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SUMMARY 

M~tagenic mechanisms .can be divided into two categories, 
those dependent upon specific base mispairing (generating base 
pair substitutions and frame shift .mutations) and those dependent 
upon misrepair (perhaps as a resutt of untemptated DNA synthe
sis). The genetic characteristics of bacteriophage T4 and of 
certain of its .rII mutants permit specific m1,1,tationat pathways 
to be identified. Once a target base pair i;,s identified, it 
becomes possibte to deduce the specific target base. This mode 
of anatysis has been apptied to heat mutagenesis, which occurs 
by tw~ distinct mechanisms. G:C + A:T transitions are generated 
by ~he deamination of cytosine. G:C + Py:Pu transversions are 
generated by the conversion of guanine to a pyrimidine anatogue, 
probabty by N-gtycosidic bond migration. Endogenous heat muta~ 
genesis may present a serious chattenge to the human genome. 

INTRODUCTION 
It is highly appropriate at a symposium dedicate9- to the 

memory of Pr•ofessor L. J. Stadler to consider .the current state 
of the art in the analysis of point mutations. Stadler was 
heavily involved in a delightedly heated controversy centered 
around the question of whether ionizing radiations ever produced 
point mutations, his thesis being that only deletions were pro
duced. His viewpoint was most elegantly documented in a classic 
paper (STADLER and ROMAN 1948) which concluded that all X-ray 
induced mutations at the A locus in maize consist of multilocus-
deletions, based upon the observation that such mutations were 
virtually always deleterious or lethal in the homozygous state, 
whereas at least some spontaneous m'utations at the A locus ap
peared to be completely free of such effects. Since his time, 
great progress has been made in understanding the topography of 
point mutations, and a considerable number of mutagenic mecha
nisms have been worked out in organisms more amenable than maize 
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to fine-scale genetic analysis. Furthermore, even more recent 
studies have contributed profoundly to the understanding of the 
mechanisms by which radiations of all types induce both point 
mutations and deletions, at least in prokaryotic and microbial 
eukaryotic systems. 

The analysis , of spontaneous and induced mutation was initi
ated with a dual purpose, to provide a ready source of variants 
for use in other types of genetical analysis and to dissect the 
structure and function of the g~ne itself . Although it is 
doubtful whether studies of radiation mutagenesis contributed 
critically to these ends during the early decades of this cen
tury, later studies of spontaneous and chemical mutagenesis cer
tainly did so from about 1950 onwards. Indeed, most of the cur
rent experimental and theoretical constructs which we call mo
lecular genetics would have been quite unattainable without the 
extensive information obtained from studies of deletions and 
point mutations during the past two or three decades. During 
the present decade, however, the analysis of mutagenesis has 
taken on a new significance. It has become evident that a sub
stantial propontion of human disease is due to mutations, some 
passed down from previous generations and some newly arisen. 
These include both ~hromosomal and point mutations and both 

_ singl-e=-gene - a.nd.--pG-1-ygeni-&- cemi:ier1.ent s. ---F-c1-rt-hermere, t--here is- a 
rapidly growing suspicion that the human mutation rate could be 
increased by environmental agents, largely chemicals, with a 
concomitant increase,not only in human suffering,but also in 
economic costs. These concerns are currently generating two 
types of responses: attempts to develop efficient, sensitive 
and inexpensive screening methods to detect environmental muta
gens and attempts to formulate a legislative and regulatory 
apparatus to protect the general public from environmental muta
genic hazards. 

A great deal of what we now know about mutagenic mechanisms 
has derived from studies employing microbial systems, particu
larly (but not exclusively) bacteriophage T4. I will review 
some of these studies while presenting a brief overview of muta
genic mechanisms, and will present some very recent results con
cerning a hitherto unsuspected mutagenic agent, , namely heat. 

MUTAGENIC MECHANISMS: AN OVERVIEW 

Several extensive reviews of mutagenic mechanisms have ap
peared in recent years (DRAKE 1970; AUERBACH and KILBEY 1971; 
DRAKE and BALTZ 1976), but the great variety of specific mecha
nisms can be quite briefly condensed into two main categories. 
Before describing these, however, a cautionary note concerning 
nonmutational variants is in order. 

---The us-ually acee:i:iteEl. El.ef-i-nit-ien- ef--mu-tation --is "a -heritable 
change in DNA base pair sequence," this being a refinement of 
-t-he- o-l der - de·f-±-ni t -ion- o-f- mut-a ti-on- as --a- -11-st ab-1~ inherit e-d clfange 
in phenotype." The modern definition, of course, holds whether 
one speaks of genomic mutations (changes in the number of chro
mosomes, such as monosomy and trisomy), chromosomal mutations 
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(deletions, duplications and rearrangements), or point muta
tions. It must be kept in mind, however, that epigenetic 
changes are apt to be indistinguishable from true mutations in 
many test systems. Epigenetic changes 1rtclude any heritable 
change in phenotype which is not attributable to altered base 
pair sequences, and these are ·sometimes invoked as explanations 
for the appearance of cell variants in cases where ordinary 
properties of the mutation process appear to be absent. These 
include variants which fail to arise in accordance with the ex
pectations of the fluctuation test, or arise at anomalously high 
rates, or at rates which fail to reflect the imagined ploidy of 
the test organism. A classical hypothetical example is that of 
a gene whose transcription is under strict positive control by 
its own polypeptide product. Such a gene would be functionally 
inactivated by any process which removed the relevant regulatory 
species, and functionally reactivated either by the reintroduc
tion of this species or a close analogue thereof, or by a gener
alized induction of unregulated transcription, such as might re
sult from single-strand breaks in DNA. Since epigenetic changes 
ciearly occur during the normal course of differentiation, and 
sometimes in cultured mammalian and plant cells as well, they 
cannot be ignored as possible components of what appears on the 
surface to be a mutational process. Since differentiated states 
do not in general appear to pass through the meiotic process, a 
possible general test to disprove the epigenetic origin of a 
cell variant may become available through the development of 
systems,akin to those already available in some plants and anurans 
(and one mammal), to regenerate whole, fertile organisms from 
cultured somatic cells or by nuclear transplantation. 

Genomic mutations producing monosomy and trisomy commonly 
occur by the process of nondisjunction, whereas chromosomal mu
tations result from chromatid or chromosome breaks. Chromosomal 
mutations arise with dose dependencies which reflect the number 
of breaks required to produce different types of alterations. 
At low doses or low dose rates, deletions arise primarily as 
single-hit events. At high doses or dose rates, deletions arise 
with dose-squared dependencies, particularly at doses greater 
than a/B, where a and Bare the rate conitants for the single
hit and the two-hit processes, respectively, as described by the 
expression M =ad+ Bd 2 (where Mis the mutant frequency and d 
the dose). Chromosomal rearrangements, however, including in
versions and translocations, generally arise with purely two-hit 
dose dependencies. The dose dependencies for duplications (par
ticularly tandem duplications) are largely unknown, but could 
conceivably be either one-hit or two-hit. Point mutations, to
tally intragenic deletions, and at least some small but multi
genie deletions may arise as either single-hit or multiple-hit 
events, depending upon the particular mechanism involved (see 
below). It should be noted, however, that these dose dependen
cies are observed under conditions where the genetically effec
tive dose is understood, that is, where the dose is known in the 
immediate vicinity of the germ cells themselves, or even in the 
vicinity of the target genes. Experimental systems adapted to 
the analysis of the fundamental mutation process usually permit 
an estimate of the true genetic dose. In the case of intact 
multicellular animals or plants, however, the applied dose is 



20 DRAKE 

PURINE-PYRIMIDINE MISPAIRINGS 

THE NORMAL BASE PAIRS 

WELL FITTING BASE MISPAIRS 

(cl A•-c 

IONIZED MISPAIRS 

(h) A•-C 
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(kl G*-T 

POOR ANGLE, POOR DISTANCE AND SINGLE H-BOND MISPAlRS 

(ll A-C 

(nl A-C (ol G•-T 

(pl A•-c (ql G-P 

FIGURE 1. Normal and mutagenic purine:pyrimidine b~se pairs. 
Only those mispairs are shown which would fit into 
the double helix without major distortions of the 
standard helix dimensions and in which only one 
base appears in an abnormal configuration. 

21 
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often subject to complex modification, and the mutational re
sponse can readily disagree with simple one-hit or two-hit mod
els. Under these conditions, which are expected to obtain very 
generally in the intact mammal, dose extrapolation becomes a 
major theoretical and experimental problem, one which is unlike
ly to be resolved in the near future. 

Point mutations, including base pair substitutions, small 
frameshift mutations involving the addition or deletion of less 
than about a score of base pairs, and small deletions extending 
over less than about 10 4 base pairs, now appear to arise through 
two very distinct types of processes. The first type involves 
specific base mispairing, while the second may involve untem
plated DNA synthesis. 

Specific base mispairing can generate many types of base 
pair substitutions, including both transitions (A:T ++ G:C) and 
transversions (Pu:Py ++ Py:Pu), and also frameshift mutations. 
Figures 1 and 2 represent an attempt to summarize most known and 
hypothetical mispairing schemes, including both spontaneous and 
induced mispairs. [A more extended discussion of the mispairs 
shown in Figures 1 and 2 is available in DRAKE and BALTZ (1976).] 
Mispairing can involve normal bases in unusual configurations, 
arfirst~ pointedou~oy WATSON and CRICK (Y953}(Fiiurelc-g, 
R = H). It can also involve base analogues such as 5-bromo
uracil and 2-aminopurine, and bases modified in situ by certain 
chemicals. The latter include, for instance, that minority of 
alkylating agents which react with the 0 6 of guanine or with the 
0 4 of thymine, and agents such as nitrous acid and bisulfite 
which react with the N4 , C5 or C6 of cytosine. It should be 
noted that older theories of alkylation mutagenesis which postu
lated the induction of specific mispairing by other reactions, 
such as the alkylation of N7 of guanine, now appear untenable. 
It also now appears very unlikely that depurination followed 
by the random insertion of bases in progeny-strand DNA across 
from the depurinated site is a significant mutagenic mechanism. 
Later in this paper I will describe two newly characterised and 
generally significant mutagenic mechanisms which are completely 
dependent upon specific base mispairing. 

The theory of frameshift mutagenesis (STREISINGER et al. 
1966) assigns a crucial role to the misaligned pairing of normal 
bases. (It is also at least conceivable that misaligned normal 
base pairing mediates the production of deletions and duplica
tions, but very little is actually known about the origins of 
such mutations.) This is illustrated in Figure 3 for the speci
fic example of an addition of two thymine residues, which re
sults in the addition of two A:T base pairs upon replication of 
the heteroduplex heterozygote. This process is illustrated in 
more general form in Figure 4, which shows how both base inser
tions and base deletions can arise. Although the STREISINGER 
model still provides a -powerful framework for understanding 
frame shift mutagenesis, we _still _dQ__ n_o_t_ und_er_s_t_and the_ me_chanism 
of action of a major class of frameshift mutagens, the interca
lating agents (including proflavin and the ICR compounds). +t 
was originally suggested that the intercalation of such agents 
betwee~ adjacent base pairs might promote frameshift mutagenesis 
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(c)A-A 

(fl C__-T 

(h) T--T 

(i) C-C (j) C*-C 

FIGURE 2. Purine:purine and pyrimidine:pyrimidine mispairs. 
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by preferentially stabilizing the mispaired intermediates shown 
in Figures 3 and 4. Th'ere are a number of reasons, however, why 
this explanation is insufficient, the most important being that 
the binding strength of intercalating compounds does not corre
late well with their specific mutagenicities, and that the model 
does not explain the high power of concentration dependence of
ten observed with such agents. Recently, however, STREISINGER 
(personal communication) has suggested an alternative hypothe
sis: that the looped-out bases of the frameshift heteroduplex 
intermediate are stabilized in the extrahelical position by co
stacking with frame shift mutagens. Note in particular that. one, 
two, or several mutagen residues could costack with the looped 
out base or bases, the degree of stabilizat'-ion increasing with 
the number of stacked residues . 

----- ~-Q-r-r-r-r-~-f. -----
----- T-C-A-A-A-A-T-G -----

~ strand nicking 
,----- ~-Q r-r-r-r-~-s-----
-------r--c-A=A~A--A-~T =G-= ---

local melting 
T-T -T-

----- A-G T -A-C -----.. ... . .... 
----- T-C-A-A-A-A-T-G-----

misanneal ing 
'}.-lj' 

----- A-G T-T A-C -----.. ... .. .. .. . .. 
----- T-C-A-A-A-A-T-G-----

~ repair synthesis 
1--;; 

----- A-G-T-T-T-T A-C -----.. ... .. .. .. .. .. . .. 
----- T-C-A-A-A-A:... T-G-----

FIGURE 3. Steps in the origin of a frameshift mutation 
involving the addition of two A:T base pairs. 

The first indications that a second major class of muta
genic mechanisms might exist came from the studies of WITKIN 
( 1969) and KONDO et al. ( 1970). It is now clear from their work 
(and from that of many others) that certain post-replication re
pair systems are error--p:r~_ne ~ ~ns:l t:t1aL_I11any_ mutagens_ ac_t ~xc_lu
sively by triggering misrepair. The existence of these systems 
is inferred from certain mutations which simultaneously render 
organisms sensitive to the inactivating effects of numerous a
gents and immune to their mutagenic effects. The most fully 
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characterized of such systems are those defined by the rea.A mu
tations of E. a.oli and the x and y mutations of bacteriophage T4 
(GREEN and DRAKE 1974). 

.-----• 14.fl ii ii llll---DJ)_i 1 1 11 1 1 11 
BASE ADDITION PATHWAY 

111 ! 111111111-1111111 1 I 'ill L BASE DELETION PATHWAY 

mtlfum-rrrrlfumn 

FIGURE 4. Reciprocal mechanisms for generating frameshift 
mutations by base pair additions or deletions. 

===~:( repair ~ 
1--,y-nthe-s-is-~ 

FIGURE 5, Gap formation induced during DNA replication by a 
parental-strand lesion which blocks DNA synthesis. 
Repair by the strand-transfer pathway is probably 
error-free, whereas repair by untemplated base 
addition would be highly error-prone. 

There exist at least one, probably two, and perhaps three 
or more post-replication repair systems, not all of which are 
likely to be error-prone. These systems are stimulated to act 
by unexcised parental-strand lesions which are incapable of act
ing as templates during DNA replication, such as the cyclobutane 
pyrimidine dimers induced by ultraviolet ~rradiation. Such le
sions cause the appearance of gaps on the order of 10 3 bases in 
extent in progeny-strand DNA (Figure 5). These gaps can be 
filled by a sister-chromatid strand-exchange process (Figure 5a) 
for which there is no evidence of error-proneness. Under cer
tain circumstances, however, strand-transfer processes cannot 
operate: when no sister-strand chromatid exists, as in the case 
of the first round of replication of viral genomes composed of 
single-stranded DNA, or when lesions occupy both parental DNA 
strands sufficiently closely together so that the corresponding 
progeny-strand gaps overlap. In these circumstances it would 
appear that the only way the gap can be closed is by transitory 
untemplated DNA synthesis (Figure 5b) or by ligation of the ends 
of the gap. (It should be noted, however, that the correspond
ing biochemical activity, which would be similar to mammalian 
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deoxynucleotidyl transferase, has yet to be reified by experi
mental observation.) 

Untemplated DNA synthesis would,of course,be highly muta
genic, producing all types of base pair substitutions and per
haps frameshift mutations as well, while illegitimate ligation 
could produce both frameshift mutations and deletions. It is,in 
fact,characteristic of misrepair mutagenesis that it generates 
all types of point mutationE and sometimes substantial dele
tions as well (GREEN and DRAKE 1974; CONKLING, GRUNAU and DRAKE 
1976) . Different mutagens, however, produce somewhat different 
proportions of the different types of mutations, suggesting that 
the putative untemplated DNA synthesis is not wholly insensitive 
to the nature of the premutational lesion. In phage T4, for in
stance, while all misrepair mutagens produce a substantial fre
quency of frameshift mutations, ultraviolet light preferentially 
produces G:C + A:T transitions, methyl methanesulfonate and pho
todynamic irradiation produce roughly equal frequenciei of both 
transitions, and gamma rays produce a high frequency of dele
tions extending over two or more adjacent cistrons. The types 
of mutations produced by misrepair remain unknown in higher eu
karyotic systems, but all types of point mutations appear to be 
produced in yeast (SHERMAN et al . 197 4; STEWART _ _§._nd_ _SHERMAN _ 

-1974-) and Ne u rospora TKILBEY ,- DE SERRES and MALLING 1971). Fur
thermore, a novel class of mutations has recently been reported 
to occur in yeast (STEWART and SHERMAN 1974) but has yet to be 
detected in prokaryotic systems: the replacement of short base 
sequences with different sequences of unlike extent, as if 
frameshift and base pair substitution mutagenesis were occurring 
simultaneously; some examples appear in Figure 6. These muta
tions are not readily explicable on the basis of the STREISINGER 
model of frameshift mutagenesis and probably result simply from 
misrepair mutagenesis. 

A U 

_I_ 
G C C G G U U C U G C U A 

Il 
A b C u u u 

FIGURE 6. Anomalous mutational events observed in yeast. 

There remain at least two 111§-jO~ defects in our current un
derstanding of misrepa-ir ii:tutagenesis: the- lack -of a biochemi
cal foundation foL__the -2ro_cess~_and the_proble_JlL o_f_i _t_S _d_o_se_ d_e-
pendency. -Thehypothesis that the strand-transfer process is 
accurate and that inaccurate synthesis occurs primarily as a 
result of overlapping progeny-strand gaps produced by multiple 
parental-strand lesions predicts a dose-squared response. 
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Misrepair mutagenesis in phage T4, however, exhibits a strictly 
single-hit dose response (Figure 7). Misrepair mutagenesis in 
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FIGURE 7. The kinetics of gamma-ray mutagenesis in phage T4. 

E. coli does exhibit a -dose-squared response, but the E. coli 
misrepair -s·ystem appears to be inducible (WITKIN 1974), in which 
case one of the two hits might only be required for its induc
tion; in a putative temperature-sensitiye constitutive mutant o.f 
this system, tif, misrepair mutagenesis becomes single-hit (Fig
ure 8). It may be, however, that even in tif, misrepair muta
genesis assumes a two-hit dependency beiond R very low dose 
(E. M. WITKIN, personal communication), leaving only the T4 sys
tem and the E. coli system at very low doses still inconsistent 
with the two-hit model. Perhaps in these cases the error-prone 
system competes effectively with the more accurate strand-trans
fer system; note, however, that the occurrence of the strand
transfer mechanism has yet to be demonstrated in phage T4. 

THE ROLE OF BACTERIOPHAGE T4 IN MUTATION RESEARCH 
It is one of the happy accidents of molecular genetics that 

the bacteriophages originally chosen for intensive investigation 
by DELBRUCK and his associates in the 1930's were those contain
ing double-stranded DNA, rather than RNA or single-stranded DNA, 
and that their DNA complements were sufficiently large to con
tain many genes and thus to contain genes whose function was 
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FIGURE 8. Kinetics of ultraviolet-induced reversion of an E. 
coli trp auxotroph (WITKIN 1974). The bottom line 
shows the resp0nses of tif+ cells at 30° or 42°, 
and of tif c&lls at 30°; its slope is 2.0. The top 
line shows the responses of tif cells at 42°; its 
slope is 1. 0. 

frequently dispensable for growth in normal cell strains. Al
though several of the T series of phages are now being intensely 
analyzed genetically and biochemically, the closely related T
even phages, and T4 in particular, remain among the genetically 
and biochemically most extensively characterized organisms. 
Virtually all of the T4 genes indespensible for growth in E. 
coli have been identified, and numerous genes whose functions 
are optional in these strains have also been identified. The 
T4 genes o~ particular interest to students of mutation are of 
three types: those involved in DNA synthesis, those involved in 
DNA repair, and those involved in mutational processes but not 
as yet known to be involved in DNA replication repair. Sponta
neous or induced mutation rates are often increased or decreased 
when these genes are mutated (DRAKE 1973, 1974). 

This rich store of information provides a variety of in
struments for the analysis of mutational processes in phage T4. 
In addition, T4 provides a number of genetical properties which 
have proven indispensable for the analysis of mutation. These 
consist - of systems for tlie accurate- measurement of forward- and 
reverse mutation rates, for fine-scale genetic mapping, and es
pecially for the characterization of mutational pathways and 
target base pairs and bases. In actual practice, most studies 
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of mutation in phage T4 revolve around measurements re~ forward 
and reverse mutation at thee and rII loci. (Forward mutation 
rates are also readily determined at the rI locus, whose de
tailed structure is only now coming under investigation, but for 
which no system exists as yet for the selective plating of rI+ 
revertants or recombinants.) 

The great resolving power of the rII system derives from 
several of its characteristics in addition to susceptibility to 
fine-scale mapping. First, with only rare exceptions, rII 
frameshift mutants are revertib-le only by frameshift mutational 
pathways and base pair substitution mutants only by base pair 
substitution pathways. (This characteristic, ho·wever, is shared 
by other T4 genes.) Second, most specific base pair substitu
tion pathways can now be recognized with the use of specific rII 
tester straina. Such tester strains readily identify the type 
of base pair which can be acted upon by a particular mutagen 
(the target base pair). Third, a general method exists to iden
tify the particular target base of a target base pair. 

The tester strains contain rII mutations of the following 
types. Some are reverted by frameshift-specific mutagens such 
as proflavin but not by base analogues such as 2-aminopurine or 
5-bromouracil; sinbe proflavin is able to induce neither transi
tions nor transversions, these mutations can revert only by the 
addition or deletion of one or a few base pairs. Some tester 
strains are revertible by base analogues but not by hydroxyl
amine; these strains can revert by A:T + G:C (but not G:C + A:T) 
transitions; in addition, they may sometimes revert by transver
sions. Some tester strains are revertible by hydroxylamine and 
can therefore revert by G:C + A:T transitions; in addition, they 
may revert by A:T + G:C transitions or by transversions. Cer
tain special tester strains are even more _restricted in their 
mutational pathways. For ''.-instanc·e ;, ·the conversion of an opal 
(UGA) codon to the homologous ochre (UAA) codon can readily be 
screened and occurs exclusively ·by G:C + A:T transitions. The 
conversion of an ochre codon to either of its alternative chain
terminating homologues, amber (UAG) or opal, can also be readily 
screened and occurs exclusively by ~:T + G:C transitions. Cer
tain ochre mutants yield transition revertants (to the glutamine 
codon, CAA) whose phenotypes are distinguishable from those of 
their transversion revertants (to several codons), thus allowing 
the detection of transversions originating at A:T base pairs 
(A:T + T:A or A:T + C:G) (RIPLEY 1975). Certain other mutants 
can revert only by transversions originating at G;C base pairs 
(G:C + C:G or G:C + T:A). However, although new tester strains 
are continually being developed in Urbana, we are usually still 
unable to distinguish the two transversions originating at A:T 
base pairs. or the two originating at G: C base pairs. 

Once a base pair responding to a particular mutagen is 
identified, a special property of the rII system allows the par
ticular target base to be deduced. When infecting lambda lyso
gens of E. aoli, T4 is -unable to replicate unless both rII cis
trons are functionally intact. Temperature-shtft experiments 
employing temperature-sensitive rII mutants have clearly demon
strated that rII+ function must be expressed early in develop-
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ment to produce a yielding complex. In particular, the rII+ 
functions must be expressed well before the initiation of DNA 
synthesis. Mutagens acting on free T4 particles so as to pro
duce an in situ mispairing base typically generate rII/rII~ het
eroduplex heterozygotes, regardless of whether the pathway being 
measured involves forward or reverse mutation. Such heterodu
plexes can therefore multiply in a lambda lysogen only when the 
wild type allele resides on the transcribed strand. Consider, 
therefore, an rII mutant revertible by a specific mutagen. If 
the treated particles express their revertants when directly 
plated on a lambda lysogen, the target base resides on the tran
scribed strand; whereas if they express their revertants only 
after a single cycle of growth in a permissive cell, the target 
base resides on the complementary strand. A considerable num
ber of tester strains are now available in which the orientation 
of the reverting base pair is known with respect to the tran
scribed and complementary strands, and these strains can be ap
plied to the analysis of new mutagens. An example will be given 
below. 

A final advantage of the T4 system is the recent develop
ment of a highly refined DNA transformation system capable of 
detecting mutations induced in vitro (BALTZ and DRAKE 1972; 
.BALT-Z J.---9-7-6-) . -'l'.hi-s -s.y-s-t -em i-s e-a13a-0-l-e e-f -s-J9ee-i-f-i-e-a--l-l -y Te·e-o-ve-r-1:-ng 
the donor rII region with high efficiency, such that well over 
90% of the selectively recovered genomes contain donor rII mar
kers. It can also assay single-stranded DNA with very high ef
ficiency. Furthermore, it can even assay mutations ' in trans
forming DNA extracted from infected cells which have been 
treated with a mutagen but have accumulated no infectious par
ticles (ALTMAN and WARNER 1975). 

HEAT MUTAGENESIS 

About a decade ago I decided one day to run an experiment, 
whose specific nature is long forgotten, and to take a shortcut 
by using several old rII stocks which had been stored for about 
three years in the refrigerator. (T4 stocks are quite stable 
for many years in the vicinity of 0°, and the nature of the ex
periment did not demand fresh stocks.) Examining the plates the 
next day revealed that certain of these stocks contained back
ground rII+ revertant frequencies considerably higher than those 
indicated in the stockbook. A repetition of this "experiment" 
was patiently conducted during the next three years, except that 
special precautions were taken to avoid the possibility of con
tamination, and stocks were maintained both at 0° and at 20°. 
The results of this experiment (DRAKE 1966) were that rII mu
tants known to be capable of reverting by G:C + A:T transitions, 
but neither frameshift mutants nor mutants reverting only at A:T 
sites, exhibited what we then called "storage mutation." At the 
time- t.h-i-s -res-ul-t - e-x-e-i-t-ea- us eeea-u-s-e - i:-t- cons-t±-tuted- the -firs~ 
unambiguous proof that "spontaneous" mutation could occur in thn 
nond-±-v±-d·±-ng -gene -and· ,furt·h-er,t·h-a:-rrt could occur even il'l"t~ 
absence of DNA repafr synthesis. 

We next measured the rate at which forward r mutants accu-
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mulated in similarly stored stocks and then characterized the 
rII mutants so accumulated (DRAKE and McGUIRE 1967). (Our pa
tience was not infinite: this experiment was conducted as a 
part of the "de liberate" three-year study concerning which rII 
mutants spontaneously reverted during storage. We have since 
learned that such experiments can be done in days, hours or mi
nutes simply by using higher temperatures.) After discarding 
the proflavin-revertible mutants contributed by the spontaneous 
background, these mutants, which we now call heat-induced mu
tants, were observed to fall into two categories (Table 1): 
some appeared to have arisen by thA expected G:C + A:T transi
tion pathway, while others behaved anomalously and will be de-. 
scribed below. 

TABLE 1. Characteristics of heat-induced rII mutants.a 

Number of 

Reversion responsesb mutantsa Overall pathwayd 

BA(+), HA(-) ~ 9 G:C + A:T + G:C 

BA ( +), HA(+) -:-34 G:C + C:G + T:A 

BA(-), PF(-) ~20 G:C + C:G 

aT4B heated for 1.3 years at 20° in L broth at pH 7.0 (DRAKE 
and McGUIRE 1967). 

bBA = base analogues (2-aminopurine and/or 5-bromouracil); 
HA= hydroxylamine; PF= proflavin; (+) reversion 
induced; (-)=reversion not induced. 

aCorrected for mutants contributed from the spontaneous back
ground. 

dFirst arrow indicates r+ + r (heat-induc~d) pathway. Second 
arrow indicates chemically induced reversion pathway. 

In recent years we have considerably extended these stud
ies, with results which are only now being published (BALTZ, 
BINGHAM and DRAKE 1976; BINGHAM et al. 1976). We first con
firmed our earlier conclusion that virtually all mutants capable 
of reverting by G:C + A;T transitions were revertible by heat, 
while frameshift mutants and mutants only capable of reverting 
at A:T sites were never reverted by heat. We further confirmed 
the induction of the G:C + A:T transition by measuring the con
version of opal mutants to their ochre homologues. We next 
asked whether the target base for this transition consisted of 
cytosine or guanine. A number of mutants reverting by G:C + A:T 
transitions were calibrated for their orientation with respect 
to the transcribed strand using the highly cytosine-specific mu
tagen hydroxylamine and were then tested for their relative 
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heat revertibilities before and after being passaged. Some ty
pical results are shown in the first two entries of Table 2; the 
last two entries will be described below. These mutants respon
ded with identical patterns to both heat and hydroxylamine, in
dicating that the target base for the heat-induced transition 
consists of cytosine. 

TABLE 2. Immediate versus delayed heat-induced reversion. 

Mutanta 

rUV? 

rNTBB 

rUV200 

rUV?4 

Transcribed 

baseb 

C 

G 

C 

G 

Revertants per 10 7 survivorsa 

H(-)P(-) H(-)P(+) H(+)P(-) H(+)P(+) 

4.4 

0.2 

0.6 

3-5 

4.o 

0.3 

0.9 

5.0 

330 

0.2 

0.9 

70 

180 

5.1 

5.6 

46 

aThe missense mutants rUVJ and rNTBB revert by G:C + A:T transi
tions, while rUV200 (an amber mutant) and rUV?4 (a missense mu
tant) revert by G:C + Py:Pu (probably G:C + C:G) transversions. 

bsee text for explanation. 

aH(-) = unheated; H(+) = heated; P(-) = unpassaged; P(+) = 
passaged. See BALTZ, BINGHAM and DRAKE (1976) and BINGHAM et 
al. (1976) for heating conditions. The two-fold decreases in 
the H(+)P(+) entries compared to the H(+)P(-) entries for rUV? 
aOd rUV?4 resulf from the resolution of r/r+ heteroduplex 
heterozygotes during DNA replication. 

A strong hint was already available concerning the likely 
mechanism of this process. Biochemists using labelled -cytosine 
had long been aware of how easily trace amounts of uracil could 
accumulate in their samples as a result of deamination. The de
amination reaction has been studied in some detail, including 
characterization of its pH dependency. It precedes by the pre
equilibrium protonation of cytosine N3, whose pKa is estimated 
to be in the neighborhood of 4.6. We therefore determined the 
"genetic" pKa of the mutagenesis reaction, which also turned <;mt 
to be about 4.6 (Figure 9). Furthermore, the transition reac
tion demonstrated an insensitivity to hydrogen ion concentration 
above approximately pH 6.5, and the deamination of cytosine also 
proceeds by an hydroxyl-mediated reaction at higher pH values. 
A mode-rate 0.-ival-,ent cat-ion e-f-:fect wa-s- a-:1:-se eoserved. We-- there
fore concluded that deamination of cytosine, producing the near
-1:y p-er-f-e-ct t -hym:tn-e~ au-a-1-0-gu-e ura-c-r-1, wa-i, an adequ-a-e-e exp-i-anat-i-cm 
of ~his particular mutagenic mechanism. 

Kinetic analyses of the temperature dependence of the tran-
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sition process (Figure 10) revealed two interesting phenomena. 
First, at least three different Arrhenius activation energies 
were observed; and second, the absolute rates at any given tem
perature also varied con~iderably . We were thus forced to con
clude that local environments, specifically the neighboring base 
pairs, strongly affect the reaction kinetics. 

4 5 6 7 8 
pH 

FIGURE 9. Heat-induced reversion of rUV7 as a function of pH 
and ionic environment. The upper curve shows the 
results of heating at 59° in 10 mM sodium phosphate 
(pH 5.7-8.0), acetate (pH 4.0-5.6) or chloroacetate 
(pH 3.0-3.9), plus 0.5 mM MgCl2. The lower curve 
shows the results of heating at 59° in the same set 
of buffers plus 20 mM MgCl2 and 150 mM NaCl. 

Strong hints remained, however, that this was not all that 
remained to be discovered concerning heat mutagenesis. The ori
ginal collection of heat-induced rII mutants (see Table 1) con
tained an unexpected class, namely mutants which were strongly 
reverted by hydroxylamine. These mutants were unlikely to have 
arisen either by G:C + A:T transitions, or, since mutants re
verting at A:T base pairs are refractory to heat-induced rever
sion, by mutants originating at A:T base pairs. We therefore 
suggested that they arose at G~C base pairs, but by G:C + C:G 
transversions. Such mutants would frequently be capable of re
verting by hydroxylamine-induced C:G + T:A transitions, provided 
that the resulting amino acidswere reasonably acceptable at the 
affected position. Consistent with this supposition was the 
observation that many of the hydroxylamine-induced revertants of 
this class of mutants exhibited pseudowild phenotypes. 

This hypothesis was particularly exciting because no muta
gen was known at that time (and no other is known even now) 
which can modify a base so as to specifically cause it to mis
pair to produce transversions: what is required is to convert a 
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pyrimidine into a purine analogue or a purine into a pyrimi
dine analogue. We therefore proceededto direct tests of this 
h?pothesis. 

T(°C) 
50 40 30 20 60 50 40 30 20 60 50 40 30 20 

rUVl' rD/9 rUV/3 

3.0 3.1 3.2 3.3 3.4 3.0 3.1 3.2 3.3 3.4 3.0 3.1 3.2 3.3 3.4 

I03/T(°K) 

FIGURE 10. Heat-induced reversion of rII mutants as functions 
of temperature and ionic environment. Reversion was 
measured at pH 4.6 in the buffers of low ionic 
strength (circles) or high ionic strength (squares) 
described for Figure 9. 

The first step was to unequivocally demonstrate the induc
tion of transversions at G:C base pairs. To this end we in
quired whether heat could induce the reversion of amber (UAG) 
mutants: since only G:C base pairs respond to heat mutagenesis, 
and since the transition at the G:C base pair corresponding to 
the third position of the amber codon produces the nonrevertant 
ochre codon, the reversion pathway would have to consist of 
UAG + UAPy (amber+ tyrosine). (Numerous tests were conducted 
in this and all other studies to exclude the participation of 
extracistronic suppressors in the heat-induced reversion of rII 
mutants. Furthermore, both rII and gene 23 mutants were stud
ied.) Amber mutants were indeed readily revertible by heat (see 
Table 2). 

The next step was to identify the target base. In the case 
of the G:C base pair of rII amber mutants, the cytosine residue 
occupies the- trariscrib-e-d -strand - and- the guan-rne res-idue Uie -com
plementary strand. As shown in Table 2, the reversion of an 
amber mutant was primarily or exclusively detect-able only in 
stocks which were passaged after being heated. Thus the muta
genic target for the transversion mechanism consists of guanine. 
On the other hand, the missense mutant rUV?4, which is reverti-
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ble neither by proflavin nor by base analogues, expresses its 
heat-induced revertants without a requirement for prior DNA 
replication, indicating that its target guanine residue occu
pies the transcribed strand. (The behavior of rUV?4 also helps 
to exclude a number of alternative mechanisms by which the heat
induced transversion might occur and also demonstrates that the 
modified guanine residue is both transcribed and replicated as a 
pyrimidine.) 

The kinetics of the transversip.n .pathway were studied as 
functions of pH, temperature and ionic environment, using both 
rUV?4 and the gene-23 amber mutant amE509. Although the latter 
mutant contains the responding guanine residue on the complemen
tary strand, gene 23 is expressed late in T4 development, after 
the initiation of DNA replication. Thus it does not require 
prior passaging for t9e expression of heat-induced revertan~s. 

,o-5 

t y ~ .._ y 
'l> 
t:\. ,o-6 

.J!? 
~ q 
t:::: 
-~ y ~ ,o-7 t 2 
~ Q Q 0 0 Q 

~ 

3.0 4.0 5.0 6.0 7.0 8.0 

pH 

FIGURE 11. Heat-induced reversion of amE509 as a function of 
pH. Stocks were heated at 55° in 0.05 mM MgC1 2 and 
20 mM Na+, plus the buffers described for Figure 9. 
Error flags indicate one standard deviation. 

The pH dependency of the transversion reaction is shown 
in Figure 11. Lik~ the transition reaction, it is proton-cata
lyzed at low pH values, but becomes relatively pH-insensitive at 
higher pH values. The slope of the reaction is -1.0 in the pH 
range from 3.5 to 5 with amE509, but slopes in the neighborhood 
of -0.3 to -0.7 have been observed in preliminary measurements 
with other mutants for reasons which remain unknown at present. 
The temperature dependence of the transversion reaction is il
lustrated in Figure 12; the Arrhenius activation energy is about 
35 kcal/mole, considerably higher than activation energies char
acteristic of the transition pathway. Like the transition reac
tion, the transversion reaction displays a small negative salt 
effect, for instance a 3.6-fold reduction in rate as the Mg++ 
concentration is increased from 0. 05 to 10 mM .. 
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T (°C) 

l(JIO~---~---~----~---~ 
3.0 3.1 3.2 3.3 3.4 

103/T ( K) 

FIGURE 12. Heat-induced reversion of PII mutants as a function 
of temperature. PUV74 was heated in 10 mM sodium 
phosphate, pH 6.4, plus 0.5 mM MgCl2, amE509 was 
heated in 10 mM sodium phosphate, pH 7.4, plus 0.05 
mM MgC1 2 . Error flags show two standard deviations. 

What, then, is the mechanism by which heat induces trans
versions at G:C base pairs? Misrepair mutagenesis is a highly 
unlikely candidate, since all known mutagens acting via misre
pair in T4 induce frarneshift mutations and most induce muta
tions at A:T base pairs, whereas heat does neither. Depurina
tion, followed by the random insertion of bases in progeny
strand DNA opposite to the depurinated parental-strand site, al
so appears an untenable mechanism: depurination following al
kylation introduces lethal but not mutagenic hits in T4; and 
both adenine and guanine residues are subject to depurination at 
rates which differ by only about 1.5-fold, whereas heat does not 
induce mutations at A:T base pairs. We are left with the curi
ous conclusion that gµanine is sometimes converted by heat to an 
excellent pyrimidine analogue, probably a c ytosine analogue. 
(Although we still lack tester strains capable of critically ~x
cluding the ability of 1heat to induce G:C + T : A transversions, 
the data of Table 2 suggest that the main pathway consists of 
G:C + C:G.) 

Attempts to conceive how either the pyrimidine or the imid
azole ring of guanine might be opened so a~ to gefierate a pro
duct with the pairing properties of- cytosine were _1.1_nfruit_ful. 
Ha vint-1.n~mind the ability of h eat-t o de purinate, however, and 
als9 the concept of N-glycosidic bond migration, we considered 
the pairing possibilities of guanylate residues which had expe
rienced N-glycosidic bond rupture, but which had reformed a gly-
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cosidic bond to any of the other nitrogen atoms of guanine, 
namely Nl, N2 , N3 or N7. It turned out that most of these 
structures could assume an orientation capable of forming one or 
two hydrogen bonds with either adenine or guanine. One product 
of glycosidic bond migration, however, was both chemically like
ly and was also capable of fitting comfortably within the stan
dard dimensions of the double helix. This pairing, in: which the 
glycosidic bond migrates to the guanine N2 position, is shown in 
Figure 13. We are currently attempting to demonstrate the for
mation of this compound in heated DNA and to determine its pair
ing properties during in vitro DNA synthesis. 

FIGURE 13. The guanosine:neoguanosine base pair. 

How important is heat mutagenesis in nature? There are at 
least two situations in which it might present a serious chal~ 
lenge to the functional integrity of the genome: in organisms 
which inhabit very hot or acid environments and in organisms 
with very large genomes maintained at even moderate tempera
tures. Organisms of the first type are often found in hot 
springs, where temperatures may reach 100° 'and acidities may ex
tend to pH 2 (BROCK and DARLAND 1970). It is noteworthy that 
such environments, when tested for the presence or absence of 
microorganisms, display clear limits of habitability (Figure 
14): beyond certain extreme limits, such springs are sterile. 

Measurements of mutation rates in phage T4 are sufficiently 
extensive to permit an estimation of the total heat-induced mu
tation rate at 37° under ionic conditions similar to those found 
in human cells. A conservative estimate of this rate turns out 
to be about 100 events per human diploid cell per day (BALTZ, 
BINGHAM and DRAKE 1976). 

This must be a biologically intolerable rate, either at the 
somatic or germ-cell level. Even the highly unlikely assumption 
that a majority of the DNA base pair sequences in man are gene
tically inert helps very little. It is therefore an inescap~ble 
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conclusion that highly efficient mechanisms must exist to pro
tect such genomes against heat mutagenesis. Although it is pos
sible that chromatin proteins might provide some protection, 
they would appear unable to lower this rate by the many orders 
of magnitude required to bring it into the vicinity o~ ordinari
ly observed mutation rates per cell or per sexual generation. 
It is,therefore,necessary to suppose that repair mechanisms ex
ist and that these are extraordinarily powerful. One such sys
tem has already been described in a very ordinary bacterium, E. 
ooii, typically living at 37° in a relatively nonacidic environ
ment. It is an excision enzyme, but not an endonuclease of the 
type ordinarily encountered in excision repair systems. In
stead, it is a deoxyuracil N-glycosidase (LINDAHL 1974). This 
enzyme clearly acts to reverse the heat-induced transition path
way and has already been detected in several other bacteria. 
The events which follow uracil excision remain unknown, but 
might be of two types: the direct insertion of cytosine (by a 
completely novel enzymatic activity which remains to be detec
ted), or strand scission (perhaps carried .out by the "depurina
tion" endonuclease) followed by the excision of the naked deoxy
ribose residue and concluded by ordinary repair synthesis. 
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FIGURE 14. The bacterial contents of hot springs (BROCK and 
DARLAND 1970). 
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