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INTRODUCTION 

The results of a number of experimental investigations point 
out that DNA in nuclei of mammalian cells is organized as super-
coiled subunits ~ . 

A simple and convenient method to study the size of these 
subunits is to determine changes in sedimentation properties 
of the so-called DNA-membrane complexes (DMC), which sediment 
in the neutral sucrise density gradient with ethydium bromide 
as an easily identified aggregate with the velocity corres
ponding to the irradiation dose (in case of the seldom-ioni
zing radiation) / e , 7 /. 

It is assumed that presence of DNA single-strand breaks (SSB) 
leads to despiralization of supercoiled subunits, which results 
in a decrease of the whole aggregate sedimentation velocity. If 
our assumption is true, the rejoining of SSB during the process 
of postirradiation incubation will show itself as DMC repair. 
To confirm this hypothesis is one of the purposes of our inves
tigation. 

For better argumentation of the idea about existence of com
pact subunits and about mechanisms of their destruction by irra
diation we carried out comparative experiments with different 
types of radiation and extended our investigations to the area 
of large doses. 

This paper is a sum of results obtained in the investiga
tion of mammalian cells (V79-4) and human peripheral blood 
lymphocytes affected by y-rays ( Cs), pulse neutrons and ac
celerated С ions. On the basis of these data we suggest a new 
method to determine the yield of DNA breaks. 

MATERIALS AND METHODS 

Lymphocites. Fresh donor blood was mixed with the 0,9^ NaCl 
solution in proportion 1:1 layed on the top of the mixture of 
5.6Z Ficoll solution and Visotrast (17:3) with a density of 
1.077+0.001 g/ml. After centrifugation for 30 min at a tempe
rature of 20° С with a rate of 4000 rpm the lymphocytes were 
separated from other blood components in the form of a white 
ring. They were washed in cold PBS-glucose by double centrifu
gation (10 min, 1000 rpm, 20°C). Then cells were resuspended 
in Eagle КЕМ medium with 20" human blood serum and kept in clo-
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sed tube in 5" CO g atmosphere. Such short-living cultures of 
lymphocytes having 10 cells per ml with less than 3% of eryth
rocytes keep a good viability for 7 days. 

V79-4 cells. V79-4 Chinese hamster cells were cultivated by 
standard monolayer technique and grown in the Eagle MEM medium 
with 15% serum and antibiotics. 

Before irradiation the exponentially growing cultures were 
removed by trypsinization and a 10 cells/ml suspension was made 
of them. For reduction of possible damages due to trypsinization 
the cell suspension was incubated for 45 min at 37 С and then 
was kept at 0-4°С till irradiation. 

Irradiation, y-irradiation was carried out at the "Svet" 
(13^Cs) facility with the 4.66 Gy/min dose rate: 1 ZC ion irra
diation was performed at the cyclotron U-200 at the Laboratory 
of Nuclear Reactions (JINR, Dubna). This has been described in 

• /я/ • » 
detail in . For neutron irradiation the fast neutron pulse re
actor IBR-2 in the JINR Neutron Physics Laboratory (Dubna) was 
u sed / 9 /. Cells were irradiated at 0-4°C and then kept at this 
temperature untill further treatment. 

Lysis of cells, sucrose gradients, centrifuging conditions. 
Lysis solution: 1" SDS, 0.2;; deoxycholate-Na, 0.05 M Na-cytrate, 
0.05 M EDTA, pH 7-7.5. Sucrose gradient: 4.6 ml 5-20) sucrose 
in 1 M NACL.0.01 M Tris-HCl,0.01 M EDTA.6 ng/ml ethydium bromide, 
pH 7-7.5. 0.2 ml of the lysis solution was layered on the top of 
the sucrose gradient and then 0.1 ml of suspension with 10' 
cells layered for lysis. The duration of lysis was 1 hr. The du
ration of centrifugation was I hr at 30000 rpm at 20°C in the 
swing-out rotor of the centrifuge "VAC-602". 

Measurement of PMC position. Ethydium bromide, " ulch is pre
sent in the sucrose gradient, is intercalated between DNA bases. 
When sedimenting in the form of the reticular aggregate, DNA 
as a component of DMC is enriched with ethydium bromide, and 
this one can find the position of DHC with the fluorescence 
method (the excitation light is 360 nm, the emission light is 
590 nm).' 

RESULTS AND DISCUSSION 

Figure 1 shows the results of our investigation of repair of 
damaged DNA from Chinese hamster cells (V79-4) (fig.la) and from 
human lymphocytes (fig.lb) depending on the y-irradiation doses 
for different time of postirradiation incubation of cells at 
37°С The lower curve describes the relative sedimentation ve-
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locity (RSV) immediately after the y-irradiation; other curves 
were obtained after incubation during 10, 30 and 60 min respec
tively. 
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Fig.l. Dependence of the relative sedimentation velo
city upon the у -radiation dose for different postirra-
diation incubation periods. Abscissae - doses in Gy; 
ordinates - the relative sedimentation velocity, a -
Chinese hamster cells V79-4 ( * - without incubation, 
o- 10 min incubation, Д - 30 min incubation, n - 60 min 

incubation); b - Lymphocytes ( • - without incubation, 
о - 60 min incubation). 

To compare the DMC repair kinetics with the kinetics of DNA 
SSB rejoining, obtained by the traditional method of DNA sedi
mentation in alkaline sucrose gradient, we determine the proba
bility of "DMC survival" from the initial slope of the rS(D) 
curve, it is equal to: 

1 - rS * = e -MrBD (I) 
where D is the dose, s is the yield of DNA SSB, M 0 is the mole
cular weight of one subunit, rS* is the percentage of DMC, des-
piralized due to DNA SSB. 

Since for D = D 3 7 M 0sD - 1, one can determine (without data 
on M Q ) the relative SSB yield in this way: 
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S t / S 0 D37,0 / D37,t C2) 
where indices t and 0 mean the duration of incubation or its 
absence. Points in Fig.2 are the results of processing the data 
from Fig.l in the above way.The solid line is the SSB-rejoining 
kinetic curve, obtained by Korner et al. / 1 0 /for Chinese hamster 
cells of the same line by means of the traditional sedimentation 
technique. From this figure one can see that SSB rejoining and 
DMC repair depend on the incubation time in the same way. Note
worthy is the considerable percentage of unrepaired SSB in 
lymphocytes after 1-hour postirradiation incubation. These data 
agree with the well-known fact of high radiosensitivity of lym-
phodytes''11,ia''and confirm the assumption that their higher sen
sitivity to y-radiation is due to their poor ability of re
joining DNA breaks. 

Via.2. Kinetics of DNA-membrane 
complex repair. The solid line 
shows the kinetics of SSB re
joining according to (Kb'rner 
et al. (1978)); points show our 
data (* are the cells of the 
Chinese hamster V79-4, A are 
lymphocytes). Abscissae - incu
bation time in min; ordinates -
the relative numbers of SSB in :•',. 
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Fig.3. Dependence of the DMC 
(V79-4) RSV upon the 1 2C-
ions dose for different in
cubation periods. Abscis
sae - dose in Gy; ordina
tes - RSV in relative units. 
• - Without incubation, о -. 
10 min incubation, Д-
60 min incubation. 
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The results of investigation of DMC repair after irradia
tion of cells by accelerated С ions are presented in Fig.3. 
Comparing Figs.1 and 3,one can see that for the letter case the 
velocity of DHC repair is less than that at у-irradiation. 

It is known that an average yield of DNA SSB decreases as LET 
grows . Moreover in this case the spatial distribution will be 
more nonuniform. If at the analysis of DMC sedimentation one 
would proceed from the assumption about existence of the inde
pendent supercoiled subunits with the much smoller molecular 
weight than that of the whole genome, then the curve for the 
radiation of higher LET must be higher than it was expected 
taking into account decrease of the DNA SSB yield. Fig.4 pre
sent the results of the comparative experiments with y-rays, 
neutrons and lsC ions for Chinese hamster cells (Fig.4a) and 
lymphocytes (Fig.4b). Though the DNA SSB yield for *% is ap
proximately half as large as that for y-rays, the rS(D) curve 
runs higher than it is expected on the basis of this fact. In 
our opinion, the explanation of this phenomenon is as follows. 
After y-irradiation the DNA SSB distribution is in good agree
ment with the Poisson distribution, i.e., in each supercoil 
subunit DNA SSB arise x̂ itn equiprobability. Heavier particles 
with high LET cause DNA SSB only in the subunits where the "hit 
events" took place. Thus, after neutron or X ion irradiation 
at equal (low) doses the number of subunits, where the "hit" 
occured, is less, than after y-irradiation. 

There is one more reason for such sedimentation behaviour 
of DMC affected by heavy particles; a yield of DNA double-
strand breaks (DSB) in this case is considerably larger than 
the one after y-irradiation. For example, the DSB-to-SSB 
yields ratio is approximately 0.01 in the case of y-irradia-

Fig. 4. Dependence of the DMC RSV upon the y-vad 
dose (•) neutron dose (o) and l2C-ions dose (A) ; 
V79-4; b - human lymphocytes. 

D/G, 
y-radiation 
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Fig, 5. Dependence of the DMC 
RSV and percentage of free DNA 
upon the y-radiation dose. The 
dashed curve is calculated by 
means of Eq. (3). Abscissae -
below - doses in Gy, above -
the mean number of DSB per 
subunit. Ordinates - the WC 
RSV and percentage of free 
DNA in relative units. 

tion and 0.1 in the case of 1 S C ions. The influence of DNA DSB 
on the DMC sedimentation properties almost was not studied. 
To solve this problem the character of rS(D) dependence was 
investigated in the у-ray dose range over 50 Gy, where an ave
rage of one DNA DSB per a subunit was expected. The results of 
these investigations are presented in Fig.5. After RSV decrease 
in the dose range down to 50 Gy its value increases again as 
the dose grows up to 550 Gy, and the narrow maximum with rS -!.5 
is formed.Then RSV again decreases down to the value obtained 
at the dose -50 Gy. To make the explanation of these unexpected 
data more clear, one more curve is plotted in Fig.5. It shows 
the part of DNA released from DMC due to DSB as a function of 
the dose - F(D). The solid curve was calculated theoretically ; 
triangles show our data obtained on the cells V79-4 .The 
rS(D) curve can be explained in the following way: in the dose 
range up to 50 Gy the behaviour of the curve is the result of 
the despiralization of DNA supercoil si'.bunits owing to SSB, 
which leads to a slowing sedimentation. At the dose of the or
der of 50 Gy all subunits are despiralized and complexes have 
the slowest sedimentation vel(<-ity. The part of released DNA 
at 50 Gy amount only to 3-м therefore complexes destructed in 
this way (and free fragments of DNA) do not affected the value 
of rS. In the next dose range from 50 to 550 Gy the relative 
velocity of sedimentation grovs quickly and the part of released 
DNA achieved 67". We assume that as a result of release of DNA 
fragments a considerable compactization of complexes takes place , 
and their sedimentation velocity grows. After the maximum at 
550 Gy the RSV again decreases, since the complexes velocity of 
free DNA fragments which decreases due to decrease in the mole
cular weight. Besides, destruction of the remaining complexes 
goes on, which leads to the rupture of their compactness. 

But all these considerations are of some interest only for 
the case when all DNA-containing components sedimentate in one 
aggregate with a certain mean velocity. This assumption is pro
ved by our experiments aimed at studying the sedimentation be
haviour of the mixture, which consists of nonirradiated, or 

7 



checking, cells (30%) and cells irradiated with a high dose 
(70%). The results listed in the Table show, that if the mixture 
includes cells irradiated with dose less than 550 Gy, the sedi
mentation velocity of the aggregate decreases (because of non-
destroyed complexes), and if there are cells irradiated with 
doses over 550 Gy, the velocity of sedimentation increases. 

Table 
Relative sedimentation velocity of mixture of noniwadiated 

(30%)and irradiated (70.',) oells 

Dose, Gy rS, rS . 
dose mix 

300 1.17 1.05 
500 1.50 I . 13 
750 0.60 0.97 
800 0.60 1.07 
1000 0.43 0.93 

On the basif of the afore-mentioned facts one can calculate 
the aggregate sedimentation velocity in the first approximation 
by the RSV of the DNA-containing mixture components in the fol
lowing way: 
rS = A rS., i BrS, +FrS f „ , (3) 

desp. d.s. fragm.' ч ' 
where A is the percentage of subunits having a relative sedi
mentation velocity rS,j e s. and despiralized due to SSB (having 
no DSB); В is the percentage of destroyed subunits which lost 
DNA fragments due to DSB, their sedimentation velocity being 
iS d,j F is the percentage of free DNA with the sedimentation 
velocity rS f r a g m. 

On the basis of obvious assumptions that at the 550 Gy dose 
A = 0 (practically all subunits have DSB) and the mean value of 
r^fragm. is 0.3 we obtain r S d s = 3.8. The results of these 
calculations are shown in Fig.5 by the dashed curve with the 
maximum at 550 Gy. In fact, rS f r a g m. (and consequently tSd s ) 
depends upon the irradiation dose; nevertheless, one can affirm 
that our assumption on the DSB role in the growth of the curve 
in the 50-550 Gy dose range is true. 

Our ideas were also checked in comparative experiments with 
other types of radiation. The dependence rS(D), obtained for 
y-rays, neutrons and 1SC ions is presented in Fig.6. It follows 
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Fig.6. Relative sedimentation 
velocity of DMC vs dose of y-
vays, neutrons and 1 2C ions. 
Abscissae - doses in Gy; ordi
nate 8 - DMC HSV in relative 
units. 
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from the data of papers ' that, for example, a-particles 
with LET 66 keV/f<m are more effective in the DNA release process, 
than у -rays, and 1 8 C ions release the DNA percentage, approxi
mately comparable with the one for y-rays. However, here the 
variation of the spatial distribution of DNA breaks manifests 
itself again. A shape of the curves in Fig.6 clearly demonstrates 
the DNA DSB influence on the DMC sedimentation behaviour: for 
the neutrons (in the LET range from 30 to 1000 keV/^m) an in
crease of rS(D) starts at lower doses and for 1 2 C ions at higher 
doses, than in the case of y-rays. 

The results presented in this paper reveal the possibility 
of using the DMC study method for the DNA breaks yield estima
tion. The same curve rS(D) helps in principle to determine at 
the same time the SSN yield (at low doses) and the SSB yield 
(at high doses) in a wide dose range. The calculation of the 
DKA DSB yield at the у-irradiation will be published. 

Authors are deeply grateful to Academician G.M.Flerov for 
the permission to carry out experiments at the U-200 accelera
tor in the Laboratory of Nuclear Reactions (JINR) and to V.P.Sy-
soev for assistance in our work at the IBR-2 pulse reactor in 
the Laboratory of Neutron Physics (JINR). We thank A.Kruq 
M.Laucher, B.Richter and D.Shagdaryn for technical assistance. 
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Эрцгребер Г \ Лапидус И.Л. Е19-85-385 
Взаимосвязь между седиментационньни свойствами ДНК-мембранных 
комплексов и одно- и двунитевьми разрывами ДНК при облучении у-лучами, 
импульсными нейтронами и ионами , 2 С 

Представлены экспериментальные данные о седиментационнон поведении 
ДНК из клеток китайского хомячка \17Э~Ь в результате облучения клеток у-
лучами ( 1 3 7Cs), импульсными нейтронами /реактор И5Р-2 Лаборатории нейтронной 
физики ОИЯИ, Дубна/ и ускоренными ионами *С /циклотрон У-200 Лаборатории 
ядерных реакций ОИЯИ, Дубна/ в широком диапазоне доз. С помощью эксперимен
тов с излучениями разного качества обоснованы предположения о роли одно-
и двунитевых разрывов ДНК в изменении седиментационных свойств ДНК-мембран
ных комплексов. Обсуждается возможность оценки индукции и репарации разры
вов ДНК на основе кривой зависимости относительной скорости седиментации 
комплексов от дозы облучения. 

Работа выполнена в Лаборатории ядерных проблем и Лаборатории нейтронной 
физики ОИЯИ. 
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Erzqraber G., Lapidus^UtT Е19-85-385 
Relation betweeruSedlmentation Behaviour of DHA-Hembrane Complexes 
and DNAJjinge"- and Double-strend Breaks after Irradiation 
wl"ttr~"~y-Rays, Pulse Neutrons, and i aC Ions 

The experimental data on sedimentation behaviour of DNA-membrane 
complexes at irradiation of the Chinese hamster cells (V79-M in a wide 
dose ranqe of l a 7Cs уrays, pulse neutrons (reactor IBR-2, Laboratory of 
Neutron Physics, JINR, Dubna) and accelerated 1 2 C ions (cyclotron U-200, 
Laboratory of Nuclear Reactions, JINR, Dubna) are presented. An assumption 
on the role of DNA sinqle- and double-strend breaks in chanainq the sedimen
tation properties of DMA-membrane complexes has been confirmed by the expe-' 
riments with radiation of different quality. The possibility of estimating 
induction and repair of DNA breaks on the basis of dependence of the rela
tive sedimentation velocity of complexes on the irradiation does is dis
cussed. .._._• 

The investiqation has been performed at the Laboratory of Nuclear 
Problems and Laboratoty-of Neutron Physics, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna I98S 



13 коп. 

Редактор Э.В.Ивашкевич. Макет Р.Д.Фоминой. 
Набор В.С.Румянцевой, И.Г.Андреевой. 

Подписано • печать 1 9 . 0 6 . 8 5 
Формат 60x90/16. Офсетная печать. Уч.-иэд.пистов 0 , 8 6 

Тир. ж 290 Заказ ЗБ371 
Издательский отдел Объединенного института ядерных исследований. 

Дубна Московской области. 


