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ABSTRACT

Dploid yeast cells Rad 54-3 of strain Saccharomyces
Cerevisae were prepared for survival assay, double-strand
break (DSB), repair and budding delay analysis after
irradiation with various doses of X rays.

The survival results provide indirect evidence for
the repair of DNA DSB at the permssive tenperature 23°C
and inability to do so at the restrictive tenperature
36°C.

Wsing the danped Honogeneous Hectric Field (CHEFR
el ectrophoresis nethod, the DNA DSB induction frequency
was found to be (7.43 + 0.34) x 10-* (g/nol)-* G/-*. Repair
I nvestigation wusing sane nethod appear to show the
occurrence of secondary DSBs and also provided direct
evidence for the repair of DSB at 23°C post-irradiation
I ncubation in growh nmedium and inability to repair the
lesions at 36°C The secondary DSBs could be due to
enzynmatic incisions at the damage sites enhanced by
i ncubation in growh nedium while the nonophasic repair,
found to lack the fast repair conponent, could be due to
the relatively | ow dose used (nmaxi numof 82 Gy).

A parallel experinent to the repair investigation -
budding delay analysis - showed that budding delay is

dependent on irradiation dose and incubation tenperature.
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Chapter One

INTRODUCTION

1.1 DNA Damage and Survival

It is generally accepted that Deoxyribonucleic acid
(DNA) is a primary cellular target for lethal damage by X-
and other ionizing radiations (Kiefer, 1990). A variety of
lesions induced by ionizing radiation in biological systems
exposed to it include DNA strand breakage, base damages and
DNA-protein crosslinks. Of these, DNA double-strand breaks
(DSBs) are considered to be the main lesions with regard to
cell killing (Bedford et al., 1978 and Blocher and Pohlit,
1982) and a number of other biological endpoints (Bender et
al., 1974; Bryant, 1984 and Frankenberg-Schwager et al.,
1988). The repair of these lesions is an important factor

that determines cell survival (Budd et al., 1982).

1.2 Background To Previous Works

DNA DSB induction by X-rays and a-particles in yeast
cells was introduced by Frankenberg et al. (1981) while
that by different ions of various Linear Energy Transfer
(LET) was done by Akpa et al. (1991). The mutant Rad 54-3
of yeast strain Saccharomyces cerevisiae was found to be
temperature-conditional in DSB rejoining. It is able to
rejoin X-ray induced DSB at 23 C but unable to do so at

36 ¢ (Budd and Mortimer, 19821).



Determination of the induced DSB by different types of
ionising radiation has been done using sucrose gradient
sedimentation (Budd et ai., 1982 and Bldécher, 1982) and
elution technique (Bradley and Kohn, 1979). These standard
methods have been shown to be either fairly insensitive
(Lehmann and Stevens, 1%77), very laborious (Blocher, 1982)
or ambiguous (Okayasu et al., 1988). Moreover, they usually
regquire radicactive labelling of the DNA (Blécher et al.,
1989).

The method of pulsed-field electrophoresis discovered
by Schwartz and Cantor (1984} takes care of some of these
shortcomings. The Clanped-Homogenecus Electric Field (CHEF)
gel electrophoresis designed by Chu et al. (1986) which
allows the separation of yeast chromosomes 1in straight
lanes and distinct bands, has been used to determine DSB in
mammalian cells (Blédcher et al., 1986 and Ldébrich et al.,
1994) and yeast cells (Lébrich et al., 1993).

The induction and repair of DSB in Rad 54=3 has been
investigated by sucrose gradient sedimentation (Budd and
Mortimer, 1982). Electrophoretic technigues are yet to be

employed in such studies,

1.3 The Present Work

The main objective of this work is to investigate the
induction and repair of DSB in X~irradiated Rad 54-3 mutant
of yeast strain Saccharomyces cerevisiae 1in growth medium

at permissive (23°C) and restrictive (36°C) temperatures by

S



CHEF electrophoresis so as to compare the induction
frequency and repair kinetics with earlier results obtained
through other methods.

The work is designed to include survival and budding
studies so as to establish a relationship between the
percentage of budding cells in X-irradiated Rad 54-3 cells
suspended in full medium (without Agar), incubation

temperature and the radiation dose.



Chapter Two

INDUCTION, REPAIR AND MEASUREMENT OF DNA DSB

2.1 Induction of DSB

A DNA molecule is made up of double-stranded helix
chain of deoxyribonucleic acid units joined by phospho-
diester bridges formed between 5’- hydroxyl groups of one
mucleotide and 3/~ hydroxyl group of the next (see Figure

2.1),

Hasn

Law LET
meultnNy

Figure 2.1 Schematic diagram of the DNA molecule and

passage of radiation through it (after Akpa, 1992)



When the DNA is exposed to chemical or physical
agents, energy is deposited at various points in the chain,
culminating into some physical processes like radical
formation and polymerization. Ionization, following energy
deposition and chemical —reactions occurring at and
disrupting the backbone of DNA strand is called strand
break. A single-strand break (SSB) occurs if only one of
the two strands is broken. This may lead to internal
deformation of the molecule but its size is maintained.
However a double- strand break (DSB) occurs if two breaks
in a molecule are within a distance of a few nucleotide
pairs. The molecule becomes fragmented if originally linear

or linearized if circular (AKpa, 1992).

2.2 Repair of DSB

DNA DSB is theought to be repaired by a recombinatiocnal
process. One model, which still has to be proved
experimentally, was suggested by Orr-Weaver and Szostak
(see kiefer, 1990).

As shown in Figure 2.2 one strand of DNA containing
the DSB ({heavy 1lines) invades the double strand of
homologous DNa, displacing the other and creating a "D-
loop". The gaps are enlarged and then filled by repair
replication (broken 1lines). The newly replicated strands
are ligated to the end of the DSB. Two cross points are
thus formed which may be resolved by single strand breaks

and ligation.
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The breaks may be in the inner or the outer strands.
Isomerization may then lead to four different structures.
If one inner and one outer strand is cut (b, ¢, and a, d),
the larger part of the two DNA strands are exchanged
(reciprocal recombination). Mutation results when DSBs are
misrepaired while «cell death occurs when DSBs are

unrepaired (Akpa, 1992)

2.3 Measurement of DNA DSB

Methods of measuring DNA DSB include Sedimentation,

Elution and Electrophoretic techniques.

2.3.1 Sedimentation Method

This method include velocity, boundary and nucleoid

techniques.

i. Velocity sedimentation

In a sucrose gradient, the coefficient of
sedimentation depends on the molecular weight. Anomaly
occurs in the sedimentation pattern due to the distortion
of the coiling chain by non-uniform frictional forces which
depend on the square of the centrifuge speed and molecular
weight of the particle. Such anomaly manifests in DNA ofr

molecular weight of more than 108, like yeast and mammalian



DNAs, for which centrifuging speeds of less than 10,000rpm

are employved (Zimm and Schumacher, 1976).

ii. Boundary Sedimentation

DNA preparation with unbroken strands move in an
ultra- centrifuge with a boundary detectable with UOvV-
optical systems. Secondary boundaries occur as a result of
impurities or presence of degraded molecules. The fraction
of broken molecules in an initially homogeneous DNA sample
is determined by quotient of the length of the slower or
distorted boundary over the length of the sharp boundary in
the optical trace. This represent the fraction of strand
breaks (Davison and Freifelder, 1962).

The number of strand breaks determined with this
method represents only minimal values, SsSince breaks very
close to the ends of the molecules can not be distinguished

as separate,

iii Nucleoid Sedimentation

Nuclear RNA and DNA are released when cells are lysed
in non~ionic detergents with high salt concentrations. The
unbroken DNA is supercoiled and compact and sediment faster
than broken DNA which are relaxed., Measurement of banding
intensity can be made after staining with Ethidium Bromide.
DSB frequency is estimated from the ratio of broken over

unbroken DNA. Sedimentation behaviour is biphasic for



unirradiated DNA. The control must therefore be given a

priming dose to remove the biphasic ccmponent (Ceook and

Brazell, 197¢).

2.3.2 Elution Method

There are two types - filter elution and unwinding

technique.

i Filter Elution

This technique is based on the fact that free DNA in
solution has been found to pass through a filter system at
a rate which depends on its characteristic length. The
method is applicable to large DNA (mammalian) in which

sedimentation method has limitation (Balbi et ai., 1986).

ii Unwinding technique

During the unwinding ©process, the DNA rotates
approximately like a rigid rod about a single axis. When
broken, the molecules cease to rotate as a single rod, but
different sections pursue independent rotation leading to
unwinding. The fragments can be separated by eluting in
hydroxylapatite column (hydroxylapatite chromatography)

using alkaline solutions of different strengths (Walker and

McLaren, 1965).
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2.3.3 Pulsed Field Electrophoresis

Conventional electrophoresis with constant continuous
electric field gives better results for small melecules
than sedimentation technique but its application is limited
to small molecules up to the size of hundred thousands of
base pairs. Use of the technique for higher molecular
weights require the application of priming doses to reduce
the DNA lengths (Akpa, 1992). However, if at least one of
the two directions has a pulsating electric field, 1larger
molecular weights can be separated. All pulse-field
electrophoresis techniques in use today are improvements on
the system developed by Schwartz and Cantor (1984). The
alterable parameters are the field angle, pulse tinme,
applied voltage, gel concentration, run time and
temperature.

This gives rise to various pulsed field orientation
and systems like the Contour-clamped Homcgeneous Electric
Field (CHEF) electrophoresis, Orthogonal-field Alteration
Gel Electrophoresis (OFAGE}, Field inversion Gel
Electrophoresis (FIGE}, Transverse Alternating Field
Electrophoresis (TAFE), and +the Rotating Field gel
Electrophoresis (ROFE)

i. CHEF Electrophoresis

This system, developed by Chu et al. (1986) with field
angle alternating at 120", can be used to separate entire
yeast chremosomes and other molecules with lengths up to

’

10mbp in sharp bands.
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ii Orthogonal Field Alteration Gel Electrophoresis (OFAGE)
This type of electrophoresis was first introduced by
Carle and Olson (1984). In this system, the electric field
alternates at 90°. It can be used to separate the entire
chromosomes in yeast in bands within the gel slab.
Differences in intensity of bands formed by the control and
treated cells, suggested to be due to fragmentation, can be
analysed for evaluating strand breaks (Contenpolou et al.,

1987).

iii. Field Inversion Gel Electrophoresis (FIGE)

The field inversion gel electrophoresis (FIGE) was
found to be suitable for separating DNA by size. A system
with electric field alternating at 180°, it was first
described by Carle et al. (1986). A single modified form of
FIGE, the asymmetric FIGE was claimed to be specific for

DSB measurement (Stamato and Denko, 1990).



Chapter Three
MATERIALS AND METHCODS

3.1 MATERIALS

3.1.1 Yeast Strain

The diploid Rad 54~3 (X754-3860) mutant of yeast
strain Saccharomyces cerevisiae which originated from Dr.
Frankenberg-Schwager of GSF, Frankfurt, was used for all
experiments and investigations carried out in this work.

Its genotype is:

ahisgl Leu2 + trps + tup? rad54-3
ahisl + ade trps5 Ura3 tup? rad54-3

At 36°C this mutant is unable to rejoin X-ray induced
DSB, resulting in its maximum sensitivity, whereas at 23°C
DSB rejoining cccurs and cells are radioresistant (Budd and

Mortimer, 1982).

3.1.2 Media

(i) Full, Complete or YPD Medium
Rad 54-3 dipleoid cells were grown to stationary phase
on full medium in petri dishes at 30°C (3 to 5 days). Full

medium consists of 1% Yeast extract, 2% Peptone, 2% Clucose
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and 1.7% Agar dissolved in deionised water. For the repair

experiments agar was excluded.

(ii) Succinate Medium

Incubation of vyeast cells during survival experiment
was done on Full and Succinate Media. The latter is
obtained when the energy source in Full medium (Glucose) is

replaced by 2.7% Sodium Succinate (Na—-Succinate).

3.1.3 sStock Solutions for Electrophoresis Experiment

(i) Protoplasting Solution
This contains 2mg/ml Lyticase (SIGMA): activity 4000

U/ml and G.01M Sodium Phosphate in 50% Glycerol (v/V}.

(ii) LET-buffer (Prelysing solution)
This contains 0.5M EDTA (pH 8.0), 0.0lM Tris {pH 7.5}

and 7.5% 2-Mercaptoethanol.

(iii} NDS~pbuffer (Lysing solution}
This contains 0.5M EDTA (pH 8.0), 0.01M Tris (pH 7.5),

1% Sodium Laurysarcosine and 2mg/ml Proteinase K.

{iv) Gel Run Buffer (5xTBE)

This contains 0.45M Tris-base, 0.45M Boric Acid and

0.01M EDTA.
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(v) Gel Stain Solution

This contains 0.%ug/ml Ethidium Bromide in 0.1M NacCl,

0.001M EDTA and 0.05M Tris-HCl (pH 7.5).

3.1.4 Irradiation Facilities

(i) X-ray Source

The X-ray scurce used is a spectral analysis tube type
FA 100/3 with tungsten anode and beryllium window (MULLER,
HAMBURG, GERMANY). The power source 1is from an external
high voltage generator type PW1140,/00 (PHILLIPS, HAMBURG,
GERMANY). The tube was operated at a constant condition of

80kvV, 230mA with no filters. All irradiations were done

under oxic conditions, in solution.

3.2 METHODS

3.2.1 Dosimetry

Chemical (Fricke) dosimetry was used. The Fricke
solutiaon contains 0.4M concentrated H,50,, 0.001M
FeS0y.7H,0 and 0.001M NaCl in double-distilled water. The
NaCl desensitizes the system towards organic impurities, so
that water of a lower quality may be satisfactorily used.

The high voltage power and X-ray sources were warmed
up as specified. Four sets of 2.5ml Fricke solution 1in
glass dishes were irradiated for 1min, 2min, 3min and 4min

respectively. The extinctions of the control and irradiated
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Fricke solution were measured with a PMQ3 Photometer
(ZEISS, GERMANY) set to 304nm in 0.5 cm Quartz Special (QS)

glass cuvettes.
The measured extinctions were plotted against the
irradiation timings to give a straight-line graph as shown

in Figure 3.1. The dose rate was calculated with the aid of

the slope obtained.

Dose rate D (in Grays/min; Kiefer, personal

communications) is given as:

E x 1.207 x 10%
D = Gy/min samwn el

Le

where:

E = difference in optical density per sec between
irradiated solution and control = 0.146/min

(Figure 3.1}.

Ae = difference in molar extinction coefficient

between Ferric and Ferrous ions at 304 nm.

At room temperature of 22°C Ae = 2152

Substituting,

Dose rate becomes 82 Gy/min
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EXTINCTION

o 1 i 1 1 1 1
0 S0 100 150 200 250 300

IRRADIATION TIME (sec)

Figure 3.1 Fricke dosimetry curve: Extinction vs

Irradiation time
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3.2.2 Cell Survival Investigation

Rad 54-3 cells were grown for between 3 to 5 days on
agar plates containing complete medium, They were
harvested, washed thrice with sterilized double-distilled
water (bidest), counted and suspended in bidest on ice
until ready for use.

2.5m1 of cell suspension with concentration of 10°
cells/ml was pipetted into each of 8 clean 2cm-diameter
glass dishes placed on ice. The dishes were irradiated with
X-rays at 80kv, 30mA up to 13.1, 39.3, 70.5, 117.8, 157,
235.6, 314, and 392.6 Gy at a dose rate of 70.5 Gy/min.
After irradiation, the aliquots necessary to give spaced
colonies were plated on 1lawns of labelled complete and
succinate media. Unirradiated controls were also plated.
For each dose, equal number of plated complete and
succinate media dishes were incubated at 23°C and 36°C.

Macrocolonies of cells plated on full medium at 23°C
and 36°C were counted after 4 and 8 days of incubation
respectively, while those on Na-succinate medium at 23°C
and 36 C were counted after 6 and 10 days of incubation
respectively (Frankenberg-Schwager et al., 1987).

The surviving fraction for a given dose was estimated
by dividing the number of counted macrocolonies at that
dose by the number of counted macrocolonies for the
unirradiated control. After normalizing the values, the
surviving fraction is plotted logarithmically on the

ordinate against the radiation dose on a linear abscissa
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scale. The resultant curve, fitted to Equation 3.3 (Kiefer,

1990), is the su.vival curve.

SURVIVING FRACTION

Figure 3.2 Characteristic parameters of shouldered survival

curves (after Kiefer, 1990)

Homogeneous cell populations of Yeast display the
survival curve shown in Figure 3.2. Due to the stochastic
nature of the interaction processes, the radiation effects
observed started from the small dose region, where a
threshold-like behaviour is seen. As the dose increases,
the plot approaches a straight line, indicating a simple
exponential relationship (Kiefer, 1990). The curve may be

characterised by the three parameters DO,I% and n as shown.
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- Dy is obtained from the terminal part and is the dose
necessary to reduce relative survival to el or 37%. It
is the reciprocal of the slope and characterises the
sensitivity of a cellular system. Lower values

indicate increasing sensitivity.

- n, the "extrapolation number", is the intercept with
the ordinate of the backward extrapolation of the
straight portion.

- D,, the "quasi-threshold dose", is the dose where the

q!‘
backward extrapolation of the straight portion crosses
the 100%-survival line.

The relationship between them is given by:

9 .

DO e

The survival equation for a homogeneous system is

given by:
Y = ne ~D/0 . .
where:
Y = Surviving fraction
n = Extrapolation number
D : Dose (Gy)

Dy, 1s a constant as shown above, and

L/Dy = slope of exponential part of curve
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3.2.3 DSB investigation

(i). Cell Preparation and Irradiation

Cells were harvested, washed, counted and suspended in
sterilized double-distilled water on ice as in section
3.2.2 above. An aliquot of 2.5 ml of 1 x 10° cells/ml
suspension was irradiated with 41 Gy X-rays. One millilitre
of suspension was pipetted into a labelled eppendorf tube
placed on ice to forestall repair. Five more dishes were
irradiated with 82, 164, 246, 328 and 410 Gy of X-ray
respectively and one millilitre of each pipetted into
labelled eppendorf tubes on ice. The cells were pelleted by
centrifuging with taple centrifuge (HETTICH, TUTTLINGEN,
GERMANY) for one minute. The supernatant was removed, the
cells washed twice in 0.05M EDTA (pH 8) and then replaced

on ice.

(ii) DNA Probe Manufacture for PFGE

About 10% cells were pelleted from each eppendorf tube
after washing once more in 0.05m EDTA (pH 8). The
supernatant was removed and traces of 1liquid carefully
dried out with soft tissue paper. The tubes remained on
ice.

Thirty microlitres of EDTA (pH 8) and 50l lyticase
(SIGMA), the protoplasting enzyme, were pipetted into the
eppendorf tubes. After thorough mixing, the protoplast-
enzyme mixture was incubated at 37°C for 20 min. Two
hundred microlitres of 0.8% low melting agarose (BIORAD)

was added to the mixture. The agarose was heated in a
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microwave oven until it melted in 0.125M EDTA (pH 7.5). It
was then kept in a water bath at 37°C. The gel-protoplast
mixture was thoroughly mixed and moulded into PFGE sample
blocks of dimension 20 x 9 x 1.2 mm (BIORAD MOULD). The
moulds were immediately transferred horizontally into a
refrigerator (4°c) for 20 min to enhance faster
solidification and to forestall 'cell sinking'.

The probes were removed from the moulds and incubated
in LOW~EDTA-Tris (LET) buffer containing 2- mercaptoethanol
for 20 hrs at 37°C to allow the buffer to permeate the gels
completely. The LET buffer was removed and replaced with
NDS buffer containing the 1lysing detergent (Sodium
Laurysarcosine) and protein digesting enzyme (Proteinase K)
and incubated at 50°C for 22 hrs.

After removing the NDS solution, the probes were
washed twice in 0.05M EDTA (pH 8), left for 30 min in 0.05M
EDTA (pH 8) at room temperature, washed twice in same
solution and then incubated overnight (20 hrs) at 37°C in
EDTA.

The next day the probes were washed twice in EDTA,
left for 30 min in EDTA at room temperature, washed twice
again and left at rcom temperature for 24 hrs.

Finally, the probes were washed twice in EDTA, left
for 30 min at room temperature, washed twice again and kept
in 0.05M EDTA at 4°C for 4 days before electrophoresis. The
above procedure was found to be optimal for electrophoretic
investigation. The probes could remain intact for months

under these conditions (Lébrich et al., 1993b).
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(iii) Electrophoresis

Electrophoresis was done using CHEF-DR 1III BIORAD
system. It consists of a power module, an electrophoresis
chamber or cell with casting stand, 10-well comb, tygon
tubing and levelling bubble, a variable speed pump, and a

model 1000 mini- chiller.
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Figure 3.3 Voltage clamping by the CHEF-DR IXII system.
(A) Relative electrode potentials when the +60° field
vector is activated. (B) Relative electrode potentials when
the -60° field vector is activated.

(after BIORAD, 1992)
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(a) Power Module

The power module contains all the electronics
necessary to perform pulsed field electrophoresis. It
contains a 350V power supply, the switching functions, and
driver for the 24 electrodes. Clamped homogeneous electric
field, which is maintained regardless of the field angle
selected, 1is provided by the drivers. This dynamic
regulation modulates the potentials so that the upper
voltages are maintained regardless of gel size, fluctuation
in buffer conductivity or temperature. The fused power
supply operates with a maximum voltage gradient of 9V/cm or
300V and a lowest gradient of 0.6V/cm or 200V. Figure 3.3
shows how two pulses (+60° and -60" indicated by arrows)

result in a 120" inc’uded field angle.

(b) Electrophoresis Cell

This is a 43 x 44 cm acrylic box in which 24
horizontal electrodes are &arranged in a hexagon. A 14 x 13
cm gel cast on a platform in a separate casting stand is
placed in the centre of the hexagon. The platform is held
in place by a frame positioned on the chamber floor. Buffer
enters the main chamber through six holes in the floor near
the top and exits at the front through a T-fitting with one
arm for draining and the other for circulation.

The lid contains an interlock for safety. Current flow
is broken if 1lid 1s removed, and the high voltage to the

chamber is disrupted. It also contains a mount at the upper
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right for an external probe, connected to the mini-chiller

which monitors buffer temperature in the chamber.

c) Pump and Accessories

The CHEF-DR III system includes a variable speed pump
which provides a suitable flow rate of buffer through the
chamber. Its power supply is electrically iscolated within
the power module for safety. It is connected by tygon or
plastic tubing to the chamber and mini-chiller so that
buffer flows from the chamber to the chiller through the
pump and back to the chamber. Its dial is typically set at

"70", for a flow rate of 11 per min.

d) Model 1000 Mini-chiller

This is a portable refrigerator specially designed for
CHEF-DR III system. As the buffer is circulated through the
unique  heat exchanger, ie is cooled rapidly and
efficiently. This cooling is moderated by the external
temperature probe, resulting in precise maintenance of set
buffer temperature in the chamber. Figure 3.4 shows how the

components of CHEF~DR III1 are connected.
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Figure 3.4 Interconnections between components of the CHEF-

DR I1I system (after BIORAD, 1992)

iv. Running Gel manufacture and loading

The run gel was made with 1.0% pure grade agarose
(BIORAD) in 80ml of 0.5 x TBE melted in a microwave oven
and moulded in a 14 x 13 cm casting stand at a temperature
of 50°C. Two 10-well combs were properly positioned in

their comb holders and then inserted into the hot gel at
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about one cm from both ends of the gels. The combs were
properly aligned and the gel allowed to cool for 20 min at
room temperature. Thereafter the gel was kept at 4°C for
another 30 min to ensure good solidification. At this stage
the combs were removed and a 5 mm thick gel with ten 2.5
mm~ deep wells on both sides was formed on the platform.
(Lébrich et al., 1993b).

DNA probes for each irradiation point and unirradiated
control were carefully cut into twoc small identical pieces
(plugs) containing about 2 x 10’ cells each (one was used
in the run and the second placed, as a reference, in the
agarose gel after electrophoresis). Two pieces of the
unirradiated control were inserted into well numbers 2 and
9. Well numbers 3 to 8 were occupied by DNA plugs
irradiated with 41, 82, 164, 246, 328, and 410 Gy
respectively. Well numbers 1 and 10 were left empty as
distortions usually occur on these lanes.

The plugs were covered with 1% low melt agarose in

0.05M EDTA (pH 8) and allowed to solidify for 10 min at

4°¢.

v. Running Conditions

Two litres of running buffer (0.5 x TEB) was poured
into the electrophoresis chamber and the power unit put on.
The buffer was allowed to cool to 12°C (set on the mini-
chiller) before the loaded gel on the cast platform was
placed into the centre of the hexagon. The run parameters

were then entered into the power module (Table 3.1)
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Table 3.1 Electrophoretic run parameters

Parameter Setting
BLOCK 1

Initial switch time 60s
Final switch time 60s
Run time 15hr
Volts/cm 6V/cm
Included angle 120°
BLOCK 2

Initial switch time 90s
Final switch time 90s
Run time 8hr
Velts/cm 6V/cm
Included angle 120"

vi. DNA Staining in Gel

After running the gel, it is stained so that the DNA
fluorescence distribution under UV light is obtained. A
fluorescent dye, Ethidium Bromide (EB), was used. Figure
3.3 shows the structure of EB molecule. EB binds to nucleic
acids at two sites (Le pecqg, 1971). The first is the
electrostatic binding site which occurs as a result of

electrostatic binding between positively charged EB and
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negatively charged phosphate in single stranded
polynucleotides.
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Figure.3.5 Structure of EB dye (Egenolf, 1994).

The EB fluorescence here decreases with ionic strength
of the staining solution. The second is the intercalation
binling site formed by noncovalent binding forces between
the dye and double stranded molecules of the DNA. This
leads to stacking of the planar groups of EB between DNA
bases. Here, EB produces large and specific increase in
fluorescence (21 fold for DNA and 25 fold for RNA with

respect to free dye in solution). EB absorbs UV at between
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300 to 360 nm and emits at 590 nm in the orange region of
the visible spectrum. The UV absorbed by DNA at 264 nm is
transmitted to the dye and also emitted at 590 nm {Le pecq

and Padetti, 1967).

In order to achieve specificity of EB for double
stranded structures of nucleic acids, a high ionic strength
(0.1M NacCcl) stain sclution is used. The positive ions
compete with the EB sites on the nucleic acid and reduces
binding of EB to single stranded molecules.

In this work, the electrophoresed gel was immersed in
staining solution containing ¢.5 ug/ml EB for 1 hr and

destained overnight in 0.5 x TEB before photographing.

vii. Photographic technique

The stained agarose gel was put on a uv
transilluminator with a wavelength of 302 nm. The
fluorescence light (> 340 nm) 1is detected by a charge~
coupled device (CCD) camera The 8~-bit camera (type CF 8
RCC, KAPPA, GLEICHEN) is 1liquid-cocled and delivers an
evaluable picture of 512*512 pixel (chip size
739(H)})*575(V)). The pixel-size is about I1lum(H)}*1ium(V).

Due to the liquid-cooling system, the video-chip is
cooled to about 50 K below room temperature. The electronic
errors ére reduced and so it is possible to increase the
sensitivity from about 0.5 1lux (live mode, 40 nas) up to
some ulux (time integration up to 4 minutes). Since the
integration does not behave linear under any condition,

this effect is taken care of during the evaluation. The



30

camera picture is digitized with a frame grabber (LSF-AT,
LEUTRON, GERNLINDEN), which is equipped with 768 kB in
order to allow the storage of two pictures (262.144 byte)
simultaneously. This option allows working with grids,
target-crossed designations, storage of coordinates and
most operations of image processing. The frame grabber is
integrated in a PC-80286 with 2 MB on board. The camera-
control program "VDIGC" written by Straaten, Weidmann and
Pross, allows, in addition to the above mentionned options,
the picture storage as "*.PIC" files for evaluation and
" TIF" (Tagged Image Format) which are compatible to the
MS-Windows software. The computer is linked with the DECNET
network of the Strahlenzentrum in order to transmit the

pictures to the 80486-computers for evaluation and

printing.

viii. Evaluation

To correct the fluorescence image data for background
effects, a gel without DNA was recorded and subtracted from
the sample image. The resultant image was stored on the
computer for further analysis.

With the aid of a computer program "GELE", it was
possible to calculate the fluorescent intensity of a whole
lane, an electrophoresed well, its reference well and the
first band. The problem of variations of DNA amount in the
sample plugs was eliminated by the use of corresponding
reference plugs.

The difference Dbetween the f luorescence of the

reference well to the sample well was calculated for each
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lane. The ratio of the fluorescence of the first band and
the latter was calculated for the control lanes 2 and 9 and
lanes 3 to B8 with irradiated samples. An average was
obtained for the 2 unirradiated controls. This ratio
represent the percentage of DNA in the first band of each
lane with respect to the amount of DNA that migrated into
the gel during electrophoresis, When normalised with the
unirradiated control, this value for the irradiated samples
in wells 3 to 8 becomes the relative fluorescence and
serves as a basis for comparison. The results show an
exponential decrease in the relative fluorescence intensity

of the first band with various doses of 80 kV X-rays.

Based on the assumpticn that the dose which results in
a decrease in fluorescence of the first band to 37% gives
rise to one DSB per molecule (Lébrich et al., 1993b), the

DSB induction frequency was calculated from the relation:

-.-.3.4

where:

Ymm = Induced Double=-strand break

Slope of relative fluorescence-dose curve

'
]
Il

M = Mass of chromosome in the first band
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3.2.4 Repair Investigation

Rad 54-3 cells were prepared as in section 3.2.3
above. 10° unirradiated cells were pelleted, suspended on
0.05M EDTA and kept on ice.

Two hundred and fifty millilitres of 1x full medium
(excluding Agar) in conical glass flasks were Kkept in
shuttling 23°C and 36°C water baths respectively. 2.5 x 108
cells were X-irradiated in solution and come of these
immediately introduced into both flasks such that their
concentrations were about 5 ¥ 10° cell/ml to ensure
uninhibited cell growth. The remainder was kept on ice.
10 cells from this were pelleted into an eppendorf tube,
suspended in 0.05M EDTA (pH 8) and Kept on ice. After lhr,
2hr, 4hr, 6hr, and 8hr incubation in full medium at 23°C
and 36°C, 108 cells were pelleted from each flask into
labelled eppendorf tubes suspended in 0.05M EDTA and kept
on ice. DNA plugs were then manufactured from the probes.
The procedure was repeated for 41 and 82 Gy X-irradiation.
Pulsed field gel electrophoresis using CHEF-DR III system,

was carried out as described in section 3.2.3.

3.3.5. Budding Delay Investigation

The percentage of budding cells of Rad 54-3 vyeast
strain was determined by counting the incubated sample with

haematocytometer (Thoma chamber) at oOhr, 1hr, 2hr, 4hr,
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6hr, and 8hr after incubation. The non-budding yeast cells
were identified under microscope by their oval shapes while

the budding ones had extra oval outgrowths.

3.2.6. Conduct Of Experiments

Stationary phase Rad 54-3 cells, dgrown for between 3
to 5 days at 30°C on agar plates containing complete
medium, were harvested, washed several times, counted,
suspended on sterilized double-distilled water and placed
on ice until ready for use.

One hundred thousand cells were exposed to various
doses of X-rays (0 to 400 Gy) and then plated on complete
and succinate media to determine their survival.

To determine DSB induction, 2.5 X 108 cells were X-
irradiated (0 to 400 Gy) out of which 10% were prepared for
electrophoresis using CHEF-DR IIT system. The
electrophoresed gels were stained in Ethidium Bromide which
fluoresces under UV 1light. The gel ©pictures and
fluorescence pattern were taken and stored for evaluation
by a Camera-computer combination. Decrease of the
fluorescence of the first band with increase in dose was
used to calculate the DSB induction frequency.

To investigate +the repalr Kinetics, control and
irradiated samples of Rad 54-3 cells were incubated in
suspension of sterilized 1 x complete medium without agar
in water baths at 23°C and 36°C. After 0, 1, 2, 4, 6 and 8

hours of incubation, 10% cells were pelleted for DSB
K
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analysis using CHEF electrophoresis. At the various
timings, the percentage of budding cells were also

determined.



Chapter 4
RESULTS

4.1 Survival Analysis

Figure 4.1 shows the survival curves obtained when Rad
54-3 mutant of yeast Saccharomyces cerevisiae was plated on
nutrient agar immediately after irradiation (immediate
plating, IP} at the permissive (23°C) and restrictive
temperatures (36°C).

At the restrictive temperature when DSB rejoining is
disallowed, exponential survival curves were observed for
both media. However, at 23°C when DSB rejoining is
permitted, shoulder~type survival curves appeared, although
the shoulder is more extended for cells plated on Na-
succinate medium. On the complete medium, the "Quasi-
thresheold” dose, Dq, is 25 Gy while the dose necessary to
reduce survival! to 37%, Dy, is 74Gy. The values for Na-
succinate medium are Dq: 75CGy and D,: 128CGy. Thus, plating
Rad 54-3 Yeast cells immediately after irradiation on
succinate medium results in a Eh 3 times higher and a DO, 1.7
times higher than obhserved after immediate plating on full

medium. This is an indication of a higher survival of the

cells on succinate medium.
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Figure 4.1 Survival curves of X-irradiated Rad
54-3 yeast cells plated on complete and succinate
media at 23°C and 36°C (Legend: o Succinate
medium, 23°C; s Complete medium, 23°C; o Complete

medium, 36°C; * Succinate medium, 36°C)-
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4.2 INDUCTION OF DSB

The relative fluorescence curve for 80 kV X-rays is
shown in figure 4.2. The T"relative fluorescence" Iis
obtained by comparing the fluorescence of the first band of
an irradiated sample with that of the unirradiated control
after electophoretically running the two in one gel. For
various experiments, the relative fluorescence is plotted
as a function of Dose and the slope. The slope was

calculated from the equation:

Y
-~ = Exp(-D/B) RO 9 |
A
where:

-4

- = Relative fluorescence

A

D = Dose (in Grays), and

B™l = slope of graph

Since B (126.2 * 5.78) Gy

The slope
(126.2 + 5.78) Gy

= (7.924 + 0.363) x 1073 gy~!
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Figure 4.2 Relative fluorescence intensity of the first
band (chromosome IV) after irradiation with various doses

of 80 kV X-rays.
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Based on the assumption made in equation 3.4 and the
fact that it has been shown that with the electrophoretic
condition used for the gels in this work, the first band
actually corresponds to chromosome IV of length 1.6 mbp
(molecular weight of 1.6 x 10° x 667 g/mol) and not

chromosome XII (Loébrich et al. 1993a),

(7.924 + 0.363) x 103
DSB = gyt
1.6 x 10° x 667 g/mol

(7.43 + 0.34) x 10712 (g/mo1)”! Gyl

DSB
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Plate 4.1 An uncorrected gel picture of unirradiated (lanes

1 and 9) and irradiated (lanes 3-8, with X-ray doses of 41,
82, 164, 246,328 and 410 Gy, respectively) rad 54-3 mutant

of yeast S. cerevisiae after electrophoresis.
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4.3 REPAIR OF DSB

The dsb rejoining kinetics for Rad 54-3 strain of
yeast cells exposed to X-rays under oxic conditions and
incubated at the permissive (23°C) and restrictive (36°C)

temperatures in growth medium are shown in Figure.4.3.
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Figure.4.3 Kinetics of repair of X-ray induced dsb under
growth conditions (Legend: []J 41Gy, 23°C incubation; f§ 41Gy,
36°C incubation; A 82Gy, 23°C incubation; 4 82Gy, 36°C

incubation).
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Figure.4.3 shows the repair kinetics for DSB induced
by 41 and 82 Gy X-rays incubated on nutrient agar at 23°C
and 36°C. The 41 Gy repair curve shows that the relative
fluorescence (percentage of DNA retained) of cells
incubated at the permissive temperature reduced from 0.83
to 0.78 after the first hour but increased steadily to 0.94
after 8hr. This suggests that secondary DSBs were formed
during the first hour of incubation, before DSB rejoining
commenced, and then increased progressively until the
percentage of intact DNA increased to 94%. However, for
cells incubated at the restrictive temperature, there were
small fluctuations about an almost constant value (0.8) of
relative fluorescence throughout the 8-hr incubation
period. This may be interpreted to mean that the 80% intact
DNA left immediately after irradiation remained almost
constant throughout the incubation period, implying that no
repair took place.

The 82 Gy repair curve shows that cells incubated at
the permissive temperature have a pronounced decrease in
relative fluorescence (0.55 to 0.35) during the first 2
hours after which it increased up to 0.90 after 8hours. In
other words, the percentage of intact DNA decreased from
55% to 35% after 2hr incubation due, maybe, to the
formation of secondary DSBs. This eventually increased to
90% as the repair mechanism became activated. On the other
hand, cells incubated at the restrictive temperature showed
a constant relative fluorescence of 0.55 up to the lhr
incubation time. This dropped to 0.3 after 2hrs, increased

to 0.4 after 4hrs and remained so for the remaining period.
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A moncophasic repair kinetics with repair half-life
value (50% DSB repaired), tUZ' of between 6 and 7hrs was

observed.

4.4 BUDDING DELAY INVESTIGATION

Figures 4.5 and 4.6 show the budding curves when Rad
54-3 cells exposed to various doses of X-rays are incubated
in full medium at 23°C and 36°C respectively for 8 hours.
Per cent budding cells are plotted against incubation time.

After a lag phase in which only 9-16% of the cells
incubated at 23°C formed buds, the index increased for
several hours wuntil it had reached a wmaximum value. The
budding index appears to be more rapid in the control than
in the irradiated cultures in which rate decreased with
increasing X-ray dose. Generally, however, the budding
curveg of the irradiated cultures show similarity to that
of the control after the various lag times. See figure 4.5.

Figure 4.6 shows that the budding curve for the
control culture at 36°C incubation differs from that of
23°C incubation in two respects: one, the lag time |is
halved (1lhr); and two, the budding index decreased at 8hrs
incubation time to a value 1lower than those of the
irradiated cultures. Even though the longest lag time of
the irradiated samples at 36°C incubation appear to be half
of that of the irradiated cultures at 23°C, their budding

curves differ from that of the control culture thereafter.
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Figure 4.4 Budding curves for control and X-irradiated
cultures of Rad 54-3 Yeast cells incubated in growth medium

at 23°C.
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Figure 4.5 Budding curves for control and X-irradiated

cultures of Rad 54-3 Yeast cells incubated in growth medium
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Chapter Five

DISCUSSION, CONCLUSION AND RECOMMENDATIONS

5.1 DISCUSSION

The shouldered survival curves obtained at the
permissive temperature (23°C) showed that with Rad 54-3
diploid mutant of yeast S. cerevisiae, X-ray-induced DSB is
repaired only at that temperature but not at the
restrictive temperature (36°C). This had earlier been
observed by Budd and Mortimer (1982). Survival of cells
plated immediately after irradiation depends on the energy
source supplied in the nutrient agar (Frankenberg-Schwager,
1988). This explains the enhanced radioresistance of Rad
54-3 mutant at the temperature permissive for DSB repair
when glucose in full medium 1is substituted with Na-
succinate in succinate medium (Figure 4.1). It had been
reported that yeast cells plated on nutrient agar
containing Na-succinate exhibit an increased post-
irradiation lag before entering S phase compared to cells
plated on glucose containing nutrient agar. This increased
lag before entry into the S phase provides more time for
repair of potentially lethal lesions, thereby resulting in
an enhanced survival of cells (Perper, 1975; Frankenberg
and Frankenberg-Schwager, 1981). Earlier studies with Rad
54-3 mutant cells also suggest that it is DSBs that are
repaired during this lag (Frankenberg-schwager et al.,

1988).
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A linear relation was found between dose and DSB
induction pointing to the fact that DSB comes about as a
result of energy deposition by a single track of radiation
(Ward, 1990; Brenner and Ward, 19%2; Ldbrich et al., 1993).
A DSB inducticon frequency of (7.43%0.34) X ip~12 (g/mol)'l
Gy™! was found for Rad 54-3 mutant. This is close to the
result obtained with the wild type yeast (WT 211*B) by
Lobrich et al., (1993) using CHEF electrophoresis.

As shown in Figure 4.3, cells of Rad 54-3 irradiated
with 41 and 82 Gy X-rays and incubated in complete medium
at the permissive temperature (23°C) appear to show signs
of secondary DSB production during the first 2 hours of
incubation, to varying degrees (increased DSB induction is
indicated by decreasing percentage DNA retained, the
"relative fluorescence'). This is interesting but not a new
phenomenon. Ahnstrém and Bryant (1982) found that DNA DSBs
were generated by the repair of X-ray damage in Chinese
hamster cells. While their result might explain the
secondary DSB production at the permissive temperature when
the repair mechanism is activated in Rad 54-3 cells, it
certainly does not explain same observation at the
restricted temperature when repair is deactivated.

Whitaker and McMillan (1992), suggested that the
decrease 1in average fragment size with increasing repair
time when DNA DSB repair was measured by PFGE could be due
to DNA degradation within the gel. In order to eliminate
the possikility from this work, time was given for the
cells to repair before being encapsulated in agarose plugs.

Mereover, the time-course of their appearance and the fact
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that they finally disappear suggests that these DSBs
presumably arise by enzymatic incisions at damaged DNA
sites rather than by DNA degradation. This is in agreement
with an earlier observation (Frankenberg-Schwager et al.,
1994).

Secondary DSB production has been found in anoxically
irradiated yeast cells incubated in non-growth medium, but
not in oxically irradiated yeast incubated in same
{ Frankenberg-Schwager et al., 1990, 1994a, and 1994b;
Frankenberg~Schwager and Frankenberg, 1991). It therefore
seems plausible to suspect that the growth medium enhanced
the enzymatic incisions at damaged DNA sites during
incubation at both permissive and restrictive temperatures.
In addition, as the secondary DSBs disappear, the cells
revert to their original characteristics of repair
proficiency and deficiency at  the permissive and
restrictive temperatures respectively (see Figure 4.3).

The lack of fast repair component could be due to the
relatively low dose used here - maximum of 82 Gy {Whitaker
and McMillan, 1992; Frankenberg-Schwager et al. 1994}.

Yeast cells usually require about 2 hours lag time
before cell division commences in a favourable medium. The
fact that it took about 4 hours for cell division to start
when X-irradiated cells were incubated at 23°Cc in 1x
complete medium (see Figure 4.5) may be taken to mean that
energy that could have been used for growth was directed at
the repair of DNA DSBs during that extra time.

The absence of maximum and minimum wvalues on the

budding curve of the control culture at 23°C incubation
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(Figure 4.4) show that the cells are still in the first
cell cycle after 8hrs. After the maximum prolongaticn of
lag time for the irradiated cultures at same incubation
temperature (2hrs) the irradiated cultures behaved like the
control. From this, it may be concluded that the cells
possess repalr systems that allow them eliminate the
radiation-induced damage in the DNA during the delay time
of the first cell cycle. This is in line with the
hypothesis of Phillips and Tolmach (1966) that progression
delay is dependent upon the time necessary to repair the
radiation-induced damage and Faber and Kiefer (1975).

The difference in behaviour of the budding curves of
the control culture and the irradiated samples {(after their
lag times) Quring 36°C incubation as indicated in Figqure
4.5 show that the irradiated cultures could not repair the
radiation-induced damage in the budding delay time. Of
course, repair is not expected at this incubation
temperature (Budd and Mortimer, 1982; Frankenberg-Schwager
et al., 1987). This may simply suggest that the budding
delay times in X-irradiated Rad 54-3 Yeast cells incubated
at 36°C in growth medium are not dgoverned by repair

processes.

5.2 CONCLUSION

This work is made up of four parts. The first

established a fundamental basis for the work in cell

survival analysis. Results from survival analysis provided
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indirect evidence for the repair of X-ray induced DSB in
Rad 54-3 cells at 23°C and inability to repair the lesion
at the restrictive temperature (36°C).

The second part involves the determination of DSB
induction frequency using CHEF electrophoresis. This was
found to be (7.43 #+ 0.34) x 10712 (g/mo1)~! Gy~l and in
agreemnent with the result of Lébrich et al. (1993).

The third part of this work is the investigation of
repair kinetics of X-irradiated Rad S54-3 diploid mutants of
S. Cerevisiae in growth (1x complete) medium at the
pernissive and restrictive temperatures using the sensitive
CHEF electrophcresis technique. The results of this
investigation are important in two respects: (1) direct
evidence for the repair of DSB in this mutant is provided;
and (2) occurrence of secondary DSBs during the first two
hours of incubation at both temperatures was observed. The
latter has not been reported before. It is proposed that
the secondary DSBs may be due to enzymatic incisions at
damaged DNA sites enhanced by incubation in the growth
medium,

The last part invelves the investigation of the
budding delay of cells of Rad 54-~3 mutant of yeast S.
cerevisiae incubated in growth medium at 23°C and 36°C.
Dose~ and incubation-temperature-dependent budding delays

were observed.
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5.3 RECOMMENDATIONS

It is recommended that more investigations should be
done to find out the effects of higher concentrations of
complete medium, and its substitution with Na-succinate and
non-growth medium, on the repair kinetics obtained. It
might also be interesting to experiment with UV rays and a-

particles.
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