the positioning of premutational lesions, it must be of a

rurely physico~chemical nat:_:re since the treatment was done
extracellularly, In fact the nature of the gross steric ghape of
the DNA has been implicated in determining the re;xctivitiea.of NA
on DNA bases in polynucleotides (Shapiro and Yamiguchi 1972) and on
RNA in viruses (Sehgal and Soong 1572),

Physiological factors are clearly implicated in the determin-
ation of the frequency with which thé lesions induced in the T4 DNA
are converted into full nutations as witnessed by the antimutator
effect on NA«induced mutation rreqmnclés of some gene 43 alleles
(Drake and Greening 1970) and the comutagenic effects of the hm
mutation and the presence of PFFA found in this work.

The fact that in these laat two cases, the increases in fre-
quencies were general and did not involve a change in the ril Aapectra
does not. say one way or the other whether cellular physiology
deternines the nature of the spectrum, just that no factor involved
in generating site specificity is affected by the hm mutation or
by PFFPA, Given the precedent aet by UV, of the abllity of a muta-
gen to induce one class of lesion but to generste mutationg which do
not occur &t the site of the lesion, it may be possible that such a
situation holds for other mutagens. The fact that the clagses of
mutation induced by NA can apparently be resdily explained on the

basis of the types of lesion it can induce in vitro, perhaps argues
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against this poasibility. INevertheless in T4, the mutagenicity of
NA has been shown to be smenable to physiolopical modification in
three distinct ways, all of which differ slightly from each other in
their particular effects.

(a) T4 entimutator DNA polymerase was shown to epecifically depress
the frequency of Na-induced AT = GC transitions (Drake and Greening
18703,

(b) The T4hn strain exhibited nonspecific synergism with NA, coupled
to an increased resistance to its lethal action.

(¢) PFPA-treatment resulted algo ih a nongpecific increase in NA-
induced mutation frequency of a similar order to that found for
but the sensitivity to NA-killing wae® not affected.

This sugpests that at lenst three independent mechanisms are
involved in NA mutagenesis and perhaps beliep the apparently simple
nodels of its mutepgenic properties.

The situntion with 8-3U i1g somewhat more complexthan that for
NA since it ia given intracellularly and the potential exists for
physiological mechanisms to act in determining the frequancy with which
premutational lesions are induced. Recent work has shown that in
yitro, purified T4 antimutator DNA polymerase incorporates less 2-AP
into newly synthesized DNA than does the wild-type engyme, and that
mutator polymerase incorporates more analogue than does the wild-
type (Schnaar et al. 1973)., Such an analysis has not been done
with 5-BU. DNA polymerase is then & good cendidate for a syaten
which deécides the frequency with which incorporation of base anpe
logues occurs. If the fidelity of the enzyme were to vary

accord;ng to the shape of the replication fork (dictated parhaps
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by the sequence of bases in its vicinity) then differential incor-
poration of the mutagen at different sites would ensubd.

Aftor the premutational lesion hog been induced, there is
still scope for other enzyme systerns to determine site specificity.
The fact that lesions induced by both NA and 5-8U are susceptible
to excigion i'epair has a.iready been pointed out. If certain lesions
are refractory to such remair then they will have an increased
probability of generating full mutations. One night postulate a
role for neighbouring base sequence by saying that the degree of
perturbation in the hélix caused by a lesion may vary according to
the gequence of the neighbours and that those lesions which result

in small distortions are not recognized by the enzyme and hence
persist,

Although lesions induced either by NA or 5-BU are not amenahle
to photoreactivation repair, a finding concerning this class of
repair bears on the above point. Kilbey (1967) found that in
Neurospora the extent of the photorenctivability of different W=

induced lesione along the genome varied, Whother the variation
was due to the lesions being of & heterogeneous nature in which
some are susceptible and gome are refractory to photoreactivation,
or whether the sctual legions are of a single type, with the dif-
ferential response being due to their position in the genone, is
not hknown. .

The possible contribution of error-prone recombination repair
in the mutagenic pathways of 5-BU and NA has been mentioned. Ag
yet there is no model for the way in which such deficlencies in the

accuracy of such repair cause mutations induced by either agent.
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Whatever the mechanism, enzymes are almost certainly involved.

One wmore factor which might be involved in the production of
non-randon site specificity 1nvo;ves the probability with;which a
lepion persisting in the DNA is transcribed or is used as a tembla@e
for DNA replication ag if it were the original unmutated bage. Thig
idea may be best illustrated by reference to base énalogue nmutagen-
esis.

If 5-BU ig incorporated into DMA in place of cytosine in the
senge strand at different sites, the probability with which RIA
polymerase reads it as cytosine or thymine may depend on the neipgh-
bouring base sequence. If in certain environments it tends to be
read as cytosine the initial contribution of mutant mRNA compared
to wild-typo mRNA will be reduced, and although the lesion will be
resolved and segregate’)a mutation on replication, it is possible
that the reduced mutant contribution means that certain mutations
are migsed on scoring,

Analogously and perhaps more importantly, if at Aifferent
sites there are differences in the frequencies with which 5-BU is
recognized as cytosine or thymine by DNA polymerase during DNA
replication, site specificities will agzin be generated,

Two reports are of some relevance to these models. Saurbier
et al. (1970) have found that although the transcription of UV-
irradiagted T4 DNA is hindergd, due to the production of ghorter
molecules of mRNA, and the rate of initiation is decrensed, there
was no change in the fidelity of transcription,

Turning to DNA replication, the fidelity of polynerization of

DNA usging X-irredinted template was decreased (Saffhill and Weiss
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1873). Here then is an example where the prinary lesion stimulates
turtlier erroreg by inducing error-pronencss of an enzyme.

Both conjectural possibilities concerning differentisl recog-

nition by polymerages implicated premutationsl lesions as the sub-

atrates for such recognition. There is a report from a system
quite unrelated to mutagenesis in T4 in which it wés found that tho
extent of gene converaion of various alleles fn the fungus Ascoboius
depended on their mutagenic origin (leblon 1972), This finding can
be interpreted as showing that the extent to which mispairing of
fully established mutants (as opposed to premutational lesions) in
heteroduplices are resolved by some enzyre gystem may algo depend
on neighbouring base sequence.

Given the fact that site specificity has not been yet shown to

be under the control of enayme eystems it pay seemaa little

audacious to have listed & catalogue of candidates which might be
responsibie. Nevertheless, it provides a framework of thinking for
poagible lines of future experimental attack on the problem, Sono
such approachea willbbe discuased.

It seems that at long last the identities of those reluctant
heroes, the rilA and rlIIB proteins may be yielding to the prolonged
assault which has been made on them. 1f their ieolation and puri-
fication could be achieved such that amino-acid sequencing could
be done, and hance the rll nucleotide seguence deduced, theﬁ it
should be poseible to determine if thede is a simple relationsghip
between site specificity of the hotspots and their neighbouring base
sequences.

However, even if such an analysis did show what type of local
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base gequence was likely to favour the peneration of a hotspot by a
specific mutagen, this alone would not .indicate which (if any)
enzyne system was the culprit in deciding which sequences cause a.
proporieity to penerate hotsapots, There are two basie ways by
which an evaluation of the contributions of different enzymes might
be done,

The first is essentirlly an extengion of the type of approach
‘used in thia work, In other words rii spectra, hoth induced and
spontaneous would be obtained wider conditions where the cellular
physiology had been modified, either by experimental manipulation
or by alteration of the penetic background., The latter would be
better since the modifications would be of a more specific nature.

Various conjectural mechanisus each mediated by an enzymic
system were discussed sbove as potentinl condidates for genorating
hotspots., These included various DNA repair systens, a number of
other enzymes involved in T4 DNA matabolism such as the polymerase,
endonuclease, methylase, liguse and Albert's protein and the host
RNA® polymerase., Mutants exist at al) these loci and although it
would be laborious, the anslyses of the speétra obtained in such
~ genetic backpgrounds might indicate which specific syatems are
responsaible for the generation of hotspots.

Inerbasingly. the role of enzymes in the detarmination of
mutation frequencies is being studied in in vitro experiments and
herein lies the second approach, So far moat of this type of work
has boen focussed on DNA polymerase. From the studies on this
enzyne in T4, we are beginding to understand the differences in

engyne activities associated with mutator and antimutator poly-
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merases {Muzyczka et al. 1572; Hershfield 1073; Hershfield and
lossal 1973; Schnaar et al. 1973),

Of some importance is the recent finding of Springmte and Loedb
(1973) that DNA polymerase extracted from human leukaemic alls
polymerises DNA with greatly reduced fidelity when presented with
synthatic templates than does the enzyme from normal cells. Algo
using synthetic templates, llall and Dechman (1968) found that T4
nutator DNA polymerase was also less accurate than the wild-type
enzyme.

By using synthetic templates of lnown, but varied sequence, an
exact analyais of the role of neighbouring bases in the deternin-
ation of error-proneness of the polynerase could be made. Schnaar
et al. (1973) have already looked at the incorporation of 2Z-AP into
newly synthesized DNA by different T4 polymeragses. Again by using
synthetic polynucleotide templates, one could see if differentiel
incorporation of base anslogue occurred depending upon basc sequence.
Using such & aysatem it should be possible to digtinguish between
differential incorporation of base analogue, from differential
generation of errors in DNA replication caused by misreating of
bage analogus-siuhatituted DNA as ternplate. Such an approach need
not of courspe be restricted to base analogue mutagens.

If such studies could heextended to in vitro work on the
influence of neighbouring bases on such parameters as the siting of
prenmutational lesions, the apgciﬁcity and fidelity of action of
other enzymes involved in DNA metabolism and repair, we could have
a full understanding of the forcea involved in the generation of

intragenic sutagen specificity.
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At the start of the Introduction a brief summary of the evidence
Wwhich iliustrates the role of cellular processes in the generation
of interpgenic mutapgen specificities wag nade. Can anything be eaid
about the relationship between inter~ and intragenic specificities?

It is rare enough to find reports of intergenic forward mutagon
agpecificities. As far gs I know there is no case where, after the
denonstration of such specificity, the work has been extended into
an analyvels of the mapping spectra of.‘the sutants within the sppro-
priate loci. To date the best exanple of such an analysis comes
from the r system itself, though even here only the rl1l region can

be finely mappoedt, It has been mentionod earlier and 1t hae been

ghown in this work that in a collection of spontanedus-p nutants
the maiority are rilte. In contraét, after treatmont by 5-DU or

NA the rI mutants are themijority class. So hére is a nice example
of intergenic mutagen specificity. If however the two g:lanf
hotapote in the rll gpontancous spectrum did not exiat, the ratio
of spontanedus rl'e to rli's would be close to unity. Thig then
demonstrates that hotgpots can be responsible at least for enhancing
differences in intergenic mutagen specificity. One feels that 1t
is larpely a matter of chance that the two giant hotspots, ri3l ar;d
ril? are in different cistrons. If hcwevér they happened to be

in the same cistron then the ratio of rIIA to r1I8 mutants would bo
different depending upon whether the rII's were of spontaneous
origin or were induced with NA or 5-BU. In other words it may not
be impossible for the dirferent_:ial giting of hotapots within and
betteen c¢istrons to be reaponsible for intergenic mutagen specif-
icitien.

If the type of non-random spectra found in the rlI region are

i
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typical of all loci, it would be interesting to see if a change in
forward rutagen specificities by some ancillary treatment could be
interpreted as being due to the effect of the treatment on the
reiative intensities of hotspotiting within the relevant loct.

lastly, in the light of the current interest in the evolutionary
agpects of mutation rates (as witnessed by the recent issue of a
supplement broadly devoted to this topic:= "The Genetic Control of
Mutation" Genetics 73, 1-205 (1973)) let us look at hotspots from
this point of viaw. |

Most of the thinking about the ways in which organiams determine
their own mutations frequencies revolves around the fact that spon-
taneous mutation rates can be modified by genetic alteration of
varicus enzymed. The fact that T4 DNA polymerase alleles and

E.coli exrA(W) alleles whoee only phenotypic manifestation is a

decrease in mutation frequency can be isolated, suggests that the
wild-type alleles at at least two loci have beon selocted during the
course of evclution to be less accurate than they could be. It ig
not unreasonable to suppose that the wild-type alleles st other

loci which have been shown to be implicated in the control of
musation rates have also been selected go as to maintain optimum _
mutation rates.

It takes two to tango and this role of cellular gystems in the
determination of mutation frequencies might be complemented by the
role of local bame sequonces in the DNA in dictating the positions
and the rates at which such cell-mediated mutations arige. After
all if the two gpontanecus rlt hotspots, rl3l and ril7, were absent

the spontaneous mutation et this region would fall by some 50%.
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In fact it ia very hard to imagine if and how any selective forces
could act to maintain error-prone sequences in order to mint#m
optimun nmutation rates. With regard to these two particular hot-
spots, the fact that the mutants at hoth these sites comprise
frameshifts argues againat their being present in order to provide
2 source of new mutants upon which evolutionary selection can act
since frameshifts cannot be considered to be the best raw material
for sclection, aince such mutations cause a preat distortion Vin
anino acid sequence.

Ve can ask the complementary question, z'r the hotapots
contribute nothing to natural selection and if theore is no apparent
mechanigm for maintaining highly mutable sites by sclection, why
hag natural selection not pgot rid of them? |

If in fact the two giant hotspots do occur in runs ns was
suggested, the runa would code for a consective sequence of one of
the following amino acids:~ phe (UUU), pro (CCC), lya (AAA) or
gly (GGG). Now each of these amino acids has a choice of bases
in third position of their codong:- U,C,A or G for pro and ely, U
or C for phe, and A or G for lys. One night think eimpligtically
that the postulated run could be broken up by the insertion of
heterologous bases in the third pogition of each triplet and by
this means the site specific mutation frequency could be reduced.

It is possible that other selective forces override the
advantages gained by so punctuating the runa. T4 is an AT-rich
organism and in 14 out of 15 codons unambiguously typed in the e
gene, the last poaition in the triplet was filled by A or U although

the cholice of C or G was available for the third pogition of these
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triplets. (Okada et al. 1970).

In a comparative study of variant proteins ¢human haemoglobin
and cytochrome ¢) no evidence of evolutionary hotapotting (i.e. -
certain sites of the protein which were peculiarly prone to mut-
ational change) could be found (Zuckerhandl et al. 1871; Vogel 1972),
Fitch (1973 aandb) found that the intracodon distribution of pany
different mutntions in the same two proteins was highly non-random,
the first position of the cﬁdon heing tLe m?st susceptible to
mutation. However. in this study slso, ne hotspots were detected.

Whether all the hotspots are an inevitable consequence and are
a cost which must be borne, due t; selective forces not primarily
concerned with the determination of mutation rates, or whether their
8iting and intensities are parameters amenable to naturalaaelection
is & knotty problem and is perhaps best left to tha theologiansg of

evolutionary genetica.
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