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SUMMARY

Chemically induced rearrangements and ‘point mutations?
seem to require a primary effect on the DNA followed by
secondary effects. In rearrangement formation, the primary
effect consists of paxticular lesions that lead to chromosome
breakage. 7This primary effect will be followed either by
non-repair (cell death), repair (restitution) or mis-repair
(rejoining of broken chromosome ends) to give a rearrangement
of the chromosomal DNA., The production of f‘point mutations!
also consists of particular lesions followed by secondary
effects, but little is known about their secondary
effects in eukaryotes. If, as seems likely, repair enzymes
play a role, it is expected that they will be different from
those which allow reunion of broken chromosome ends.

The response of chemically-induced sex-linked recessive

lethals and translocations to storage {when treated Drosophila

melanogaster sperm is stored in inseminated females) differs,

The frequency of sex-linked recessive lethais remains unaffected
by storage while that of rearrangements increases strikingly.

At neutral pH and 370C, 06 alkyl-guanine is released at a
negligible rate in vivo (Margison and OfConnor, 1973). This
lesion is considered to be the primary "effect" in the production
of point mutations;. this may be the reason why there is such a
small or non-existent storage effect and point mutations, and
also why this lesion is least likely to lead to chromosome
breakage in a system (mature spermatozoa) where no enzymatic

repair is occurring. The indications ars that most chromosomal



aberrations are not due to 06—a1kylations {Newbold et al.,
1980) N7-alkyl guanine hydrolyses spontaneously at a much
higher rate. At neutral pH and 370C, N7-alkyl guanine has a
half-life of 6 days (Margison and O%Connor, 1973). These
lesions are therefore more likely to lead to chromosome breakage
in a system where no enzymatic repair is occurring. Both of
these lesions are released at.a higher rate in vivo (7-alkyl
guanine and Oé—alkfl guanine both having a half-life of 1
day) from rat liver (neutral pH, 37°C) indicating that they
are removed enzymatically. A comparison between the rates of
depurination of the different alkylated bases, and the rates
of appearance of sek—linked recessive lethals and chromosome
braakage events may shed some light on the mechanism by which
these mutagenic events occur.

Experiments were carried out in an attempt to determine
the nature of the pdtential breaks and the processes whereby

they matured into actual breaks in Drosophila melanogaster.

This was done by carrying out a detailed study of the kinetics
of the storage effects and of the effects of different conditions,
oﬁ the kinetics.

In order to carry out this investigation, albetter
definition of the conditions under which the storage effect
could be observed was attempted. This involved looking at the
effect of different concentrations of yeast, different
concentrations of sugars and different sugar sources in the
storage medium related to the surxvival of females and pattern
of egg-laying with time. This arose from the problems

encountered with DES.



Subsequently the effect of mutagen concentration and
temperature on the rate at which the breaks open was observed.
Breaks were measured by observing the frequency of translocations
between chromosomes 2 and 3, An attempt was made to relate
the frequency the translocations observed to the level of
depurination of N7-ethyl guanine after different times of

storage of EMS-treated mature spermatozoa of Drosophila

melangg§§ter. An alternative method was to look at the frequency
of dominant lethals, which gave a measure of the frequency of
un-rejoined bréaks.
An attempt was also made to establish the natura of sex-
linked recessive lethals in genetic terms, since some mutagens
- produce a slight storage effect in this heterogeneﬁus class

of damage.
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CHAPTER 1. INTRODUCTION




INTRCDUCTION

1.1 COMPARISON BETWEEN THE GENETIC EFFECTS OF ALKYLATING
AGENTS AND X-RAYS

In the early 1940's, Auerbach and Robson showed that
a chemical agent could induce mutations in the germ line

cells of Drosophila melanogaster (Auerbach and Robson, 1944

and 1947). 1In their experiments, nitrogen mustard, an
alkylating agent, induced up to 24% sex=-linked recessive
lethals (slrl) compared to a spontaneous frequency of <1%
(Auerbach, 1948). The investigation of the possible muta-
genic effects of nitrogen'mustard was prompted by the simple
observation that exposure of humans to the chemical resulted

in skin burns similar in character to those produced by X-

rays, an established mutagen in Drosophila (Muller, 1927,
1928a and b) and in maize (Stadler, 1928). An analysis of
the mutagenic effects of nitrogen mustard revealed that as
well as having an inhibitory effect on mitotic activity, it
was capable of producing the same array of mutagenic
effects as X-irradiation, i.e. dominant lethal and visible
mutations, recessive sex-linked and autosomal lethals, re-
cessive visibles, large and small deletions and tfans—
locations (Auerbach and Robson, 1947; Nasrat et al., 1954-55).
Using the frequency of induced slrl as a device to compare
equivalent doses of the two mutagens, they demonstrated
that X-rays and mustard gas differed in their mutagenic

behaviour in two main respects:



TABLE 1.1. A variety of alkylating agents administered to different organisms
have been shown to differ in their mutagenic behaviour as compared

with X-rays. Some of these are listed below.

Alkylating Agents Organism . Reference
El Drosophila Slizynska, 1973
EMS Drosophila Bishop and Lee, 1969

" Brink, 1970

E. coli Schwartz, 1963
: Maize Amano and Smith, 1965

FF | Drosophila | Slizynska, 1957, 1963, 1973
TEM Drosophila ~ Slizynska, 1973 |
Alkane sulphonic esters/ ' Drosophila Fahmy and Fahmy, 1957, 1961
Alkyl methane sulphonates Barley Ehrenberg et al., 1966

" ’ Heslot et al., 1959.

A more comprehensive list may be found in Ross {1962) or in de Serres and
Shelby (1981).



(i) a rélative shortage of large chromosomal rearrange-
ments (inversions, large deletions, translocations)
and an excess of small rearrangements (small de-
ficiencies and duplications) were found after mustard
gas treatment compared with X-rays.

(ii) a high incidence of "delayed" mutation-was noted
after mustard gas treatment, i.e. the appearance of
the mutation was separated from the time of treatment
by one or more cell cycles (these were detected as

mosaics). X-rays failed to produce delayed mutations.

These differences have also been found to hold true
for a variety of alkylating agents administered to different
organisms, as listed in Table 1.1. It was also noted that
the relative shortage of mustard gas induced rearraﬁgements
was more pronounced in the case of translocations (inter-
chromosomal rearrangements); this shortage decreased as
the dose of mustard gas increased, more so for deletions
+han for translocations (Auerbach and Robson, 1947).

Three hypotheses were put forward to explain these
observed effects:

(i) alkylating agents were weaker mutagens than X-rays,
therefore the§ produced fewer chromosome breaks
(Lamy, 1947-48).

{ii) alkylating agents were not weaker mutagens buf the
breaks they produced were less likely to rejoin to

give rearrangements either because



(a) restitution was favoured, or

{b) they remained open much longer and thus were
'lost' as dominant lethals before rearrangements
could be formed (Auerbach, 1948}.

(iii) alkvlating agent induced breaks and X-ray induced
breaks, once formed, had the same rejoining ability.
However, in contrast to X-ray lesions, the primary
chemical lesions matured only slowly into open breaks.
These 'potential breaks' could pass through mitosis,
and open up at a later stage (Auerbaoh and Robson,

1947} .

There were obvious difficulties in distinguishing, by
experiment, the first hypothesis from part (a) of the second
hypothesis, although mustard gas had been shown to be
efficient at breaking the chromosomes of plants (Darlington
and Koller, 1947). |

Evidence of the ability of X-rays to break chromoscomes
came from plant work (Sax, 1938) -~ single, unrestituted
breaks can be seen as such in irradiated cells, or as
bridges in the next anaphase. Unrestituted breaks gave
rise to dominant lethals, mainly through loss of chromosomes
by bridge formation; but there are additiconal causes of
dominant lethality and dose effect curves for dominant

lethals include these as well. In Drosophila, however, the

frequency of single chromosome breaks could not be measured
directly. Muller (1940) found that at low and moderate

doses of X-rays, the frequency of single chromosome breaks,



as measured by dominant lethals and, more accurately by
viable chromosome losses, followed approximately linear
kinetics. This was indirect confirmation of the single-
hit interpretation of chromosome breakagé by X~irradiation

of Drosophila and plant chromosomes (Stadler, 1932).

For equivalent doses of X~rays and mustard gas
{measured by slrl frequency) the frequencies of dominant
lethals were determined (Nasrat et al., 1954-55). At iow
X-ray doses, when most dominant lethals were due to single
breaks (Muller, 1940) the frequency of mustard gas induced
dominant lethals egqualled that of X-rays. At highlx—ray
doses, when an increasing proportion of dominant lethals
was formed by viable two-break rearrangements (kinetics of
dose-response curve for rearrangements was intermediate
between linear and the sguare law - '3/2 power' law in
Auerbach, 1976, p.94) the frequency of mustard gas induced
dominant lethals exceeded that of X-rays. This result is
not unéxpected if, at high doses of mustard gas, potentially
viable rearrangements are 'lost' as unrejoined breaks,
thus boosting the frequency of dominant lethals. This
‘work supported part (b) of the second hypothesis.

A special version of this hypothesis was put forward
by Auerbach and Robson {1947) (see hypothesis (iii)) . This
third hypothesis ; invoking the potential break - had al-
ready been debated by X-ray workers (Muller, 1932; Stadler,
1932). Muller {1940} considered that primary events

(actual or potential) accumulated independently of length



of exposure, fractionation of exposure and dose of irradi-
ation, and that their final number determined the number of
structural changes produced. He also suggested that primary
events combined,usually in twos, to produce rearrangements
as secondaxry effects. The detection of an exchange between
a treated paternal and an untreated maternal chromosome
indicated that these 'secondary effects' took place but

after fertilisation, at least in Drosophila (Sidky, 1939

in Muller, 1940; Schalet, 1956).

A‘rearrangement, such as a translocation, requires
two independent breakage events. If the probability of a
break occurring after a given dose of mutagen is p, then
the probability of two breaks occurring is p?. p is
linearly related to dose; therefore the frequency of re-
arrangements requiriné two independent breaks should in-
crease with the square of the dose (Auerbach, 1976, p.126) .
If this holds true, and there is full inieraction between
all breaks, the following example should maintain:

If a dose of X-rays yields4% translocations and a dose
of alkylating agents yields 1% translocationé, they must
each have produced 20% (0.2% = 0.04) and 10% (0.1% = 0.01)
breaks respectively. If these breaks do not interact, a
combined dose of X-rays and alkylating agent should yield
4% + 1% = 5% translocations; however, if all breaks inter-
act, the combined effect of the two treatments should

yvield (0.3)2 = 0.9 or 9% translocations.



Oster (1958) exposed Drosophila males to X-rays

and mustard gas in succession, and vice versa. The mustard
gas treatment alone produced fewer translocations than the
X-ray treatment alone. When the two treatments were
applied in succession, the frequency of translocations was
far greater than additive, i.e. if chemical breaks rejoined
with chemical breaks, and X-ray breaks with X-ray breaks.
The frequency was approximately that expected if any break
had the potential to rejoin with any other break. Thus it
was demonstrated that there was no intrinsic‘difference

between an X-ray break and a mature chemical break.

1.2 STORAGE EFFECTS

A common conclusion emerging from two independent lines
of research - that of the mutagenic effects of UV-irradiation
in micro-organisms and the mutagenic effects of chemicals

in Drosophila - was the existence of the premutational lesion

preceding the production of a mutation. The concept of a
premutational lesion which could 1éad to a break, was
applied to the problem of the underlying cause of the short-
age of large rearrangements compared to small rea;rangements
after chemical ﬁreatment, and to the delayed expression of
chemical damage in the following manner.

Storage experiments with Drosophila proved the hypo-

thesis that primary chemical lesions open slowly to form
real breaks (e.g. Slizynska, 1969; Snyder, 1963; Watson,
1964). Female Drosophila have sperm storage organs (the two

spermathecaeand the ventral receptacle) in which sperm is



TABLE 1.2 Types of structural changes and their frequencies per hundred spermatozoa
(Slizynska, 1969).
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C = complete changes:‘ M = mosaic changes; U = unstored; L = stored at 12°C; H = stored at 25°C



deposited after insemination. Eggs are fertilised from
this store of sperm just prior to their being laid. Thus
sperm utilised at a time several days after insemination
is considered to have been stored for the corresponding
length of time. Accoxrding to the hypothesis, stored sperm
should contain a higher proportion .of mature rather than
potent%al breaks. Slizynska (1969) carried out a detailed
cytological examination of female larvae whose fathers had
been treated with TEM. She found thét after storage for a
period of 7-9 days, the spectrum of rearrangements resulting
from TEM treatment became remarkably similar to that pro-
duced by X-rays. The results are shown in Table 1.2. The
shortage of rearrangements before storage was interpreted
as being. due to only a limited number of breaks being open
at one time, and to a tendency for breaks to open simult-
aneously in the same chromosome but at different times in
different chrcmosomeé, resulting in a high proportion of
intra-chromosomal changes plus a low proportibn of inter-
chromosomal ones. Breaks which opened simultaneously after
the first mitosis in the zygote and which formed a re-
arrangement would appear as mosaics and would not‘be de-
tected in standard genetical tests, but would be detected
in a cytological examination. The ability of chemicals to
induce a high proportion of mosaics compared to X-rays was
also attributed to a delay in the opening of breaks and
gave‘an indication that chemical lesions can pass through
replication of the DNA. No storage effect was found when

¥-irradiated males were used.



The detailed cytological analysis carried out by
Slizynska (1957, 1963, 1969, 1973} greatly added to the
evidence for a real difference between chemical and X-ray
induced effects. In her analysis of salivary gland
chromosomes of female larvae whose fathers had been fed as
larvae on formaldehyde food (Slizynska, 1957) .she found:
(i) a high proportion of mosaics
(ii) an excess of repeats and deficiencies over other

structural changes
(iii) a shortage of translocations
(iv) fewer breaks in heterochromatic regioné of the DNA

than in the euchromatic regions.

All types of structural changes known to be produced
by X-irradiation were also found among the formaldehyde
food induced rearrangements. These differences were
essentially the same as those seen for mustard gas compared
with X-rays, that is:

'a larger proportion of intra-chromosomal rearrange-

ments over inter-chromosomal ones and a delayed

expression of damage'.

These results were explained in the following manner:

(i) X-ray induced breaks are fixed at the time of treat-
ment; the fixation of chemically-induced breaks does
not occur immediately. Most of the X-ray breaks
(NQO%) restitute while the remainder form rearrange-

ments. Only a small proportion of chemical breaks are



immediately available for rejoining (repair or mis-
repair); breaks which open after the first cleavage
division will, if mis-repaired, producg moséic re—
arrangeméﬁts. This was shown by the lack of mosaic
rearrangements induced by X-ray treatment, and the
high proportion of mosaics after chemical treatment.
Storage allows time for open breaks to accumulate
(repair does not take place during storage - see page
24 for evidence). This was reflected by a decrease in
mosaic and an increase in complete rearrangements de-

tected after storage of chemically treated sperm

(Slizynska, 1969 and 1973).

(ii) Chemicaliy induced small deficiencies and duplications
were detected in excess over large rearrangements
(translocations, deletions). This was ériginally
thought to indicate a different mechanism from the
breakage-fusion events by which large rearrangements
arise. Slizynska (1957, 1963, 1969, 1973) carried
out an anlysis of the structural changes detected in
the salivary glands of Fl1 larvae whose fathers had
been chemically treated. Duplications were found in
abundance: they are extremely rare after X-ray
treatment. The frequency of the chemically-induced
duplications decreased with storage. Most duplications
are detected as mosaics together with the complémentary
deficiency. An analysis of the banding pattern of

the duplications/deficiencies led Slizynska (1963) to



Fig.1.1. The mechanism underlying the formation of a repeat.
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suggest a possible mechanism for their occurrence -
theoretically, four different types of repeat are
possible, each requiring two breaks at identical
sites along the chromosome. All four types were de-
tected. Figure 1.1 shows how the four types could
arise from breakage and fusion between homologous
chromatids. Slizynska realised that the special éon—
ditions required for the formation of a repeat were
created if potential breaks opened during replication
of the DNA. These conditions are a chromosome com-
prised of two chrqmatids with breaks at identical
sites, as yet unrepaired. The high frequency of
duplications after chemical treatment and its decrease
with storage supported the idea that replication was
the final stimulus'for near mature breaks to open

and restitute/rejoin in unstored sperm.

In genetic tests carried out by Nasrat et al. {1954-55),
all of the deletions (intra-chromosomal rearrangenents)
but none of the translocations (inter-chromosomal rearrange-
ments) induced by mustard gas, treatment were shown to involve
the X~chromosome. The X-chromosome is known to replicate
asynchronously compared to the autosomes - it is generally
considered late replicating (Galtom and Holt, 1964) although

less obviously so in Drosophila. Nasrat et al. (1954-55)

also found that more translocations than large deletions

were'lost' after chemical treatment of adult Drosophila

males. These results, shown in Table 1.3, supported the
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idea that two potential breaks were more likely to open
simultaneously and rejoin when they had. occurred in the
same chromosome than in different chromosomes. Slizynska
(1973) saw this as indicating a connection between chromo-
some replication in the zygote and the way in which re-
arrangements are formed (see pagel10, and Fig. 1l.l1l) and a
possible connection between replication and maturation of
breaks in unstored sperm. Storage of sperm reduced the
difference between the frequency of intra- and inter-
chromosomal rearrangements. Any difference in joining
ability between breaks in different chromosomes tended to
decrease with storage suggesting that mature breaké were no
longer susceptable to the stimulus of replication.

The shortage of heterochromatic (he-) breaks detected

in the .giant salivary gland chromosomes of Drosophila was

attributable to the chromosomes themselves. Only
euchromatic (eu-)}- eu and eu-he rejoinings are scorable;

he-he rejoinings cannot be detected. In plant cells, all

such breaks can be detected: chemical treatment produced

more he-breaks than did X-rays (Kihlman, 1966). If the same

is true for Droscophila, the observed shortage of he-breaks

in unstored sperm (Slizynska, 1973) must be due to a short-
age of eu-he rejoinings and not a shortage of he-breaks.
Storage increased the frequency of detectable he-breaks
detected as eu-he rejoiﬂings. Storage thus reduced any
difference in rejoining ability between breaks in different

chromatin. Asynchrony of replication between eu- and



TABIE 1.3. Comparison between the frequencies of large rearrangements in the progeny
of males exposed to mustard gas or ¥-Rays . '
bose Deletions Ratio Translocations Ratio
{(in Expected Observed (approx.) Expected Observed (approx.)
% n (X-ray: (M-G n (X-ray (M-G
s1rl) induced) induced) induced) induced
st | 8331 21 2 10:1 | 2655 54 5 11.1
71 | 4523 20 4 5:1 | 3858 123 12 10.1
72 | 5052 18 9 2:1
9% | 6635 a1 16 31
92 8l6 56 7 g:1
107 | 4926 31 14 2:1 | 3060 172 26 7:1
152 981 08 21 5:1
Mean (29467 131 45 3:1 [11370 503 71 7:1

1 After Nasrat et al. (1954-55)
2  After Auerbach and Robson (1947)

slrl frequency determined in tests on aliquots o
n represents the number of X-chromosomes in the deletion test;

the translocation test.
Expected values calculated from a dose of X-rays yielding the same frequency of sex~-linked values.

f the treated males
the nunber of chromosome sets in

‘pranslocations involved chromosomes 1, 11, 111; in the last experiment chromosomes 11 and 111 only.




Fig 1.2 Frequercy of aberfant anaphases ( fragmentsand/or bridges)
after storage atvarious moisture contents of EMS-

treated barey seeds.
( Gichner and Gaul ,1971)
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heterochromatih has also been reported (Back, 1976), with
heterochromatin generally considered to be late-replicating.

These observations add weight to the hypothesis that
chromosome replication stimulates the copening and rejoining
ability of potential chromosome breaks.

While rearrangements were shown to increase with
storage, intra-chromosomal changes scored as slrl did not,
or no more than would be expected if, particularly at higher
doses, a small proportion of lethals was connected with re-
arrangements which would be subject to a storage effect.

The different response of slrl and chromosome breaks to
storage after chemical treatment was the first clear indi-
cation of an essential difference between them.

A storage effect, comparable to that seen in Drosophila,

has also been observed in plants (Gichner and Gaul, 1971}).
This has been shown to be dependent on moisture content
during storage (see Fig. 1.2). When EMS-treated bérley seeds
were kept dormant for up to 4 weeks before allowing germin-
ation, the frequency of aberrant anaphases was found to
increase with storage at 13% and 20% moisture content, to
initially decrease at 30% moisture content then level off,
and to remain fairly constant aﬁ 5% moisture content. In
the latter case metabolic processes were more Or less sus-
pended, i.e. repair processes would be inhibited. The de-
crease at 30% could be attributed to repair processes when
metabolic processes were not inhibited. However, inhibition

of repair would not seem sufficient to account for continually
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increasing amounts of genetical damage during storage of
partially dehydrated seeds. As repair does not appear to
take place before storage (treated but unstored seeds do
not show different frequencies of aberrancies dependent on
moisture content) one would not expect, even with total
inhibition of repair, that  the frequency of breaks would be
higher in stored compared with unstored seeds (Gichner and
Gaul, 1971). Slizynska (1973) suggested that there must be
an additional source of new mutational changes that appear
during storage of barley seeds. Alternatively, repair could
be responsible for the decrease of. damage in éeeds if the
rates of repair were higher than the rates with which new
breaks were produced during storage. Thus repair processes
can be taken into account only as one factor modifying the
storage effect in seeds, but not as the cause of them.

In Drosophila, storage effects aré present even though

there are no detectable repair processes in spermatozoa
(Muller and Settles, 1927; Proust, Sankaranarayanan and .
Sobels, 1972). Other factors, such as storage effects
caused'by residual mutagen can be discounted because:

(a) there is such a strong storage effect on reafrange~

ments but not on slrl induced in Drosophila.-

(b) the rates with which changes accumulate would appear
to be too large to be sﬁecifically caused by traces

of mutagen.
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1.3 ALKYLATING AGENTS: MECHANTISM OF REACTION

Current understanding of the mechanism of chromosome
breakage and the nature of the potential break is limited
even though changes occurring at the molecular level in DNA
are capable of detailed description. Our knowledge of
chromosome structure has increased with recent technological
advances in EM and light microscopy but as yet has not shed
any light on chromosome breakage. Like gene mutations,
chromosome aberrations can be induced by a variety of agents.
In particular, alkylating agents have been shown to break
both the DNA (Lawley, 1966) and the chromosomes (Sax, 1938;
Evans and Scott, 1969). The chemistry of their reactions
with DNA has been well studied.

Alkylating agents have been defined as agents which
add an alkyl group to macromolecules of biological importance.
They can be represented by the general formula

R: Y

where R = C (alkyl radical/carbonium ion)

nHon+1

Y any other group, e.g. OH
The general equation for an alkylation reaction is

R:Y +%X- —— = R : X + ¥~
The extent of the displacement reaction will depend on the
energy characteristics of the entities involved: Y becomes
more or less detached together with the electrons which
constituted the chemical bond, the positively charged R

group then seeks electrons. Alkylating agents are thus

electrophilic reagents which combine with electron rich or
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nucleophilic centres.

The transfer of the R group can take place by two
mechanisms known as sny and Sn, -
(i) sn,_type reaction.

R:Y i)y rR” + Y

(solvent) (solvent)

+ - (1) » R:X + solvent

(i) is a slow rate determining step which is

reservible.

(ii) is a fast reaction, the R" rapidly reacting with

any electron-rich centre in the system.
This is a unimolecular reaction because only one molecule,
the alkylating agent R:Y, is undergoing covalency change in
the rate determining step. If the concentration of Y is
increased, the rate determining step will be .reversed.
sn, agents attack all nucleophiles and consequently yvield

a variety of products.
‘

(ii) sn, type reaction

R:Y + X —m—m———— [nx‘s' st R ST Y‘S'] _—+ R:X + Y

transition complex
Complete separation of R and Y does not occur, instead there
exists a transition state with R loosely combined with both
X and Y, the effective transfer of R’ from Y to X occurring
as bonds are simultaneously formed and broken. This is a
bimolecular reaction because, in the rate determining form-
ation of the transition complex, two molecules are under-
going covalency change. The rate of the reaction is de-

pendent upon the concentration of the displacing group X



TABLE 1.4. Alkylating agents: relationship between s-value reaction
type and functionality

CHEMI CAL s-VALUE REACTION TYPE 'FUNCTIONALITY
MMS | 0.38 sn, monofunctional
DMS - 0.86 sn, | "

EMS , 0.67 snl/sn2 "

DES 0.65 ' sn,/sn, "

MNU 0.42 sny "

iPMS . 0.28 sn, "

ENU | o.26 sn, | "
mustard gas : 0.95 sn,, value but bifunctional
cation sn'y kinetics
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and upon the relative nucleophilic capacities of the groups
X and Y . sn, agents show a strong preference for the
most nucleophilic sites.

(A detailed review of the general chemistry of alkylating
agents can be found in Ross, 1962).

. "Two attempts have been made to express the rates of
these substitution reactions, e.g. the Swain-Scott constant
(s)(Swain and Scott, 1953) and the more complex parametér
equation developed by Edwards (1954) which gives a closer
agreement with experimentally determined rate values. An
agent with a high Swain-Scott s-factor reacts via an Sno
mechanism while one with a low Swain-~Scott s-factor reacts
via an sn, mechanism. The s-value of an agent is sometimes
guoted when comparisons are being made between a range of
alkylaﬁing agents. Typical sn, agents are NMNU, NMNG,
aromatic nitrogen mustards, iPMS (low s-value}. Typical sn,
agents are DMS, MMS, methyl bromide (high s=-value). Some
agents enter into both types of reaction, e.g. EMS, DES.

A list of some alkylating agents and their s-wvalues is given
in Table 1.4.

If an alkylating agent is to be effective, it should
be able to diffuse to and react with distant target sites.
These requirements are met if the agent reacts elther by
{a) a moderately fast sn, mechanism, or (b) by an sn,
mechanism sufficiently slow and with a low substrate con-
stant (s) value so that the alkylating agent is not lost by

irrelevant reactions en route to its target. Compounds
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which react by an sn, mechanism cannot react at a rate
faster than that of controlling ionisation stage; therefore,
the rate cannot be increased by using a powerful nucleo-

phile whereas that of sn, agents can be so increased.

1.4 ALKYLATING AGENTS: STERIC CONSIDERATIONS AND
FUNCTIONALITY

There are also steric considerations to be taken into
account, i.e. the site of the baée in regard to the wide.
and narrow groves of the DNA helix. N-7 and 06 of Guanine,
and the N-7 of Adenine are situated in the wide groove and
as such are easily accessible to invading alkylating agents.
N-3 of Adenine and Guanine are situated in thé narrow groove
of the helix which can 1limit their accessibility because
large molecules may be physically unable to fit into the
small grbove. Protein components of eukaryote DNA, e.g.
histones and protamines, may limit the mutagenic interaction
or may themselves be sites of attack. There are alsolsites
along the sugar-phosphate backbone of DNA which are suscept-
iple to attack. No reaction is anticipated, nor has any
been demonstrated, with the hydroxyl group in the sugar
moities; however, a reaction with the phosphate groups is
possible but appears to be non-mutagenic (Singer, 19753).

_ Alkylating agents can also be classified according to.
the type of alkyl group (e.g. a methyl or ethyl grou?) and
the number of alkyl groups that a single molecule can donate.

This is known as the functionality of an agent. The degree
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of functionality cannot be inferred simply from the number
of alkyl groups carried by a compound; it is determined
by the number of alkyl groups available for alkylation, e.qg.
the alkane sulphonates:

EMS - one ethyl group )

) both are monofunctional agents

MMS - two ethyl groups )
There is no correlation between an agent's functionality and
its reaction mechanism, e.g. EMS acts by an sn1/sn2 inter-
mediate mechanism whereas MMS is an sn, agent (see Table 1.4).

Early experiments with closely related chemical com-
pounds, one monofunctional and one polyfunctional, suggested
that there was no apparent storage effect on translocations
induced by monofunctional agents (Ratnayake, 1968; Watson,
1964 and 1966). They were interpreted in support of the
idea that monofunctional agents were less effective than
polyfunctional agents at breakinéwchromosomes. However, it
was later demonstrated that the time needed for monofunctional
agents to show any storage effect was a matter of weeks
rather than days (Sram, 1970a,b). Although the storage
effect takes longer to appear, storage eventually‘minimises
any difference in breakége ability £o the level at which
it was observed pre-storage. This storage effect was seen
for chromosomal aberrations but not for point mutations.
Polyfunctional agents have an ability to cross-link between
neighbouring guanines on the same or opposite DNA strands
in prokaryotic and mammalian cells (Flamm et al., 1970} and

in bacteriophage (Lawley et al., 1969) when 1 in 25 alkylations



TABLE 1.5 ° Sites in DNA open to attack by alkylating agents.

BASE POSITION OF ATTACK BASE POSITION OF ATTACK
-3
N-1 —» N-1
N’ o 5 n§-3
0] 3 e 3
g —3 N-3 i —» N-7
5 2 9 6
5 —> N-7 = N
0O
Cc-8 c-8
1, o
3"“"} N-1 06
)
= S N3 : Ly of
8 I 3
+ N~7 o —>» N-3
S £
0 4 H
? N
N6
--o)

—~3 Sites most likely to give rise to mutations if alkylated.

1-3 Indicates the importance of the site in terms of its likelihood
to give rise to a mutation (1>23>3}. ‘

All of these sites are to some extent negativeiy charged.
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results in cross-linking of opposite strands of DNA. The
occurrence of double-strand breakage following depurination
(see section 1.5(i)) has been shown to occur more rapidly
following treatment with a bifunctional mustard gas than
with a monofunctional derivative (Laurence, 1963}. The
storage effect on chromosome breakage also occurs more
rapidly with polyfunctional agents than with monofunctional
ones. These two observations have been explained by the
cross-linking ability of polyfunctional agents.

Some monofunctional agents are excellent chromosome
breakers (e.g. Smith and Lofty} 1955; Swanson and Merz,
1959) . Experiments comparing the ratio of translocations
to lethals induced by two closely related compounds showed
that the monofunctional agents were'at least as potent
mutagens as their polyfunctional ‘partner' (Nakao and
Auerbach, 1961; Watson, 1964 and 1966). This agreed with
cytological data (Slizynska, 1969 and 1973): non-mosaic
rearrangements (i.e. those that are detectable in standard
genetic tests) were four times as frequent after males had
been treated with E1 (monofunctional} than after a mutagenic-
ally equivalent dose of TEM (polyfunctional). Thus the
ability to form cross-links was shown not to be essential

for an alkylating agent to induce chromosome breakage.

1.5 ALKYLATING AGENTS: REACTIONS WITH DNA
Alkylating agents are, then, essentially electrophilic

agents with several possible sites of reaction along a DNA



TABLE 1.6. Reaction Products detected in alkylated DNA
REACTION MECHANISM
sny sn.,
Major 7 me-guanine (7 me-G) 7 me~guanine (7 me-G)
-Reraction ©3 me-A 3 me-A
Products 06 me-G
phosphototriesters
Minor 3 me-G 3 me-G
Reaction 7 me-A 7 me-A
Products trace quantities of

other species
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molecule. Those sites open to attack are listed in Table
1.5.

Virtually all potentially susceptible positions of the
normal bases of DNA are alkylated by one or other alkylating
agent under one or another set of reaction conditions
(Miller and Miller, 1969; Singer, 1975). The major re-
action products have been identified. These are shown in
Table 1.6. |

(i) 7-alkyl guanine

N-7 is strongly nucleophilic and therefore can increase
its rate of reaction with‘sn2 agents (mpre powerful electron
donors) such as MMS, DMS and EMS. It is the most frequent
point of attack and is effectively alkylated by bothrstrong
and weak mutagens. Early theoretical studies suggested
that an ionised guanine éhould have a tendency to mispair
with thymine instead of cytosine {(Krieg, 1963b; Lawley and
Brooks, 1961) yielding GC ——— AT transitions. 1In practicé
this effect on base-pairing has not been detected:
poly (U-me7-G) fails to induce nmisincorporation as a template
for either transcription (Ludlum, 1970} or translation
(Wilhelm and Ludlum, 1966); 7 me—~dGTP has been shown to
substitute well for AGTP in the in vitro DNA polymerase
reaction (Hendler et al., 1970). Therefore 7-alkyl guanine
is not considered mutagenic per se, éven though it is a
major reaction product. Alkylation at N-7 has been shown to
lead to an increased rate of hydrolysis of the glycosidic

bond at N-9 (Lawley, 1957), which can lead to loosening of
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the bond between the base and the sugar-phosphate chain
leading to a gradual leaching out of a free alkylated base
leaving an apurinic gap.l When alkylatéd bacteriophage DNA
is mildly heated to specifically promote depurination,
lethal but not mutagenic hits were intréduced {Kriegqg,
1963a) . Although it was considered as a possible mechanism
(Bautz and Freese, 1960) depurination is'now thought not to
have any significance in the production of point mutations.
Frame-shifts caused by this lesion are also a possible
mechanism of mutagenesis, as is depurination leading to
scission of the chain with the eventual possibility of
‘double strand scission (Lawley and Brookes,1963). Depuri-
nation leading to strand breakage is a conceivable candidate

for the potential lesions that, in Drosophila and plants,

mature gradually into chromosome breaks.

(ii) 3 alkyl-adenine

sn, agents produce slightly hiéher amounts of 3-methyl
adenine but are less mutagenic and carcinogenic than sn,
agents. Therefore this lesion has been considered un-
important in alkylation mutagenesis (Lindahl, 1982) even
though it is one of the major alkylation products} It may
be that it is a potentially lethal or inactivating lésion.

4

(1ii) 06 alkyl-guanine and 0 alkyl-thymine

GG is weakly nucleophilic and therefore more strongly
attacked by sny agents, e.g. NMNU, NMNG, EMS. 06 lesions
are implicated in mutagenesis which could explain why EMS

is such a potent mutagen in terms of inducing intragenic
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changes. When 06-G is alkylated, it becomes a hydrogen
donor instead of an acceptor such that G-T base pairing
becomes a possibility (Gershman and Ludlum, 1973). Present
experimental evidence reveals an excellent correlation bet-
ween mutagenesis and alkylation of both OG—G and 04—T
(reviews by Lawley, 1974; Singer, 1975). An in vitro
system using RNA polymerase showed that UMP preferentially
paired with 06—me G as opposed to AMP or CMP. 04—T, although
infrequently alkylated, can also be shown to pair with G due
to an extra bonding possibility (Drake and Baltz,'1976).
Direct mispairing therefore seems to be one of the mechanisms
by which alkylating agents induce mutagenesis. ‘In vivo,
alkylation directed mutagenesis has been shown to specific-
ally generate AT — GC transitions in bacteriophage DNA
(Krieg, 1963b) . A nmis-repair mechanism may be involved in

repairing those alkylations not seen to give rise to a good

mis-pairing scheme.

1.6 FATE OF ALKYLATED DNA

Alkylated DNA is known to suffer one of two fates:

(i) eventual hydrolysis of the damaged base leading to
depurination or depyrimidation which is non-enzymatic
(Lindahl and Nyberg, 1972; Lawley and Brookes,1963;
Strauss and Hill, 19270).

{ii) enzymic removal of the damaged ﬁase by cleavage of the

sugar-base bond (Lindahl, 1974).



Fig.1.3 Base excision repair of DNA
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(i) Hydrolysis

DNA purine residues alkylated at N-3 or N-7 are
positively charged and thus rapidly released by hydrolysis.
The most common methylated purines can be ranked according
to the rate at which they are released. 1In a descending
order of rate of release, this ranking is: 7 me-A > 3 me-A
> 7 me-G > 3 me-G >> 06 me-G (Lawley and Warren, 1976).

This appears to hold true both in vivo and in vitro. Hydro-

lysis may be a possible explanation for the observed storage

effects seen in Drosophila.

(ii) Enzymatic Removal

Removal of alkylated bases,as a step in an excision
repair mechanism by specific DNA-glycosylases, is seen to
further eﬁhance depurination (see Fig. 1.3). Those glyco-
sylases isolated to date are highly specific for one part-
icular lesion, e.g. 3 methyl-adenine glycosylase (Lindahl,
1979; Laval, .1977; Brent, 1977). Ié seems likely that
base excision repair is restricted to a small number of
commonly occurring lesions with a separate DNA glycosylase
for each lesion. |

Three of the common derivatives of alkylation have
gsimilar half-lives both in vivo and in vitro, and therefore
do not seem to be actively excised.

7-methyl guanine {Lawley and Warren, 1976)

7-methyl adenine ( " " " ")

phosphotriesters (Shooter and Slade, 1977)

However, both Os—methyl guanine (Lawley and Orr, 1970) and
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3-methyl guanine (Lawley and Warren, 1976} as well as 3-
methyl adenine are liberated in vivo, the latter at a much
higher rate than the first two.

There are indications that the same is true for ethylated
derivatives (Lawley and Warren, 1975) .

Enzymatic removal has been shown to occur at a rate
8-10 times faster than that of hydrolysis for 3-methyl
adenine residues (Margison and O'Connor, 1973). Wolff
(1960) held the view that repair or mis-repair of broken
chromosomes required protein synthesis, and that spermatozoa
lacked the relevant repair en2yme(s):which was {(were) pro-
vided in the ovum or zygote. Several workers have provided
evidence for this generally accepted idea that repair pro-

cesses are lacking in mature sperm of Drosophila. Muller

(1940) observed that neither fractionation of X-ray dose,
nor storage of X-rayed spermatozoa had any effect on the
frequency of translocations. Proust, Sankaranarayanan and
Sobels (1972) used actinomycin-D to inhibit maternal repair
processes acting at the stage of pronucleus formation.
These processes are required for the repair (restitution)
or mis-repair (leading to formation of rearrangements) of
chromosome breaks which had been induced in X-rayed

~ spermatoZoa. This treatment was shown to decrease the fre-
quency of translocation (mis-repaired breaks) while that of
dominant lethals (unrepaired breaks) increased concomitantly.
‘More recently, repair mutants have been isolated in

Drosophila laboratories {Boyd and Setlow, 1976), these have
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been used to verify the findings of Proust et al. (1972).

Current opinion holds that, in Drosophila spermatogenesis,

most, if not all, transcription ceases before meiosis and
that the considerable post-meiotic translation is directed
by pre-meiotically transcribed message (Brink, 1968). If
repair enzymes, or their mRNA, are present in spermatozoa,
it seems unlikely that they will be present in sufficient
amounts to furnish repair of the extensive damage induced
by a mutagen. It would therefore seem unlikely that the
storage effect could be attributed to such an activity.
Chain breakage has been shown to occur preferentially
at apurinic sites (Lindahl and Anderson, 1972). Basic
proteins, such as histones and protamines, promote the rate
of chain breakage at such sites (McDonald and Kaufman,
1954). This may be of relevance in explaining the storage

effect.

1.7 THE PROJECT

7 methyl-guanine has been implicated in increased rates
of depurination leading to chain breakage whereas 06—methyl
guanine has been implicated in mispairing leading'to base
changes. These are the two major mutagenic lesions for
alkylating agents operating via the sn, or the sné mechanism.
7-methyl guanine spontaneously hydrolyses at much higher
rates ﬁhan 06—methyl guanine; therefore with storage, de-
purination resulting from this hydrolysis may enhance the

probability of chromosome breakage while slightly diminishing
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the mutagenic effects of 06—methyl guanine in terms of base
changes. If this holds true, one could expect that the
greater the degree of alkylation of the DNA, the greater
should be the response to storage, i.e. the greater the
possibility of a straﬁd*breakage event and also the greater
the probability of a chain-breakage évent due to alkylation
occurring in close proximity on opposite strands, presuming
that alkylation is a random process.

Although repair mechanisms do not operate in sperm, they
will come into play when fertilisation takes place. These
repair mechanisms may be affected by the degree of damage,
e.g. at low doses there may be a threshold of alkylation
below which translocations will not occur, at high doses
repair mechanisms may be °'soturakted ' by extensive damage to
the DNA. Depurination can be increased by raising the physio-
logical temperature. This may or may not affect the frequency
of observed rearrangements. Other, as yet unknown, factors
must also be considered. Sex-linked recessive lethals are
a heterogeneous class of mutants - an attempt to define this
class more precisely and to observe the effects of storage
on the different members of this class (e.q. base'changes,
small deletions) should prove useful.

The aim of this project was to attempt to determine
the nature of the potential breaks and the processes whereby
they mature into actual breaks. This was done by carrying
out a de£ailed study of the kinetics of the storage effects

and of the effects of different conditions on the kinetics.
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In order to carry out this investigation, a better de-
finition of the conditions under which the storage effect
could bé observed was attempted. This involved looking at
the efféct of diffefent concentrations of yeast, different
concentrations of sugars and different sugar sources in the
storage medium related to the survival of females and pattern
of egg-laying with time. This arose from the problems en-
countered with DES.

Subsequently the effect of mutagen cdncentration and
temperature on the rate at which the breaks open was observed.
Breaks were measured by observing the frequency of trans-
locations between chromoscomes 2 and 3. An alternative method
was to look at the frequency of dominant lethals, which
gives a measure of the frequency ©of un-rejoined breaks.

An attempt was also made to establish the nature of sex-
linked recessive lethals in genetic terms, since some mutagens
produce a slight storage effect in this heterogeneous class

of damage.



CHAPTER 2. MATERIALS AND METHODS
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MATERIALS AND METHODS

2.1 8TOCKS

A. Stpcks Used

1. Oregon-K Stock

A wild-type stock of Drosophila melanogaster, which

has been maintained in this laboratory for several years.
Its spontaneous mutation rate, measured by slrl frequency,
is known to be approximately 02% (Kilbey et al., 1981).

8

2. 0-1; bw; st stock ¥y 5951 In49% sc”, bw; st

This stock can be used to test simultaneously for both
sex-linked recessive lethals (slrl) and translocations in-
volving the ¥, II and III chromosomes. The genotype of the

X-chromosome of this stock is y §351 lﬁ49 558. The long

. , 8 . . . , , . 4
inversion s¢ contains within it the inversion lﬁ 9

and the
entire X-chromosome is inverted with the recessive marker
yellow (y) at its base. The two inversions suppress
crossing~over along the whole length of the X-chromosome.
In addition, chromosome II carries the recessive marker
brown (bw) while chromosome IIIX carries the receésive

marker scarlet (st). The bw and st markers, when homo-

zygous, interact to produce a phenotypically white-eyed fly.

3. bw; st stock

This stock was used solely for the detection of trans-
locations. The autosomal recessive markers bw and st are
carried on chromosomes II and III respectively. As with

stock 2, this stock was phenotypically white-eyed.
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4. Muller -.5stock (M-3). 5231, B, ln-s, gi, sc®

This stock was used to determine the frequency of slrl
in the majority of experiments. The X-chromosome carries
‘the following markers: the dominant Bar (B) and the recessive
white apricot (Ea}, which effect the shape and colour of the
eye; also two inversions 5951 and inversion-s {ln-s), the
latter contained the former. These inversions completely
suppress crossing over along the whole length of the X-.
chromosome .

5. 1lnsc stock. §351, ln4g, §EB

This is essentially a wild-type stock which carries an
inversion on the X-chromosome to suppress crossing-over.
The genotype of this stock is 5351, in49g, 528. As with the
0-1; bw; st stock, the long inversion ggs contains within it
the inversion 1ln49, and the entire X-chromosome is inverted:
the two inversions suppress crossing-over along the whole
length of the X-chromosome. The stock was used in the
specific locus test when it was essential to suppress
crossing-over between the treated paternal X- and the un-
treated maternal X-chromosome present in heterozygous F1
daughters. Preliminary tests by other workers in this
laboratory have shown that spontanecus and EMS-induced
mutability in these males is similar to that of Ork ¢

(Shukla and Auerbach, 1981).

6. Multiply-marked X stock

This stock supplied the tester ¢ for the specific

locus test. The stock carries a multiply marked X-chromosome



TABIE 2.1. Inheritance of ¥X- and ¥-chromosomes when
an XYd is crossed with an attached-X (ikY)?

3 XX Y
ad
*
X XXX XY o
-~ *%
¥ .94 ¥ Yy

* inviable or highly abnormal and sterile.

* * [ .
inviable.
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and, as a balancer, a M-5 chromosome which may be used to
estimate frequency of induced slrl as in the M-5 test. The
M- 5 chromosome suppresses crossing-over between the tester
chromosome and itself. A stock homozygous for the multiply
marked X shows greatly reduced fertility, hence the main-
tenance of a heterozygous stock. The markers on the X-
chromosome are:

= yellow body

= white eyes

= singed bristles

miniature wings

= garnet eyes

= forked bristles

0
o tﬁ ko |g ig £ K
0

r = carnation eyes

The genotype of the flies used to maintain the stock was:

W sn m f car w sSn m f car
= MSg PR

7. Attached X—stock

The X-chromosome was multiply marked but these markers
were of no significance in this work. The importance of |
the stock was that the mothers would donate a Y-chromosome
to their sons, whereas normally.they donate an X; the X
being donated by the father, as shown in Table 2.1. This
meant that treated paternal X chromosomes could be scored
for recessive or dominant visible mutétions in the hemi-

zygous males of the F, generations.



TABLE 2.2. Chronology of D. melanogastér development at 25°C
Ey hour ?ngigi) Stage
0 0 Egg laid
0-22 0-1 . Embryo E <
22 1 Hatching from egg (lst instar) 59 =
47 2 First moult (2nd instar) E; é ::
70 3 Second moult (3rd instar) 2
118 5 Formation of puparium
122 5 "Prepupal" moult (4th instar) g
130 53 Pupa: eversion of head, wings and legs 'g %i
167 7 Pigmentation of pupal eyes R o
214 9 Adult emerges from puparium with creased ? N
' and folded wings B =

215 9 Wings unfold to adult size a

M.W. Strickberger (1962)
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B. Maintenance of Stocks

Stocks 1, 2, 3, 4, 5 and 7 were maintained without
selection. For stock 6, the appropriate males and females
were selected at either every or every other generation.

All stocks were kept in bottles of standard Drosophila

Medium (SDM) at 25°C with continuous iighting. Under these
conditions, the generation time was approximately 10 days-
as shown by Table 2.2.

2.2 FOOD MEDIA

A. Standard Drosophila Medium (SDM}

The recipe for SDM is:

Maize meal 10% e.g. 500g
Agar 1.3% 65g
Flaked yeast 1.5% 759
Treacle _ 8.6% 430g
Proprionic acid 0.3% . 15ml
Nipagin 0.06% 39
Distilled water 100% - 5,000ml

For the best results, the maize meal was socaked in a
small volume of the distilled water for about 30 minutes.
The remaining ingredients (except the propriocnic acid.and nipagin)
were then mixed in, care being taken to slowly add the
water to prevent lumps from forming. These were then
brought to the boil and allowed to simmer for a few minutes,
with continuous stirring. The mixture was allowed to slightly
cool before the proprionic acid and nipagin was added. It was
then dispensed into heat-sterilised glass milk bottles or

glass vials: these were covered with a sheet of cotton
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gauze and allowed to cool. Once the food had set, cotton
wool stoppers were inserted and the bottles/vials allowed
to cool further before either immediate use, or storage in
a cold-room at 4°C. Before use, bottles were wiped out to
reduce excess moisture, and a folded tissue was inserted
into the food. If taken from the cold-room, bottles and
vials were allowed to acclimatise at room temperature before

use.

B. Honey-agar Medium (HAM)

The recipe  forHAM is:

Agar 2%
Honey 5%
Nipagin 0.06%
Distilled watér 100%

The dry ingredients were mixed together with the dis-
tilled water, care being taken to add the water slowly to
prevent lumps from forming. The honey was then added. The
mixture was gently heated, and stirred continuously until
the honey had dissolved. It was then brought to the boil
and allowed to simmer for 1 minute. It was then disﬁensed
into heat-sterilised glass milk bottles, each bottle covered
with a square of gauze secured with an elastic band, and.
allowed to cool. When it had set the food was placed at
4°C overnight. Before use, bottles were allowed to acclim-
atise at room temperature, they were wiped out to remove
excess moisture and a lcm wide filtef paper ring inserted.

The ring sat on the food and was a precautionary device



Fig.2.1. Test for sex-linked recessive lethals in Drosophila.

P

Wild-type chromosome

M-5 chromosome

This class of male will be absent if
a lethal is induced in the P1 male.
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used to prevent flies from inserting themselves down cracks

which appeared between the food and the sides of the bottle.

Z.3 GENETICAL TESTS

A. Test for sex—linked recessive lethals (slrl) or
Muller-5 {(M=-5) test

It is not possible to score all mutations in an experi-
ment, therefore in order to measuré mutagen success or
failure, a representative class of mutations has been
chosen which detects the more common types of gene mutations
(i.e. recessive lethals). The tester chromosome used in the
test for sex-linked recessive lethals (slrl) was the M-5 or

BasC. X~chromosome. It carried the following markers:

Marker Phenotvpe Chromgsomal
~RenoTYPe Location
Bar (B) bar-eye in shape 1-57.0

white-apricot (w>) pinkish-white eye 1-1.5
colour

plus a series of inversions to suppress crossing over of a
lethal from the treated chromosome into its homologue when
in the heterozygous state in the F1. The genotype of the

8

stock used was 5351 B 1n-S gi sc” (see list of stocks for

details). The marker genes allowed easy recogniﬁion of the
different classes of flies in the F2 cultures. The test for
slfl can be represented as shown in Figure 2.1.

The test required two generations. The method of
scoring (absence or presence of a whoie class of flies from

a culture) minimised any personal bias in the scorer.
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Absence of the XY class of ¢, whiéh carried the treated

paternal X-chromosome, signified the induction of a lethal
mutation. The XX class could be used to carry the lethal,
either for retesting for maintenance of a lethal stock, or

for further genetic analysis.

The detection of sex—linked recessive lethals in Drosophila

A culture was scored as "lethal"” if the wild-type
class of ¢¢ was absent and there were at least M5 o« (8
including the F1 father). Theoretically, the chance of
misclassification was then reduced to <1%.

Probability of seven ¢ being M-5 = 1/27

1/128.

Cultures not satisfying these criteria were re-~tested.
F1 ?¢ carrying a lethal often have reduced fertility and
produce small Fz‘s - this was the reason, in the majority
of cases, that a retest was necessary. Occasionally, the
presence of a single WT ¢, or a disproportionate ratio
between the two classes of Jd, also necessitated retests.
If a lethal had been induced, the chromosome carrying the
lethal would also be present in half of the F2 22. These
29 would have one M-5 X-chromosome and one WT X-chromosome:
thus they would have kidney-shaped eyes and. be easily
identifiable. Any lethal could Se kept for further analysis
by mating these %9 with M-5 dd.

Treatment of ¢¢ was only a convenient way of treating

their germ cells. Heterozygosity for a lethal may delay
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larval development; it was therefore important to standard-
ise the time after eclosion when the F1 flies were collected.
Unless stated otherwise, F2 cultures were set up using flies
£hat had hatched between days 1-4 after the F, flies started
hatching. It was also important to score the F, cultures
within 8 days after the emergence of the first progeny, to
avoid any overlap of the F3 generation.

A low and very constant mutation frequency of QQ%
slrl/X-chromosome/generation minimises any need to perform
parallel control experiments (Kilbey et al., 1981).

In the initial experiments, both with DES and EMS, the

P, matings were single=-pair matings, i.e. 1o x 1 or 283,

.
This was done to establish the frequency of slrl (and Tr)

for the different doses of chemicals used and it ensured
that any possible cluster effect (which would have enhanced
the frequencies obtained) would be detected. Once the fre-
guencies were established, and because P, single pair
matings were very time consuming, the matings were carried
out en masse, in bottles.

Although this test is widely used as a means of esta-
blishing the induction of mutations, it should be remembered
that lethals are a heterogenecus class in the following
respects:

(i} they involve an unknown number of genes - estimaﬁes of
up to 1,000 loci have been quoted. The euchromatic

X makes up v20% of the Drosophilé genome. Approximately

1,000 bands are seen in the salivary gland giant X-
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chromosome and from this it has been estimated that
600-900 loci can mutate to produce a recessive lethal

Vogel et al., 1981).

(ii) they comprise point mutations as well as small and
large rearrangements, especially deficiencies, there-
fore the interpretation of mutation experiments may be

difficult.

Two mutagenic treatments which produce similar lethal
frequencies may differ considerably in their effects if the
lethals in one case consist mainly of deficiencies but in
the other of point mutations. Similarly, an increase in
mutation freguency has a very different significance de-
pending on whether all types. of lethal have increased pro-
portionally, or whether the whole increment is made up of

one type only, be it point mutations or rearrangements.

B. Test for Translocations between autosomes Il and III

Reciprocal translocations in Drosophila can be detected,

in the F2 generation after treatment, by a standard method
using recessive autosomal markers. The two markers used in

these experiments were:

Marker Chromosomal Phenotype
' Location

brown (bw) 2-104.5 light-brownish wine eye
. colour; red eye pigments
are lacking

scarlet (st) 3-44.0 eyes bright vermillion,
darkening with age; brown
eye pigments are lacking
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bw, st |, e
The double mutant bw’ St 1S white-eyed.

The test can be represented as shown in Figure 2.2.

The rationale of the translocation test was as follows:

(1) previously unlinked markers appeared linked
(pseudolinkage)
(ii) the absence of crossing-over in J¢ preserved the

intact translocation in the ¢ carrier.

{iidi) each F1 & = one treated chromosome set; therefore
the scale of the experiment was determined by the

number of F1 dd used.

(iv) aneuploidy (dp/df} disturbs the genic balance which,
in Drosophila, is usually lethal in the zygote.

F2 cultures were scored, using CO2 to anaesthetise the
flies, within 4 days of the F, cultures beginning to hatch.
As scarlet eyes darken with age, this made it easier to
distinguish between scar}et and wild-type eye-colour.
A;bitrarily, cultures with less than 20 flies in which all .
four eye colours were not seen were retested, as were all
eﬁltures giving a positive result. This minimised any
possibility of misclassification. 40 II-III translocations
recovered from daughters ofrirradiated od were all fertile
ih heterozygous <¢: this showed that males carrying such
translocations are fertile (in Lindsley and Tokuyasu,
1980). Only complete II-III translocations were scored.
The majority of translocations between the X-chromosome and
either of chromosomes II or IIIare thought to be made

sterile if more than a very small portion of the X is trans-

located (in Lindsley and Tokuyasu, 1980): this class was
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therefore not included in the test.

Spontaneous translocations occur with a frequency of
about 0.04% which is why control experiments are usually
unnecessary, and why this method is considered a reliable
and sensitive tool for detecting breakage and rejoining

events in treated chromosomes.

C. Tests for small deletions: Specific Locus Test

This test allowed the detection of recessive visible
mutations in the.F1 generation following chemical treatment
of fhe P.d. It is a useful test when characterising the
spectrum of mutations induced by an already proven mutagen,
as detected by the slrl test.

The tester 99 for the specific locus test carried a -
multiply marked X-chromosome and, as a balancer, a M-5
chromosome. The markers on the X~-chromosome were

Q wsnmg £ car (designated * in this thesis)

Marker Phenotype and Chromosomal Location

Ve yellow (1«0.0).
body colour yellow; hairs and bristles with
yellow tips.

w white (1-1.5)
eyes pure white. WT alleles not completely
dominant to w.

sn singed (1-21.0)

bristles twisted and shortened, hairs wavy.
sn/sn ?¢ are sterile although it is possible

to obtain fertile sn alleles.
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Marker Phenotype and Chromosomal Location

m miniature (1-36.1)
wing size reduced such that wings are only
just slightly longer than the abdomen. In
poor cultures (e.g. overcrowding) wings may

become divergent and stringy.

g garnet (1-44.4)
eye colour deep purplish red but in young a
more pinkish tone which darkens to brownish

inold flies.

£ forked {1-56.7)
bristles are shortened, gnarled and bent with
ends split or sharply bent. Hairs are
similarly affected but this can only be seen
under high magnification.

car carnation (1-62.5)

eye colour dark ruby; body shape and .

proportions rounded.

(a more detailed description of markers can be found
in Lindsley and Grell, 1968).

The rationale of the test was as follows:

If a mutation was induced (either spontaneously or by
chemical treatment) in the ¢ gamete, which manifested itself
as a visible at any of the marked loci in the tester 2, this
mutation could be scored in the F1 generation. Dominant
mutations could also be detected, e.g. bar eyes (B). All
visible mutants could be tested for traﬁsmission of the
mutant (i.e. was it a gonadic mutant as well as a somatic
mutant?) and for o viability (did the induced mutation also

cover a "vital" locus?}.
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{i) Detection of wvisible mutations

Expectation: if a visible mutation has been induced
in a ¢ gamete, it can be detected in F1

29, e.g. if m was induced in a treated

o (mi):
] Treated WT X-chromosome
q : Y chromosome
_— M-5 chromoscme
( ) - Tester chromosome . multiply marked X
XY ' */M-5
P, OorKd tester &
| SE— C =
x o
m m
gametes — ' =
ﬂ |——————————
F d
1 $ m| m i m. d
RN ( J | |1
cc——— e ———
Visible Used in
detected sirl test

{ii) Test for viability of visible

The expectation of a test for viability of the visible
and its transmission depend upon whether the mutation was a
complete or a mosaic. There will be crossing-over in the

F199 but it was thought that this would not matter as we were
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looking at single visible mutatiomns. The presence or absence
of, for example, miniature and either the ratio of miniature
J¢ : ?¢or the ratio of miniature <J:WTd<d in the F2 deter-
mined whether it was also a gonaaic mutant and whether it was
a viable visible or a ¢ lethal. However, crossing-over did
prove to be a problem if the induced mutation affected eye-
~colour because there was interaction between the eye-colour

mutants. This made analysis of results difficult. To avoid

this problem, Insc ¢¢ were used in place of Ork J<.

{a) Completes:

This class of
d's" will be =
absent if the

visible is also

¢ lethal.

- If a ratio of 222:1¢ was seen then the visible was also

a ¢ lethal.

- If a ratio of 1%:1¢ was seen then the visible was ¢ viable,
but all <o must be m.

- If icc were WT for the marker and + were mutant, it was de-

duced that the F, ? was a somatic mutant but not a gonadic

mutant.
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(b) Mosaics (assuming 50:50 mosaicism of the gonads)

(i)
Fy .
IllIIII‘HiI and/or ---i;||
—— X L )
m : ; m
....l!’-[
Fo
+ —_— 7”1 ' + | _m
= — E = II.!I.!" II.III"[
SNV . I — — SO s
q q

gonadic mutant and ¢ viable.
gonadic mutant and < lethal.

somatic mutant only.

This class of
dd will be
absent if the
visible is also
d Iethal.

If a ratio of 3md¢:1WTs was seen then the visible was a
If a ratic of 2mo¢:1WTS was seen then the visible was a

If a ratio of 1@6:1WT6 was seen then the visible was a
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F .
m and/or -+
]
L | X
el m
R ]
Fo
+ m + m
I O — el
‘ —_—
L—___u_Tﬁ_J L______ﬁT_J llllll!" Illll!"l
Co—— m s m
[ 1. ] I ]
—
mJ [ nuj Illll!" Illll!"
This class of
é¢d will be
absent if the
visible is also

- If a ratio of

- If a ratio of

— If a ratio of

3mod: TWTS
3m$9: 1WT?
2mad s TWT o
3m22:1WT?
Tmo :1WTe

Tm? :1WT?

¢ lethal.

) then the visible was gonadic
) and ¢ viable

) then the visable was gonadic
) and ¢ lethal

) then the Fq? was deduced to be
} a somatic mutant but not a
} gonadic mutant

Both of these 'expectations' applied only to cases where the

mosaicwas a 3:% mosaic.

be readily detected.

I

Anything less than this would not
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D. Test for small deletions: Attached-¥X test

Sex~linked visible mutations can be detected in the

F. of treated ¢¢ that have been mated to 2% with attached-X

1
chromosomes. Such ¢¢ transmit their two X-chromosomes to

their daughters and their Y-chromosome to their sons. Thus
the sons inherit their X-chromosome from their father and
any recessive visible induced in a spermatoZoan X-chromo-
some will be detected.

Both the attached-X tests and the specific locus tests
were open to more personal error than the recessive lethal"
test, or the translocation test. Each mutated chromosome
was only represented by a single individual rather than a
whole culture, therefore errors due to choice and selection
may have played an important role. These disadvantages were
countered by comparing frequencies 6f the same visible
‘mutations detected either in heterozygous 2? (as in the
specific locus test) or in hemizygous sons of attached-X

22 (as in the attached-X test}.



{1i) Detection of visible mutations

Expectation: if a visible mutation was induced in a ¢

gamete, it could be detected in F,dd.

Treated WT X -chromosorne
Raternal Y-chremosome

N
— |
> Matermal attached-X chromosome

Maternal Y-chromosome

XY XXY
A OrKd' tester §%

=xz
— | =

—
—= —

in_viabb or visible used in test - inviable
nighly abnormal detected for transmission
and sterile of visible

Any mutant phenotypesdetected in the F,d0 were further
tested for their transmission to the next generation (i.e.
were they gonadic as well as somatic?). This was easily
done: brother-sister matings were set up, the mutant

being crossed to attached-X 2. If the mutation was gonadic,
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the cross should yield all mutant sons (complete mutation)

or some mutant sons and some WT sons {mosaic mutation) .

Interpretation of the Specific Locus and Attached-X Tests

These genetic tests were used to estimate the pro-
portion of small deletions among chemically induced point

mutations in Drosophila. The criteria used allowed the

detection of deletions that were large enough to include 5
viable visible mutation.as well as a sex-linked lethal.
The visible mutations scored needéd, on practical grounds,
to be specified in order to compare frequencies of visible
mutations scored in the two tests and indeed this was a
prerequisite for the specific locus test. The efficiency
of this test could be increased by increasing the number of
visible marker genes. Although time consuming and tediocus
to perform, because of the rarity of visible mutations, the
detection of visibles using the seven listed markers was
not difficult, and it was far simpler to perform this type
of genetic test than to carry out cytological analysis of
salivary gland chromosomes. However, personal bias was in-
evitable in this type of scoring, the results being de-
pendent on the judgement of the individual as to the type
or degree of abnormality which constituted a mutant.
Mutations scored in heterozygous females, as in the
specific locus test, may have been due to intragenic
changes or to small deletions; if the latter included at
least one vital gene then they would ‘be lethal in males.

Mutations scored in hemizygous males, as in the
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attached-X test, were considered mainly due to intragenic
changes. If they were due to small deletions then the
deletions must have been too small to cover a vital gene

in proximity to the visible one scored. In Drosophila even

very small deficiencies are normally lethal in hemizygous
or homozygous conditions. Estimates that deletions of 76
bands or more are lethal have been given (Slizynska, 1957).

The higher the‘proportion of deletions among visible
mutations, the greater will bé the excess of visibles de-
tected in 292 over these detected in ¢d¢. A corresponding
proportion of visibles detected in 2% should be lethal in
g¢: this could be established by progeny tests on the
mutant 2. The ratio of slrl to J-viable visibles was ex-
pected to increase with the proportion of deletions among
visible mutations.

Account has to be taken of mosaicism when intérpreting
the results.

It should be noted that most mutantAflies are more or
less inferior to normal ones in developmental speed, com-
petitive ability during larval life, and general vigour.
The frequency with which they appear is considerably in-
fluenced by variations in culture conditions and population
density, and these variations can never be fully controlled.
Thus cultures were scored for visibles from the first day

of hatching until the culture had been exhausted of F,

progeny.



Fig.2.3. Hatchability test - A test for dominant lethality

Sealed plastic bar_:;I : Sintered glass vial
1 7
Distilled /water Plastic petri dish
containing 25 ml SDM
plus charcoal

(Escaped) Drosophila’s eye view of petri dish,

Egg-laying is encouraged and counting of eggs made easier if the
surface of the agar is first scored, to give a grid. as above.
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E. Hatchability test - A test for dominant lethals

The tests for dominant lethality were carried out in
the following way: the egg-laying "chambers" consisted of
a sintered glass vial and a plastic petri dish Eontaining
25ml SDM plus charcoal as shown in Figure 2.3.

The test was set up by placing a specified number of
99, either with or without oo depending on whether the tést
was conducted pre- or post-storage. The ?°% were
allowed to lay eggs for 12-18 hours at 25°C, the time being
dependent on their fecundity. After this time the vial was
moved on to the next egg-laying area (3 per plate) without
anaesthetising the flies. Eggs hatch 22 hours after they
have been laid therefore to obtain an accurate"pre-hatch"
egg count it was decided that cqunting should take place
no later than 18 hours after the test had been initiated.

After the first egg-count, the plates were returned
to the 25°C incubator and a second egg—-count, to determine
the number of unhatched eggs, was carried out 24 hours
later and checked again after a further 24 hour interval.
This permitted calculation of‘the frequency of egg-hatching.
Comparing a "+reated-chromosome" batch with a control batch
gave a measure of relative dominant lethality (RDL) .

t .
100 - (k—‘a— x 100)
h

[}

RDL

% hatchability for the control group

it

where hc

ht

% hatchability for the treated group

The significance of any difference between any two
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"t reatments” could then be calculated using a modified x?
test. The tests for dominant lethals were guick and easy
to perform but their meaning may be ambiguous. A dominant
lethal has been defined as having an ability to cause the
death of an organism when it is present in a single dose.
Most dominant lethals are thought to be due to chromosome
breakage events of various types, i.e. inviable rearrange-
ments or unrest