


INTRODUCTION o

Interpretatlon of blologlcal effects of i |on121ng radlatron is quite a dlfﬂcult problem

(see e.g. 1). The most: popular theorres relevant to the |nterpretat|on of experimental
data are track structure theory (2-6) and microdosimetry (7-9). Particular models are,
however not generally accepted (see e.g. 10,11). In order to select appropriate
radlatlon field descr|ptors detailed calculatlons of energy depos|t|ons and their
cIusterlzatlon have been performed (12 14). The results showed correlation between
the rnductron frequency of some types of cIusters and cell rnactrvat|on by ionizing
radlatron However ava|lable experlmental data on mutatlon induction have not been
quantrtatrvely rnterpreted This study shows that the field descriptors appropriate for
some blotoglcal effects at some range of partlcle parameters could be qu|te simple
: quantltles In order to construct such field descnptors appropnate expenmental data
are needed We used mutat|on |nduct|on in bacterla as a modeI system for this

purpose.

EXPERIMENTAL RESULTS

Our experimental results on mutation induction by ionizing radiation in bacterial
cells have been published without quantitative interpretation of the relative biological
effectiveness and its dependence on particle parameters (15-19). Using lacZ" —
lacZ mutations in Escherichia coli HfrH we have shown that the mutagenic
effectiveness increases with LET « up to some maximum value at about 20 keV/pm
(1'5). In the range of very heavy ions (2510) we have shown that the induction of his
revertants in Baci//us subtilis decreases with decreasing particle energy in the range
up to 10 MeV/u (17). Our experrmental data on mutatlon |nduct|on in. wild- -type
bactena obtained at different radiobiological heavy- |on faC|l|t|es are summanzed in
F|g 1. Fowvard mutatlons /ac/ ——)/acl' were detected in Eschench/a co// stra|n Ymel
on X—gal pIates (18 19); vegetatlve cells of Sa/mone//a typh/munum ‘strain TA402
were used to detect his” — his* reversions (18 16) Fowvard mutagenesrs rn lacZ
gene was rnvestrgated using Escherichia coli cells on’ tetrazolrum pIates (15).
Reversions in Bacills subtilis spores his” — his* were mvestrgated after irradiation
of the cells in a dry state’ usrng selective plates (17) ‘ S

"Bacteria’in thin® Iayers ‘were exposed to- heavy ions ‘from U-120 heavy-ion
accelerator (20), Institute of Nuclear Physics (INP), Rez at Prague. Irradiation with
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neon and iron ions was performed at BEVALAC (21), Lawrence Berkeley.Laboratory
(LBL), Berkeley, California; irradiation with low energy high Z ions at UNILAC (22),
Gesellschaft far Schwerionenforschung (GS1), Darmstadt, FRG. Induction of /acZ
mutations was measured at a U-200 cyclotron (23), Joint Institute for Nuclear
Research, Russia. - k '

" The efficiency of mutation induction was determined from the equation
m(D) = ay,m x D for y-rays or m(F) = oim x F for heavy ions; where m is the mutation
frequency, oy,m is the mutation induction constant, and Gi, m is the mutation
induction crosé—section; D is the radiation dose and F is the particle fluence. The
initial slopes of the dose or fluence dependences, m(D) or m(F), respectively were
estimated for different types of ionizing radiation by means of standard statistical
methods (least square ‘fit)."Therefoie theoretical analysis presented in this paper will
be related to low doses of y-rays and low fluences of heevy ions. Owing to the fact
that different bacterial strains and conditions of irradiation were used, the ratio
oim/oym was taken for comparison and plotted in Fig.1. The significance of this
quantity (MPE) is similar to relative biological effectiveness (RBE). MPE is however
derived from more fundamental quantities; it will be called mutagenic etfecttveness
per particle (MPE).

The results show that there .is no common dependence of ‘the particle
mutagenic effectiveness of heavy'ions on LET». Therefore the energy of ions must
be taken into consideration. The rationale of our approach is based on the
consideration of mutation 'induotioh, which is' related to some' critical amount of
depos'ted energy. The probabi'ity of the occuTence of the effect w™ be high for a
certain -amount of e’nergy'énd it will decrease for both lower and higher quantities of
energy This means that not in all cases - dependlng onZ and E of the particle - the
energy deposned in the centre of ion path (the "track-core ) will contribute to the
effect "The energy deposnted in the sensntlve volume of bacterla (approx 0. 1pm ) by
the "track-core" depends malnly on LETw of the partlcle for LETw-1OO keV/um the
specnfnc energy is about 50 100 Gy Above this value of LETw the probabmty of cell
|nact|vat|on by one, partlcle passmg through a bacterial cell will increase substantially.
Therefore, mutation induction will be related mainly to lndlrect hits and the fraction of
energy. deposited in indirect hits.‘oooyld be quite a good radiation field descriptor

related to mutation induction in bacteria.



THEORETICAL RESULTS

-The fraction of energy deposited in indirect hits, fs,” can be calculated from
different track-structure models (3-6). Some of them are based on the model of "core
and penumbra” as developed by Chatterjee (3) and Kudryshov (5), on- classical
collision dynamice (6) or on Monte Carlo simulations of energy deposition (4, 9). The
following method of calculation has been used. -

The sphere With given radius (r) was randomly placed into the-track described
by particular model and the energy inside, w, was estimated by its value in random
element in three-dimensional space. If the impact parameter, p, was greater (emaller)
then the radius of the sphere, r, the energy was added to indirect,v Wihd, (direcf, wdir)
hits. The probability of hit increases with impact parameter.(owing to. radial
symmetry) and therefore the energy contributions were multiplied by p.. The fraction

of energy deposited in indirect hits: __IWind is plotted as a dependence on

ZwdirtZWind
particle specific energy En in Fig. 2 for different models: Kudryshov, 1973, Chatterjee
and Magee, 1973, Katz, 1988, Kiefer and Straaten 1986. R

Owing to the drvergency of the Iocal dose at p-O (D — ) in the eaSe of the
mode! of Katz, 1988 the results of MC-caIculatlons are not reliable. We have
therefore introduced an artificial track core much smaller as compared with our
biological object by integration of the core area. The energy deposited inside the
core area was assumed to be homogeneouély distributed rn it. We have calculated
the dependence of f5 on the radius of the artificial track core (rcore) and establlshed
that the results do not depend on rcom if Tcore < 0.01 pm.

The shapes of the functions f5(En) are similar for different track structure’
models (Fig. 2), the absolute values are however somewhat different. The results of
calculations depend on the density of energy, e.i. local dose deposrted in the outer
parts of the track and on the range of $-electrons. The models of Chatterjee and
Magee, 1973 and Kudryashov, 1973 give relatlvely smaller local doses in outer parts
of the track as compared with the ‘other mentionéd models. The" energy is
concentrated more in the"track core (about 50%) at very small volumes. Also the'
ranges. of the 3-electrons in the two models are smaller as compared with the models'
of Katz, 1988 or Kiefer and Straaten, 1986.

“Using the f5(En) function we can define two quantities: the fraction of LET
deposited in indirect hits, LETs=LETo x fs, and the complementary fraction of-



energy deposited in direct hits: LET 5 = LET  x (1-fs). These quantities could be
used to describe the biological effects of radiation (in similar way as LET or En).

If the cells are killed by the passage of the "track core”, the only contribution to
mutation induction. can' come - from indirect hits and :the mutation frequency will
depend on .the density. of the energy deposited from &-rays. The -mutagenic
effectiveness: of heavy ions can be thus predicted on the assumption that the
d-electrons are as efficient in mutation induction as y-rays if the dose deposited from
&-rays-is the same. Starting from the.equation for the radiation dose of accelerated
heavy particles, D [Gy], using the particle fluence, F [p/um2]:

.. D=0.16xLEToxF _ . : (1

~ we can substitute the LET [keV/um)] by its fraction corresponding to indirect hits,
fsxLE T, ‘@nd the dose will be then the dose related to mutation induction:

Dm = 0.16xfsxLETwoxF. o : : (2

The mutation -induction frequency will be*’aY‘mem Using the definition of the
mutation |nduct|on Cross- sectlon and the definition of MPE we can come to the
equatlon

MPE=0.16xLE Teoxfs. . : : SRS : 3)

, k Muiagenic effectiveness per partiele (MPE) of heavy ione with linear energy
transfer in the range of LE Tw>ﬁ00keV/pn1 is shdwn as a function of 0. 16Xf5XLEToo in
Fig. 3. Expenmental data are taken from Fig.1 for LEToo >100 keV/um. . Theoretical
dependence is in ‘agreement with Eq.3 represented by a straight line (Fig. 3). This
regrmenof the induction of mutations by heavy ions is called "§-ray mutagenesis".
The agreement between experimental and theoretical data is better for the models of
Kudryshevi, 1973 and Kiefer and Straaten 1986 as compared with the other tWo
models_(Fig. 3a d) Survival of direct hits at LETo~100keV/pum can lead to
increased MPE. Expenmental data as. well as theoretical curves are _plotted in
dependence onLETw andon particle energy Epin Fig. 4 a,b. ,

Mutagenic effectiveness of heavy ions at the range of particle parameters near
to LETmax=20 keV/um is higher as compared with the effectiveness of y-radiation
(14, 17). It means that the mutagenic effectiveness of the track core is higher as
cornpared with y-radiation (or 5-electrons) owing to higher concentration of energy
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deposited at nanometer sites. Therefore the fraction of particle energy deposited by
indirect h|ts might not be s|gn|f|cant for the induction of mutations if the cells 'survive
direct hits. We tested th|s hypothesis using "restncted LET", LETA—LEwa(1 f5).

Fig 5 shows that the quantity LETA could be reasonabiy good parameter to'
which the mutagenic - effectiveness of: light ions (D He) or |ons with: a very’ high
energy could be related (with LETw near to 20 keV/um). This regimen of thej
induction of mutations’ by heavy i ions is called "track-core mutagenesis”. All the data’
follow a common curve, regardless of the atomic number. The curve increases:;
substantially in the: range of: LETw<20keV/um The nonlinear shape of thls'f
dependence means that not onIy energy- absorbed |n the sensitive vqume |s ank
important characteristic Some values of LETA (at about 20 keV/pm) are more.
effective due to,appropriate spatial distribution of the deposited energy. Greateri
density of energy deposition leads tof lethal events, the lower one is not effective in
the inductionl of corresponding mutagenic lesions. [f the dimension. of the target"
(DNA) of about 3 nm is considered,' the amount oftdeposited energy in it will be 60
eV Thisenergy represents the optimum forthe induction of mutagenic lesions. The:
growth of the MPE for the “frack-core mutagenesis" is restricted at higher LET(owmg‘
to thelethal effects) Onthe other' hand, the cross-sections of the 8- ray;‘

mutagenesis" increase proportionally to LETs (theoretically Without Iimit);



:Table 1. Mutagenic effecliveness: per particle (MPE) calculated for different types of
ionizing radiation. - L

ox BEno CeeLET - < MPE |0 8D
fon | IMeviul | (keVium] Strain Gyam?l | [Gyam?
D 5.0 e 80 ¢ - Ecoli” <] - 1.08 014 .
50 80 S typhimurium 1:.45 0.27
He 0.9 115 E.coli 2.4 1.8
B O A A E.coli 14,4 ~_19
2,5 54 , E.coli 13,8 2,1
34" [T 2 SR _E.coli 123 24
34 44 ! Styphimurium ;. 113 | .30
6.0 28 | Eeoli | 123 | 11
6.0 .- 28 - | S.typhimurium 11.8 22
8.0 22 ____E.coli 8.1 07
C 70 . 220 E_coli 5.6 21
Ne 1.5 1400 -_B.subtilis 0
33 900 “B.subtilis 0
57 | - 650 B.subtilis 9.0 1.2
5.9 630 B.subtilis 9.6 1.3
10.2 N 430 B.subtilis 21.6 27
14.4 330 - B.subtilis 19.2 1.9
18.6 280 B.subtilis 40.7 46
425 130 ] * S typhimurium - 95 - 2.8
600 26 ___E.coli 3,0 04
600 | 28 S typhimurium 42 05
.Fe o400 - . 210 . _Ecoli~ .} 286 ]« 31
‘ 400 210 S typhimurium 328 43
“Ni -~ 09 5000 B.subtilis : 0 :
‘ 234 3700 B.subtilis__ 407. |- .46
Kr 10,0 3930 E.coli 145 24
) -10.0 3930 S.typhimurium 208 63 .
10,8 3200 B.subtilis 69.5 9.0
177 2500 B subtilis 59.8 7.2
Xe 21 8700 B.subtilis 26.3 4.8
' 28 8300 B.subtilis - 44.3 9.0
42 - 7600 B.subtilis - -59.9 7.7
6,9 6700 B.subtilis 101 10
9,5 6000 " B.subtilis 142 13
' 11.8 5500 B.subtilis - ‘121 14
16.8 5000 B.subtilis 139 33
U 26 15400 B.subtilis 62.9 6.8
: 7.7 13700 - B.subtilis 176 - 28
10,7 12600 B.subtilis 281 38
119 12200 B_subtilis 259 35

Mean values and standard deviations are estimated using SigmaPlot, Curve Fit option.



DISCUSSION

Bacteria: are used as a model system in many dlfferent mvestlgatlons “The
understandlng of mechanisms related to some phenomenon in bacterla IS usually of
great importance for other living systems Based on our experlmental data we have
shown that the cross-sections for mutation mductlon om, by |on12|ng radlatlon |n‘
bacteria in the range of very heavy ions can be undersood at quantitative level.

The fraction of particle energy deposited in |nd|rect hits in bacteria, fs, is of
great importance for our interpretation. The values of fa have been calculated by
means of Monte-Carlo simulation using different track structure models (3-6). The
calculations performed: with different models yield very similar fs(En) dependences’
over specific\particle energy, En, in the range of 1-1000 MeV/u. Long range of the
-electrons in the model of Katz, 1986 leads to the higher absolute values of f5 . The
models of Kudryshev, 1973 and Chatterjee and Magee, 1973 assume that about
50% of energy is deposited inside small dimesions along the path of heavy ion (up to
several nanometers) The best description of our exper'imental ‘data has” been
achieved using the models of Kudryshev 1973 and Kiefer and Straaten 1986
(Fig.3a d) The model of Kudryshey, 1973 is based on the assumptlon that the track .
core has constant radius ( nm) and about 50% of energy is deposnted in |t . The

range of 5-rays is equal to p=0.04xEp ENTS

[pm], where the energy is given in MeV/u.
The local dose outside the track core D [Gy] is proportional to the the following
expression

Zé A

D x5 x s . V o A ,‘ . (4)

where Zef | |s the effective charge of the partlcle and P is the dlstance from the path of .
the ion (in um) The total energy deposited outside the track-core .is proportional to
LET, in a broad range of values of particle specific energy.. The model of Klefer and
Straaten, 1986 has' slmllar characteristics. - The range of - - rays -is glven by the”
equation: p= 0.0616xE47 and the Iocal dose ‘ '

Zef 1

Ds = 0.000125x or
B2 p
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where p is given in um and the dose in Gy. The local dose calculated
according to the model of Kiefer and Straaten is lower as compared with the model
of Kudryshev however, ‘the range of 5- -rays is, longer. For higher. particle- kinetic
energy the local dose at given impact parameter | tends to constant limit value )

The dependence of the fraction f5 on the partlcle specific energy and on the
radlus of the sensrtlve cell structure has been descnbed using an emplrrcal functlon

' where p= 0. 06xEn 1. 7/r ' ‘

" The function has been basically- obtained using the range of §-rays from the
model . of Kiefer and Straaten,- 1986 (the range in the other.models can be both
Ionger or shorter). The fraction 5 has been calculated as the fraction of energy
deposited in the track of heavy particle with the specific energy En.in the space
out5|de from the cylinder with the radius r.

The parameters.A,B,C, and D have been determlned .using SigmaPIot, Curve
Frt opt|on as the best frt to the data obtalned from the Monte Carlo calculations. The
dependence of f5 on the radius of the sensitive cell structure, r. has been tested for
the model of Kudryshev 1973 The results for three different radu are shown in
Frg 6

"~ Two different ‘ranges of LETw can be dtstnngurshed In the range of '

high LETw (>approx. 100 keV/pm) ‘MPE (csm) increases w;th |ncreasmg specmc
particle energy if LETw is kept approxmately constant. In the range of low LEToo (<
approx. 100 keVyum), MPE (om ) decreases with increasing En. The results show -
that in the two ranges of LET, two different modes of particle mutagenic action can
be found. "5-ray mutagenesis” is related to those particles whose track-core energy
is - high enough to kil the cell (LET» >approx.100 keV/um). "Track-core
mutageneéis" is observed in lighter ions or ions with high energy if direct hit of the
sensitive cell structure by theparticle is not a lethal event. The effectiveness of the
“§-ray mutagenesis" is proportional to LETs ='LETw x f5, where f5 is the fraction of
particle energy deposited by §-electrons in indirect hits in-the bacteria. “Track-core
mutagenesis” increases with LET restricted to the sensitive volume (LET4) but is not.
proportional to it. The quantmes LETs and LETa are relevant biophysical .
characteristics of ionizing radiation for mutation induction in bacteria for ranges of
particle parameters mentioned above. v

Acknowledgements. We gratefully acknowledge the help of the Accelerator Groups at
LBL, Berkeley; JINR, Dubna; GSI, Darmstadt, and INP, Rez at Prague.
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Fig.1. Mutagenic effectiveness per particle (MPE) (mutation induction
cross-section, om, related to mutation induction constant of y-radiation, aym) is shown
for .Escherichia coli Ymel, lacl* —lacl .forward mutations (circlés), Salmonella
typhimurium his'shis® reversions (triangles), Escherichia. coli HfrH. lacZ" -—_}IacZ
-mutations (squares), and Bacillus subtilis his'-»his+reversions (diamonds).
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Fig.2. Results of the Monte Carlo calculations of the fraction of energy
deposited by heavy ions in indirect hlts in spherlcal objects with dimesions of
'bacterla (r=0.3 m). ' :

- The fraction of energy deposited in indirect hlts is plotted as'a dependence on

7"p'aft|clve specnflc energy, En, for different track-structure ‘models: - Kudryshov -(5),

" Chatterjee and Magee (3), Katz (4), and Kiefer and Straaton (6). The best fit of the
semiempirical function f5 = Ax(1 — exp(=p/ B))xlog(p + exp(-p/ C))/ log(DxEn ) where
p = 0.06xEn Wy (according to the mode! of Kiefer and Straaten, 1986) to the points
obtained from the MC calculations is shown by the solid lines.
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Fig.3. The com‘parison of different track structure models tested against

experimental data. Mutagenic effectiveness per particle (MPE) of heavy ions with
linear energy transfer in the range of LE Tew>100keV/um is shown as a function of the
quantity 0.16xfsxLET ». Theoretical dependence {the line) is calculated with the
assumption that the -electrons are as efficient in mutation induction as y-rays
"(Eq.3). Survival of direct hits at LET.~100keV/um could lead to increased MPE.
Experimental data are taken from Fig.1.
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specific energy En (b). Experimental data are taken from Fig.1; theoretical lines are
calculated according to the model of Kuydryshéiv, 1973.
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nonlinear mathematical function of the restricted LET. The regimen of the induction
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the calculation of LETa (the differences between various track structure models are
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Kosy6ex C o Ap. E19-94-164
Unrepnperauus pe3ybTaToB O HHAYKIIMH
MyTaumit Y 6aKTepuit TSOKEABME HOHAMHE

IpensnoxeHa npocras MOAEB IS pacyeTa 3((EKTHBHOCTH HHAYKLIMH MY -
TAIUA HOHM3UDYIOMMMU H3Iy4YeHHsMH y Oakrepwit. IlpoBefeHH OLEHKH
PaaMAnUOHHKIX ITO/IEH AU YACTHL, PA3THUHAIX SJHEPIUH U AJI PA3JUUYHEIX Pa3- .
MEPOB UYBCTBHUTENBHBIX CTPYKTYP. IIpH pacueTax OBLUIM HCIONb30BAHE YETHIPE
MOZEJIH CTPYKTY PHI TpeKA. [TomyuenHble pacueTHhIE RAHHBIE OBUTH CONOCTABIE-
HBI C 9KCIIEPUMEHTAIBHEIMU PE3YIBTATAMH [0 HHAYKIIMA MyTauMil y 6akTepuit.
PaccMorpeHn ABe MOAEIH MYTATEHHOTO AEHCTBHS YACTHIIBL. DKCIIEPHMEHTAIb-
HBIE JAHHBIE XOPOLIO COIIACYIOTCS ¢ TEOPETHHUECKAMHU DE3YJbTaTaMH, €CIH
HCIOB3YyETCS COOTBETCTBYIOMIAS MOAEIb CTPYKTYPH Tpeka. OueHp xopomee
COIVIACHE TIOTYUEHO MPH UCTIOIb30BAHMH MOENEH CTPYKTYDHI TPEKA, pa3pado-
ragHbix Kudryashev, 1973, n Chatterjee and Magee, 1973.

Pa6ora smnonnena 8 JJaGopatopun sinepunix npobnem OULAN, -

Coobuenne OfbeJMHEHHONO MHCTUTYTA SAEPHbIX Mccaenosanuit. Jly6ua, 1994

Kozubek S. ctal. E19-94-164
Interpretation of Mutation Induction
by Accelerated Very Heavy lons in Bacteria

We propose a simple approach for the calculation of the efficiency of
mutation induction in bacteria. The approach is based on the calculation of the
fraction of energy deposited by accelerated particles in indirect hits, e.i. in
events in which the particle does not pass through the cell, however, the cell is
hit by d-electrons. This descriptor of the radiation field has been evaluated for
different values of the particle energy and different radii of sensitive structure.
Four models of the track structure have been used for calculations. The results
have been compared with experimental data on mutation induction in bacteria.
Two different modes of . particle mutagenic action can be distinguished.
Available experimental data agrees reasonably well with the results of the
presented theory if appropriate track structure is taken. Very good results have
been obtained with the track structure models of Kudryashev, 1973 and
Chatterjee and Magee, 1973.

The investigation has been performed at the Laboratory of Nuclear
Problems, JINR. '
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