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Application of pulsed field gel electrophoresis to determine y-ray-
induced double-strand breaks in yeast chromosomal molecules 
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Abstract . The frequency of D N A double-strand breaks (dsb) 
was determined in yeast cells exposed to y-rays under anoxic 
conditions. Genomic D N A of treated cells was separated by 
pulsed field gel electrophoresis, and two different approaches 
for the evaluation of the gels were employed: (1) The D N A 
mass distribution profile obtained by electrophoresis was com-
pared to computed profiles, and the number of DSB per unit 
length was then derived in terms of a Atting procedure; (2) 
hybridization of selected chromosomes was performed, and a 
comparison of the hybridization signals in treated and 
untreated samples was then used to derive the frequency of dsb. 
The two assays gave similar results for the frequency of 
dsb ((1-07 + 0-06) x 10" 9 G y _ 1 b p _ 1 and ( 0 - 9 3 ± 0 - 0 9 ) x 10" 9 

G y _ 1 b p " 1 , respectively). The dsb frequency was found to be 
linearly dependent on dose. 

1. Introduction 

Ionizing radiation induces a variety of damage in 
deoxyribonucleic acid ( D N A ) , among which D N A 
double-strand breaks (dsb) are considered to be a 
major cause of cell k i l l ing (reviewed by W a r d 1990). 
Studies in various eukaryotic Systems have led to the 
conclusion that one or two unrepaired dsb per cell 
are lethal (Ho 1975, Resnick and M a r t i n 1976, 
Frankenberg et al. 1981, Blöcher and Pohlit 1982). 

D ü r i n g recent years several methods have been 
established employing pulsed field gel electrophore
sis ( P F G E ) to detect dsb in mammal ian D N A . 
Intact mammal ian chromosomes are too large to 
enter pulsed field gels. The methods published so far 
therefore resemble Sedimentation or elution assays; 
they determine the average D N A fragment size 
resulting from irradiation (Ahn et al. 1991) or the 
fraction of D N A able to enter the gel after i r radia
tion (Ager and Dewey 1990, Ager et al. 1990, Blöcher 
et al. 1989, Blöcher 1990, Blöcher and K u h n i 1990, 
Iliakis et al. 1991a,b, Stamato and Denko 1990). 

W i t h the yeast Saccharomyces cerevisiae an alterna
tive approach has been used for the analysis of the 
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induction and repair of dsb and of radiation-induced 
S l nuclease-sensitive sites that were processed to dsb 
(Geigl et al. 1986, Geigl and Eckardt-Schupp 1990, 
1991a,b). Yeast chromosomal molecules can be 
separated according to their size by P F G E , and they 
form distinct bands in ethidium bromide-stained 
gels. I f it is assumed that y-rays cause dsb that are 
uniformly distributed throughout the genome, one 
can compute the average number of dsb per mole-
cule of a specified size from the fraction of chromoso
mal molecules in a particular band that remain 
unbroken after dsb induction. This fraction is, how-
ever, overestimated i f one fails to correct for the 
fragments of larger chromosomes that co-migrate 
wi th intact smaller chromosomal molecules. 

The aim of this study was to examine two different 
approaches for the quantification of dsb in yeast. 
Both approaches use P F G E . In the first approach 
the dsb frequency is determined by comparing the 
distribution of molecular lengths in the gels for 
irradiated and unirradiated yeast cells wi th com
puted distributions. The distributions in the gel are 
examined by densitometry of photonegatives taken 
from ethidium bromide-stained gels. The computed 
distributions are obtained by assuming random 
breaks among the known spectrum of chromosome 
molecules. In the second approach, Southern blots of 
pulsed field gels were hybridized with chromosome-
specific D N A probes; the fraction of molecules of the 
specified chromosome that remained intact after 
irradiation was then determined by a comparison of 
the integrated hybridization signals of the corres-
ponding band in the untreated and the treated 
samples. 

2* Material and methods 

2.1. S t r a i n of Saccharomyces cerevisiae 

In all experiments we used the diploid repair-
proficient strain B K 0 , which was kindly provided 
by B . A . K u n z ( K u n z and Haynes 1982). 

0020-7616/93 $10.00 © 1993 Taylor & Francis Ltd 
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2.2. M e d i a , culture and irradiation 

Yeast cells were grown at 30°C in Y E P D medium 
(1% yeast extract, 2 % bacto peptone, 2 % glucose) 
for 2 days, until stationary growth phase was 
reached. Cells were harvested by centrifugation, 
washed twice in ice-cold 0-1 M N a 2 H P 0 4 / 
N a H 2 P 0 4 ( p H 7-0) and resuspended at a concen-
tration of 5 x 10 8 to 2 x 10 9 cells/ml. The cell Suspen
sion was maintained on ice and, in order to avoid 
indirect D N A damage by oxygen-mediated radical 
production, it was bubbled with nitrogen for 30 min 
prior to irradiation and during irradiation. Irradia
tion was performed on ice in a 6 0 C o - y - c e l l (Atomic 
Energy of Canada, Ltd) at a dose-rate of 38 G y / m i n . 

Immediately after irradiation samples of 1 ml 
were taken, and E D T A was added to a final con-
centration of 75 m M to inhibit enzymatic repair of 
D N A damage. 

2.3. D N A preparation 

T h e D N A preparation was carried out with minor 
modifications as described earlier (Geigl and 
Eckardt-Schupp 1990). Briefly, cells were harvested 
by centrifugation and were resuspended in 600 /A 
50 m M E D T A ( p H 7-5); 200 ^1 SEC-buffer (10 mM 
citrate-phosphate buffer ( p H 7-0), I M sorbitol, 
lOOmM E D T A ) , 10/d ß - m e r c a p t o e t h a n o l , and 
0-8 mg Zymolase 100T (Seikagaku K o g y o Co . L t d , 
Tokyo) were added. The Suspension was mixed 
rapidly wi th 800 /ü of 2 % low-melting-point agarose 
(Sigma) in 0-1 25 M E D T A at 44°C. Plugs of 150 / i l 
volume were then made in a suitably formed mould. 
After gelation (30 min, 4°C) the plugs were trans
ferred to a Falcon tube which contained 1 -8 ml 0-5 M 
E D T A ( p H 9-0), 20/d I M Tris H C l ( p H 7-5) and 
30 fü H 2 0 . The cell walls were lysed during incuba-
tion at 37°C for 1 h. Subsequently the lysis buffer was 
substituted by proteinase-K Solution (1-8 ml 0-5 M 
E D T A ( p H 9-0), 20 mg AMauroylsarcosine, 2 mg 
proteinase-K (Sigma), and 20/d I M Tris H C l 
( p H 7-5) ). The plugs were incubated overnight at 
50°C in this Solution; subsequently they were rinsed 
in 1 0 m M Tris H C l ( p H 7-5), 1 0 m M E D T A and 
stored in the rinsing buffer at 4°C. 

2.4. Pulsed field gel electrophoresis 

T w o different electrophoresis Systems were used: 
The 'transverse alternating field electrophoresis' Sys
tem ( T A F E ) , (Beckman Instruments), and the 'con-
tour clamped homogeneous electric field' system 

( C H E F ) (Bio-Rad) . For both Systems electrophor
esis parameters were established which lead to a 
relation between migration distance and molecule 
size that deviates only moderately from linearity 
between 200 and 1100 kbp. The length of chromoso
mal molecules in the strain B K 0 was determined by 
comparison wi th concatemers of phage X and the 
Standard strain Y N N 2 9 5 (Bio-Rad). 

The preparation of the running buffer and the 
casting of 1 % agarose gels followed the recommen-
dations of the manufacturers. Agarose plugs were 
loaded into the slots directly or after melting for 3 
min at 65°C. Subsequently the slots were sealed wi th 
l iquid agarose. 

T A F E gels were run at a constant current of 
160 m A for 18 h wi th 60 s pulse time. The buffer 
temperature was kept at 15°C. C H E F gels were run 
at 180 V constant voltage with a program of two 
phases. The first phase consisted of 14 h run time 
with 60 s pulse time, the second phase of 14 h run 
time with 90 s pulse time. The buffer temperature 
was kept at 14°C. 

After electrophoresis the gels were stained for 2 h 
in 200 ml running buffer which contained 100/zg 
ethidium bromide; subsequently they were destained 
for several hours. Photographs were taken wi th a 
Polaroid-type 665 positive/negative film on a transil-
luminator (Bachofer, Germany, 302 nm). Photone
gatives were developed and cleared as suggested by 
the manufacturer, and were scanned with a laser 
densitometer (UltroScan X L , Pharmacia L K B Bio-
technology). The scans were taken with the GelScan 
X L program (Pharmacia L K B ) . Each lane of a gel 
was scanned three times. 

2.5. Southern hybridization 

Blott ing of the gels was performed according to 
Smith et al. (1988). After photography the gels were 
exposed to U V light on the transilluminator for 8 
min, to nick the high molecular D N A . The D N A was 
denaturated by treating the gel for 30 min in 0-5 M 
N a O H , 0-5 M N a C l . After neutralization in 1-5M 
N a C l , 0-5 M Tris H C l (pH 7-5) the D N A was trans
ferred to a nylon membrane (Biodyne, Pall) with 
20 x S S C transfer buffer. After blotting for 48 h the 
membrane was washed briefly in 2 x SSC buffer and 
was then air-dried. The D N A was crosslinked to the 
membrane by UV- i r r ad i a t i on for 2-5 min. 

The following plasmids were used for the isolation 
of appropriate chromosome-specific D N A probes: 
pDP14 and p D P 1 9 containing centromeric se-
quences of chromosome X and X I V , respectively, 
were kindly provided by D . J ä g e r and P. Phillipsen. 
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A probe for the gene A D H 4 was isolated from p441; 
a probe for the gene P H 0 5 from clone4. Plasmids 
p441 and clone4 were kindly donated by C . Morawetz 
and W . Hörz , respectively. A probe for the gene 
U R A 3 was isolated from the commercially available 
vector Y I p 5 . Restriction digests of the plasmids and 
electrophoretic isolation of the desired fragments 
were performed according to Standard procedures. 

D N A probes were labelled wi th digoxigenin-
d U T P by use of the D I G D N A labelling and detec-
tion kit (Boehringer Mannhe im, Germany) . Filters 
were prehybridized for 1 h at 68° C i n 50 m l hybr id i 
zation Solution (5 x S S C , 0-1% AMauroylsarcosine, 
0-02% SDS, 1% blocking reagent) according to the 
Boehringer protocols. Hybr id iza t ion was performed 
overnight at 68°C with 3 ml hybridization Solution 
that contained about 0-5 jug labelled D N A probe. 
Filters were washed 2 x 5 min at room temperature 
with 2 x S S C , 0-1% S D S , and 2 x 15 min at 68°C 
with 0-1 x S S C , 0-1% SDS. 

2.6. Detection of digoxigenin-labelled hybrids 

The detection reaction was performed according 
to the protocol developed by G . Michael is (unpub-
lished). Briefly, the Alters were blocked to avoid 
unspecific binding of the alkaline phosphatase-
coupled anti-digoxigenin antibodies. After antibody 
binding and removal of unbound antibodies the 
membrane was incubated with a Solution that con
tained the chemiluminescence Substrate A M P P D 
(Tropix, U S A ) . The membrane was then enveloped 
in Saran wrap and exposed on an X - r a y film for 
30 min at room temperature. The developed X - r a y 
films were scanned densitometrically. 

2.7. Quantitative modelfor the distribution of D N A in 
P F G E gels 

2.7.1. Distribution of molecular lengths. It is assumed 
that y-ray-induced dsb are independently and 
uniformly distributed, i.e. at the same frequency (a) 
per unit length of D N A , in all molecules 
(Frankenberg-Schwager et al. 1979, Blöcher 1982). 
The formula derived by Schulz (1942) for this 
random breakage model can then be applied. 
Assume a molecule, z, with molecular length $ { . 
When this molecule is subjected to random breakage 
one obtains the fraction of D N A mass that is con
tained in molecules of length less than S: 

M i { S ) = l - t - a S ( l + a S [ 1 - f ) ), with S^St (1) 

This is also called the sum distribution of D N A in 
molecular length, S. By differentiation of M ( S ) one 
obtains the differential distribution, m ^ S ) , o f D N A 
in molecular length: 

^ S c - ^ l + ^ - ^ j + c - ^ m - S ) (2) 

The last term includes the Dirac delta function 
ö(St — S) (a narrow peak at £=£,- ) ; it represents the 
unbroken molecules of length Sit 

In D N A of irradiated yeast cells 16 chromosome 
species of length S t ( i = 1, . . . , 16) contribute the frac-
tions f = S i I S T of D N A , where ST = l,Si is the total 
length of D N A in the chromosomes. The sum distri
bution of D N A in molecular length is then: 

and the differential distribution is: 

m ( s ) = Y , f i m i ( s ) 
i 

( S t Z S ) 

+ YJfie-*Siö(SiS) (4) 

2.7.2. Distribution in migration distance. The smaller 
the molecular length, Sy the larger is the migrat ion 
distance, x. K n o w i n g the dependence S ( x ) , i.e. the 
calibration curve, one can transform the distribution 
of D N A in molecular length into the distribution in 
migration distance. This transformation is t r ivial for 
the sum distribution. I f G ( x ) is the fraction of D N A 
at migration distances less than x, one has the 
relation: 

G{x) = 1 - M { S ) , wi th S = S{x) (5) 

For the differential distribution one obtains: 

d G ( x ) _ d M ( S ) d S 

= ^ m { S ) (6) 

where dS/d* is the slope of the calibration curve. 
This means that the amplitude of the observed 
spectrum contains, next to m ( S ) , the slope of the 
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dependence S ( x ) . The two spectra g ( x ) and m ( S ) 
have different shapes, unless the calibration curve 
S(x) is linear. 

The actual distribution of D N A in migration 
distance is subject to variations of x , even at specified 
S. In an adequate approximation one can represent 
the variations by a Gaussian distribution 

1 - ( x - x ' ) 2 / 2 a 2 

2 n a 
(7) 

where x is the mean migration distance at specified 
S, and a is the Standard deviation of the distribution. 
The füll wid th at half peak value, a usual parameter 
for the peak width, is equal to 2-36a. The Standard 
deviation, er, depends on the amount of D N A present 
in a band. Double bands of large chromosomes 
appear broader than single bands of short chromo
somes. A constant a was, however, assumed as an 
adequate approximation in the present analysis. 
W i t h this assumption one obtains from the ideal 
distribution, g ( x ) , the actual distribution, g0}yS{x): 

1 
&>bs W = 

2no 

The peaks of the unbroken molecules appear, of 
course, as the Gaussian distributions: 

Ii ,-<x-Xi)2/2<r2 

I n a 
(9) 

where x t are the migration distances corresponding 
to the molecular lengths S(. 

2.7.3. E v a l u a t i o n program. We use a program, 
P U L S E , written in B A S I C , to compute D N A distri
butions in migration distance in terms of equation 
(8). V a r y i n g the assumed value, a, of the dsb fre
quency, and varying also the Standard deviation, <7, 
of the Gaussian distribution, the program deter-
mines those parameters that provide the best fit in 
terms of a least-squares criterion. 

The program is used interactively on a P C . After 
the observed distribution is read in , one has the 
Option to choose the r änge of migration distances 
employed in the fit. In a next step one marks on the 
screen the positions of the chromosomes recognized 
in the control spectrum, i.e. in the distribution of 
D N A from the unirradiated sample. This permits by 
a suitable interpolation routine the determination of 
the calibration curve, S ( x ) . The type of interpolation 
was not specific to the C H E F or the T A F E Systems; 
in fact one can use a simple polygon fit without 
substantially changing the results. 

Us ing the specified calibration curve and the 

chromosomal lengths the program computes, for a 
matrix of different values of a and <7, the distr ibu
tions according to equation (8), and it compares 
each of the resulting distributions wi th the observed 
spectrum. In each comparison a sum of squared 
deviations is obtained. The best estimate of the 
frequency of dsb is the one that corresponds to the 
least squared value. 

The sum of the squared differences is actually 
calculated in two different ways in the Computer 
program. It is either obtained by deriving the mean 
squared differences for the differential distributions, 
or the mean squared differences for the sum distribu
tions. There is no obvious reason to prefer one of the 
parameters to the other, but i n the present evalu-
ations no choice was required, since the two sum-of-
squares parameters assumed their min ima at the 
same parameter values. 

The Computer program P U L S E can be made 
available on request. It contains detailed comments 
which need not be given in the present context. 

1 t - < x - x ' ) 2 l 2 o l g ( x ' ) d x ' (8) 3. Results 

3.1. D e t e r m i n a t i o n of the dsb frequency f r o m the 
distribution of D N A in gels 

As stated, two different P F G E configurations were 
used to assay the induction of dsb by 6 0 C o - y -
irradiation under anoxic conditions. Samples from 
five independent irradiation experiments, each per
formed with several doses, were analysed using the 
T A F E System. Samples from two independent irra
diation experiments, each performed at 500 G y and 
lOOOGy, were analysed in terms of the C H E F Sys
tem. Examples of the gels obtained are shown in 
Figure 1. The loss of intact molecules caused by dsb 
induction is reflected by the decreasing intensity of 
distinet bands in irradiated samples, while the frag-
ments of broken chromosomes contribute increas-
ingly to the broad distribution of the csmear\ The 
molecular length of the 16 chromosomes of the yeast 
strain B K O was determined in separate experiments 
by comparison of their migration to a Standard yeast 
strain and to concatemers of phage lambda. 

Photonegatives taken from the ethidium bromide-
stained gels were scanned by a laser densitometer. 
T h e scanning data were obtained through the 
GelScan X L program (Pharmacia L K B ) ; they were 
then converted to serve as input into the P U L S E 
evaluation program. The peaks of the densitograms 
were identified wi th the corresponding chromo
somes, and the lengths of these chromosomes were 
then used in the evaluation program to convert the 
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1 2 3 1 2 
Figure 1. (a) D N A of yeast cells irradiated with OGy (1), 500 Gy (2) and lOOOGy (3) under anoxic conditions was separated using 

the C H E F electrophoresis System, (b) D N A of yeast cells irradiated with OGy (1) and lOOOGy (2) was separated using the 
T A F E System. The lengths of the individual chromosomes of the strain BKO were determined by calibration with X 
concatemeres and yeast strain YNN295. Note that some of the bands are doublets (indicated by an asterisk). The 340 kbp and 
the 385 kbp bands represent homologous chromosomes of the diploid cell with different lengths. 

distribution i n molecular lengths into the distribu
tion of migration distances. As explained in §2 .7 the 
observed distribution was subsequently compared to 
the distributions computed for different assumed 
induction frequencies, a, of dsb and for different 
widths of the peaks. To include the band wid th as a 
variable parameter in the Atting procedure was 
necessary, because it can be influenced even by 
minor variations in the electrophoresis parameters. 

The best fit between the calculated and observed 
D N A distributions was determined in terms of a 
least-squares approximation either to the differential 
distribution or to the sum distribution (see § 2 . 7 ) . 
The relative merit of the two criteria may be difficult 
to judge, but no choice was required in the present 
analysis, since the two criteria led to the same fits 
with deviations that were small compared to the 
fluctuations between experiments. The examples in 
Figure 2 show observed distributions (dotted lines) 
and their calculated best fits (upper füll lines) for 
unirradiated samples (top panel), and for samples 
irradiated with specified doses (lower panels). The 
computed distributions of fragments of broken chro
mosomes are separately indicated by the lower solid 
lines. The vertical bars indicate the ranges chosen for 
the Atting procedure. The two largest yeast chromo
somes (estimated sizes 1600 and 2200 kbp) behave 
irregularly under the electrophoresis conditions used 
in the present experiments. As seen by hybridizat ion 
experiments a considerable fraction of these mole

cules is trapped wi thin the region between the wells 
and the band. The peaks that represent these two 
chromosomes were therefore excluded from the At
ting procedures. 

The frequencies of dsb per bp determined for 

| j 0 Gy^ | 

! \ 5 0 0 G y ^ 

_____ / —^ ^ r ' x 

\ 1 0 0 0 Gy 

Migration Distance 

Figure 2. Actual densitograms (dotted line) of gel lanes with 
D N A from cells exposed to OGy, 500Gy and lOOOGy, 
respectively. The upper solid curve represents the com
puted best fit. The ränge of migration distance over 
which the fit has been performed is indicated by the 
vertical bars. The lower solid curve represents the frag
ments of broken chromosomal molecules alone. 

file:///1000


178 A . A . F r i e d ! et a l . 

1.2. 

Dose (Gy) 

Figure 3. The number of induced dsb per bp as determined 
by analysis of the D N A mass distributions as a function 
of dose. Indicated are the mean values and Standard 
errors from 2 (250Gy), 9 (500Gy), 1 (750Gy) and 12 
(lOOOGy) samples, respectively. 

irradiated samples were related to the values 
obtained for the corresponding untreated samples. 
Induct ion of dsb in untreated samples (due to D N A 
degradation or shearing during the preparation) was 
generally very low (<0-15 dsb /Mb) . 

T h e frequencies of dsb per bp which are obtained 
wi th this analysis are plotted as a function of dose in 
Figure 3. The data are consistent with a linear 
dependence on dose; no indication of a quadratic 
term is seen. The estimated frequency of dsb is 
(1-07 + 0-06) x 1 0 " 9 G y - 1 b p - 1 . The means and 
Standard errors of several experiments are indicated. 

3.2. D e t e r m i n a t i o n of dsb frequencies by Southern 
hybridization 

A subset of six of the pulsed field gels was blotted 
and hybridized to specific probes for the chromo
somes I I (length 850 kb), V (625 kb), V I I (1150 kb), 
X (780kb) and X I V (850 kb). A n example is shown 
in Figure 4. The hybridization signal in the chromo
somal band diminishes with dose, while the signal 
produced by fragments in the lower molecular 
weight region of the gel increases. The hybridiza
tion probes were labelled with the hapten digoxi-
genin. B ind ing of anti-digoxigenin antibodies 
which are coupled to alkaline phosphatase, and subse-
quent addit ion of the chemiluminescent Substrate 
A M P P D , permits detection of the hybrids. U p o n 
enzymatic dephosphorylation the A M P P D becomes 
unstable and decomposes with light emission (Bron-
stein et al. 1990). By exposure to X - r a y films the light 
emission is registered. In measurements on calibra-

Figure 4. Southern blot of a gel where D N A from cells 
irradiated with OGy, 500Gy and lOOOGy, respectively, 
was separated. The blot was hybridized with a specific 
probe for chromosome X . The signal intensity of the 
chromosomal band diminishes with dose, while the 
heterogeneous smear of lower molecular weight in
creases due to fragments of broken chromosomes. 

tion gels the signal, i.e. the blackening of the X - r a y 
film, was found to be proportional to the amount of 
D N A in the chromosome band (see Figure 5). 

The use of chromosome-specific hybridizations 
has the advantage that the chromosome band is well 

Cel ls per Plug(%) 

Figure 5. Plot of the signal intensities due to non-radioactive 
hybridization versus number of cells per agarose plug 
loaded. 
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separated from the distribution of the fragments that 
carry the hybridizat ion signal. T o calculate the 
mean number of dsb in the chromosomal molecules 
of the target bands the hybridizat ion signal in the 
lanes was quantified by laser densitometry of the X -
ray films. The signals in the chromosomal bands of 
irradiated samples were then compared to the cor
responding signals of unirradiated samples, and the 
fraction of unbroken molecules after irradiation was 
thus obtained. T h e average number of dsb was then 
calculated on the basis of the Poisson distribution 
(Geigl and Eckardt-Schupp 1990). Employ ing this 
assay a dsb frequency of (0-93 + 0-09) x 1 0 " 9 G y " 1 

b p - 1 was determined. This value agrees well wi th 
the one obtained by the first approach. 

4. Discussion 

In recent years P F G E has proved to be a powerful 
tool for dsb analysis in mammal ian D N A . The 
application of P F G E for dsb analysis was first 
described for yeast (Geigl et al. 1986, Contopoulou 
et al. 1987). Few publications on the subject have 
since appeared. The yeast System permits the detec
tion of dsb in specific chromosomes. It can thus be 
used to examine a question of considerable interest: 
A r e there regions in the genome, where dsb repair 
takes place preferentially? For other types of D N A 
damage evidence has been obtained that the position 
of the lesion in the D N A influences the efficiency of 
its repair (Hanawalt 1986, M a d h a n i et al. 1986, 
Oleinick et al. 1983, Terleth et al. 1989). 

In earlier work (Geigl et al. 1986, Geig l and 
Eckard t-Schupp 1990, 1991a,b) dsb frequencies 
were derived from the relative intensity of distinct 
chromosomal bands in photonegatives taken from 
ethidium bromide-stained gels of irradiated and 
unirradiated cells. The signal of an indiv idual band 
in the irradiated sample was compared to the signal 
of the corresponding band in the unirradiated sam
ple. F rom this ratio q of 'surviving' , i.e. unbroken, 
chromosomes the average number, TZ, of dsb per 
chromosomal D N A molecule was calculated acord-
ing to the relation n = — I n q (Jacobs et al. 1972, 
Kessler et al. 1971). The approach is, however, 
subject to errors caused by the co-migrating frag
ments of larger chromosomes which overlap the 
bands corresponding to smaller intact chromosomal 
molecules. 

In the present work we utilize two alternatives 
that are more suitable for the dsb analysis in yeast. 
The first method utilizes the entire distribution of 
D N A from irradiated cells in a gel lane. The distri
bution is measured by laser densitometric scanning 

of a photonegative which is taken from a ethidium 
bromide-stained gel. A possible pitfall of this method 
is the response of the Photographie film to the 
fluorescence emitted by the intercalated ethidium 
bromide. Due to reeiprocity failure the blackening of 
the negative is saturated at long exposure. C a l i 
bration experiments have shown that a roughly 
linear response of the film is obtained wi th the 
parameters used i n this study (data not shown). 
Furthermore the data obtained by the analysis of 
D N A distribution as measured by densitometry of 
the photonegative were confirmed by the hybr id iza
tion assay. Nevertheless it would be desirable to 
measure the ethidium bromide signals directly by a 
charge-coupled device ( C C D ) camera or a compar-
able device. 

D N A distributions were computed according to a 
multi-step process: a group of 16 chromosomal mole
cules was assumed, with sizes corresponding to the 
B K 0 genome. The distribution of molecular lengths 
was then computed that results from random break
age of these molecules in a Poisson model of breaks 
distributed uniformly and independently on the 
chromosomes. The exaet formula derived by Schulz 
(1942) for this process was used. The actual relation 
between molecular length and migration distance in 
individual gels is recognized from the position of the 
peaks in the gels. This relation is then used to 
transform the computed distribution of molecular 
length into the distribution of D N A in migrat ion 
distances. 

The computed D N A distribution curve is norma-
lized to the same area under a preselected interval of 
the migration distances as the observed densito-
grams, and the best fit between computed and actual 
densitograms is then determined in terms of a least-
squares procedure. This provides the estimate of the 
frequency of dsb. 

As can be seen from Figure 2 the computed and 
actual D N A distributions differ slightly for some 
bands in the gel. In our opinion this effect is caused 
by certain particularities of the karyotype of the 
strain B K 0 . This diploid strain was obtained by 
crossing of two haploid strains whose homologous 
chromosomes do not have identical lengths. Further
more the strain B K 0 shows a large number of double 
bands (see Figure 1). We used this strain because it 
serves as a repair-competent reference strain i n our 
laboratory. By using a haploid strain wi th well 
separated chromosomes an even better aecordance 
of actual and computed distributions should be 
attainable. 

The frequencies of dsb obtained with the T A F E 
and C H E F configuration were pooled, as they 
showed no significant difference from each other. 
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The appearance of the D N A distribution profiles is, 
of course, different for C H E F and T A F E gels, 
depending on the actual relation between molecular 
length and migration velocity. This relation is ind i -
vidually determined for each gel during the evalu
ation process, as the positions of the peaks are used to 
calculate a calibration curve. Hence, every P F G E 
configuration should be suitable as long as it pro-
duces straight lanes with the same lane width over 
the whole migration distance. 

The number of dsb per unit molecular length 
appears to be linearly dependent on the dose from 
250 to lOOOGy. This result is consistent wi th results 
from Sedimentation studies in yeast and in mam
malian cells (Frankenberg-Schwager et al. 1979, 
Blöcher 1982). In contrast to the observed linearity 
in these studies, several authors who used elution 
procedures have inferred a linear-quadratic depend-
ence of dsb in mammal ian cells on dose (e.g. Blazek 
et al. 1989, Radford and Hodgson 1985). Recent 
results, however, indicate that the determination of 
dsb by neutral elution is sensitive to minor changes 
in the details of the experimental procedure, and 
under certain conditions a linear dose-dependence is 
obtained (Okayasu and Iliakis 1989). By analysis of 
the pattern of D N A mass distribution a dsb fre
quency of (1-07 + 0-06) x 1 0 " 9 G y " 1 b p " 1 after y-
irradiation under anoxic conditions was obtained in 
our study. 

In a second approach a subset of six gels was 
blotted and hybridized with chromosome-specific 
D N A probes. A chemiluminescence reaction was 
utilized to measure the resulting distributions. C a l i 
bration experiments showed the hybridization signal 
to be proportional to the number of target chromo
somal molecules. Chromosome-specific determina
tion of the fraction of intact chromosomal molecules 
after irradiation of the cells was then used to calcu
late the frequency of dsb, and this was found to be 
(0-93 + 0-09) x 1 0 " 9 G y _ 1 b p " 1 , wi th the number of 
dsb per unit length being linearly dependent on dose 
(data not shown). The differences between the 
values obtained for different chromosome species 
were within the r änge of variations obtained in 
different experiments. Thus, it appears that the 
frequency of dsb per unit length induced by 
y-irradiation under anoxic conditions is the same for 
all chromosomes. 

The analysis of the patterns of D N A mass distribu
tion and the analysis in terms of Southern hybridiza
tion led to dsb frequencies per unit dose that are in 
very good agreement. However, the values are about 
20-30% lower than published data, which were 
obtained by Sedimentation techniques for mam
malian and yeast cells irradiated under anoxic con

ditions (Lennartz et al. 1975, Frankenberg-Schwager 
et al. 1979, Andrews et al. 1984). A t present it is still 
uncertain whether the disagreement is caused by 
differences in the experimental procedures, or 
whether different kinds of D N A damage are moni-
tored by the different techniques. 

In conclusion we see a wide applicability of the 
assays which have been described in this paper. 
They can be employed for the analysis of the in 
duction and repair of dsb after sparsely ionizing 
irradiations in all kinds of organisms with chromo
somal molecules that can be separated by P F G E . 
The hydridizat ion assay is somewhat more labour 
intensive, but it is especially suitable for chromo
some-specific analysis. Further investigations wi l l be 
required to determine whether these assays can also 
be employed for the analysis of dsb induced by 
densely ionizing radiation. 
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