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ABSTRACT

Induction of heteroallelic reversion in diploid yeast is one of the most

radiosensitive systems known. Reversion to arginine independence in.a

0y

diploid strain BZ34 of Saccharorriyces cerevisiae was used te fnea'sure .'_che.
‘RBE of «~ me‘sons and heavy 'ions E.xpvosx.lres were alsv‘o' 'conducte'dlunder
anoxic cond1t1ons to obta,m the OER for these rad1at1ons and for 6°c}> Yy rays.
The LET's used covered a range from 3 to 5500 MeV/gm/cm .

The OER values obtamed for .60Co Y rays and T mesons were 2.5 and
1.9 respectwely The response of th1s yeast system was found-.to be nearly )
the same at dose rates‘o.fv 40 r_a_d_s/hr and 40'r§ds/1fn1n o£‘ 60Co Y ra'.ydsr. : W.1th
inereasin'g LET, the RBE rosge to a .snaximum 'Vslue 1n the ‘r_egion 2..‘.000 |
Me\i//gm/cmz, corresponding to fhat of carbonvions.'. ‘Th"e OER decreased
with increasing'.' LET, approaching unity for heon ions. |

The study was extended to inductiox;l of lethality with the heavy ions.
The maximﬁm effectiveness still occurred at an LET of 2000 MeV/gm/émz,
and no oxygen effect was found at 5500 MeV/grﬁ/cmZ. The survival curves,
unlike those for other diploid yeast strains rePorted, shifted from a sigmoidal .
to an exponential type as the LET increased. This is simﬂar to the response

of mammalian cell systems.
KEY WORDS:
Yeast, Heteroallelic Reversions, Lethality, RBE, OER,

Heavy ions, and #~ mesons
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INTRODUCTION

It is known that sublethal doses of X rays result ih a large increase in
reversion to wi'l)d type in diplc.ﬁd yeast.:s,il;hat' are heteroallélic for mutations at
a given locus (-1’2)‘ This systém is well sui‘ted for the méasurerﬁeﬁt of
oxygen en_hancément ratio (OER) _a‘nd relative biolovgicval effectiveness (RBE)
with the prese'ntly available low-in{:ensity' n--»—mes._on béam’s. A study of the
influenf:e_ ijulvine'a}r energy trv_a..ns:f_er (LET) and ogygen.tension on the inducfion .
of heteroallelic vr.c.-:ver sion would be useful for elucidating fhe informa:tion
obtained for 1-r'—l mes‘ons._‘ In fhe' work reported 1n this paper, 60Co Y ray.s and
helium, carb;)n,k réand neon ions were chosen to cover an LET ra.n'g'e of 3 to
5500 MeV /gm/cm?. o

I"nductivoﬂn of lethality was alg’o studied fof X rays é.nd heavy ions te see
how thes variatio‘n'vof radiosen'sit.iv‘ity as a function of LET compares with the

results obtained by using heteroallelic reversion as the end point.

MATERIAL AND METHODS

A d1plo1d strain BZ34 of the yeast Saccharomyces cerevisiae described

earlier by Fogel and Mortuner (3) was used in this study. Its genotype is

a4 arg 4-4 + thr 1 +  trp5-48 +  ura3

a pet 1 + arg 4-17 + leu 1-12 trp 5-48 met 1 +

his 5-2 . lys 1-1 ade 2-1
his 5-2  lys 1-1 ade 2-1

the arg 4-4 and arg 4-17 are a nonc_omplementing combination of mutant

alleles of the arginosuccinase locus. This strain was chosen because the

two arg 4 alleles are located far apart in the locus; hence small doses of
!

radiation can be readily detected by an increase in reversion frequericy(Z).
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For 60Co irr"adiétion.,‘ 150~ and 1500-Ci sources Wefe used to obtaiﬁ '
dose rafeé of 40 .ra}ds/hr and 40”“rad.s'/min'. | The detaiis of doSimetrir and the
irradiation facili’c‘y ‘for .TT- meéons at the 184-inch synchr'ocyclotron are give‘n_
elsewhere(4). Experiments were done at fhe peak of theﬂ depth-dose disfri-
bution. Dose rates of 0.5 tc; 1 rad/min were obtained in this rcf;gion.‘.
Heavy-ion irra}diatio'ns wéi-e carriéd out at the Berkeley h_ea_vy—ion
linear accele:_:étor .(H'ilac). The energies of the ions He, C, and Ne ét ’;he
cell positior'wieré" 40, 108, and 140 MeV respectively. The total LET's
corresponding' to these ions were 190, 2000_, and 5500 ‘MeV/gm/cmZ’.- .The .
do.simetry énd experimental arrangements for exposing the samples at the | |
Hilac were Vdescrib»ed by Brustad(5). A 150-kVp 15-mA X-ray fné.chine was:
also used for. surv.i'valls'tudie,s'. o
The- yeast grb;vth media and techpiqueé employéd‘ have been 'de scribea
previously(6). The cells Were grown in 30 ml of liquid growfh medium
YEPD. .Aft'er 2 days of incubation at 30°C, thc;, cells were céntrifuged,
washed, and resuspended in water to a .conce.n'trati_o'nv of 1.4 X 10? cells/ml."
For irradiat_ion, 9-mm-'>diameter buffered (nonnutrient) agar disks were
prepared, and 15 pl 6f the cell suspension was pipetted onto each of these .
disks. It was p‘ossible to position six of _these samples within the nearly
uniform area of the pion beam. The ‘s'amp].e disks were mounted in a2 35-mm
peltri dish Which in turn was fitted into a Lucite box. The box was cooled by
circulating cold water. Precooled fnoist air or nitrégen was passed through »
the box during exposure. The te'rnp‘erature of thé sam?l-es during irravdiation
was about 5°C. In some cases, the irrédia’cion times were long. It was, hence,
found necessary to keep the cells at a low temperature fo avoid any increase

in the frequency of arginine revertants due only to sterage in nonnutrient
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medium(7). Duphcate samples were exposed for each dose point. .A control
- set of samples in “identical boxes was ma1nta1ned at the same temperature
for both aeroblc and anoxic cond1t1ons.

For exposures with heavy ions, 20- p.]. samples that contamed 1.5X 10
cells were p1petted onto the 9-mm-diam agar d1sks. The procedure for
exposing samples to the external beam of the Hilac has‘been described
previously(S)

After exposure, the cells were resuspended in sterile water and 0. 2
or 0.3 ml was p1petted onto ea.c:h of a set of argmmeless (AR ) plates Serial
dilutions were made for plat1ng on YEPD plates to assay surv1va1 Five AR~
and f1ve YEPD pla.tes were used for each sample The doses g1ven in this
part of the expenment were sublethal. Cells exposed to higher doses of
heevy ions \.we're.plated in-ap_pfoprivate numbers on YEL.P_D' plates. All plates
were incubated_at 3b°C. ‘An initial count- of the colonies was made after 3

to 5 days. Plates exposed to high doses were recounted after 8 or 9 days.

RESULTS AND DISCUSSION

Induction of heteroallelic reversions by 60Co Ve rvays‘ and 1 _mesons

| To determine the frequency of revert'a;nt_sper sorvvivor for a given
dose, the nﬁtnber of colonies cocnted on the AR_ plate _s' w'as»'dvividec.l by the
number of colonies on the corresponding YEPD plates times the appropriate
dilution factor.

Figure 1 shows the number of arginine revertants that arise during

storage of samples at room temperature and at 5°C. Figure 2 is a plot of
the hequeney of revertants per survivor va doge for the two dose rates of

0Co Yy rays. ‘The number of revertants produced is proportional to the dose.
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The slope B (rve'vertar.lts per su'fv'iv';)r' -p.er‘_ rad) determmed f'rdrﬁ léastQ\SQﬁares
analysis of tl;ie data was cho.sen'as an index for 'the>eff‘ic..i'encvy of reversion
induction. The results indié.a;té that the 'sldpe's are nearly the ‘sande for dose
rates 6f‘40 ra'd:s/hr axid 40 rads/min. The O'ER for -60Co y rays for induction
of he’cer’oa.l-le»_l‘i.cv reversion is 2.5. | | |

Figure 3 svhows' the results obtained for irradiation with =" mes>ons.>
There is a detectable increase in the number of re;rez;‘taﬁts over that of the -
control at a dosé of about 25 rads of w me.sons; at 100 rads, the frequency .
is more than doubled. The resuits indicate an RBE value (aeroBi'c)'of 1.4
for mesons ‘rel_at'i‘v’e to 60Co Yy rays band an OER value of 1.9. Thus, a signif-
icant reduction in OER is obta.‘ined. The RBE for this system is found to be
lower and the OER higher than for bean roots(4). These RBE and OER

values should be valid for acute exposure to. 7 mesons.

Induction of'hevt'er:oallé‘vlic rew'ré;x;sions by heavy ions

Figu_.re‘ 3 also shows the plots of the 'freqﬁencies of revértants per
survivor ver's_u‘é dose for .irradiations with He, C, anc.i"_ Ne ions. The fre-
quency of revertants was found‘to v‘-ary' linearly with dose for all the ions
used. Cells eprosed to doses in the lethal range were also plated on AR;
'plates; The’vre._sults showed that the “révertants per survivor" 'r.érnained
a linear function of dose even up to .50 krads. Perhaps this is because the
irradiated cell population is hémogene’bﬁs jvith respect to sensitivity vto |
’rever'sion, a's._Well as with respect to killgng. However, when the X841
strain was plated on AR’ pla.te_s after exposure to neonvions,'. it showed a .
linear respo'nrs‘e initially and an upward bend beyond 20 krads. A similar

pattern of response was found with this strain for induction of mutations(6).
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LET dependence of »r.evversion induction -

The I.fevers:ion,-indﬁction efficiencies of all radiativons studied (p values
from Figs; 2 and 3) are plotted as a.funétion of LET1n Fig. 4, and the
results are surnlma.:rized in Table I. The value of [34 increases with increasing
LET of the radiationé, reaéhés a m#ximuin atanLET .of ‘2000 MeV/gfn/cmz,
and decreases slightly with further increase in LET. The RBE of various
heavy ions.with respect to 60¢, y rays and the OER as a function of LET |
have b.eéni plotted in Fig. 5. The oxygen effect decreéses continuously from
a value of 2.5‘forv y rays :;pproaching unity a»'t‘an LET of 5500 Me\/;/gm/crnz.
These results are similar to vfhos_e reported for the variant colonies of X841
arising fro'rn. iﬁciuced mitotic crossing-ovef in that the efficiehcy of induc-
tion does not fall rapidly with increase in LET Beyond the ma.ﬁ:irnﬁm, and
the oxygen effect decreases with increase in LET(6).

When the values of RBE and OER obtained for 7~ mesons are'pic.)tted'
onto the curves in Fig. 5, the following becomes evident. The.'iequivalent
LET". corre'spbnding to the measured RBE value for 1 mesons is found to

be 4.5 MeV/gm/cmz. However, the '"equivalent LET' obtained in a similar

manner from the OER-LET curve is 300 MeV/gm/cmVZ. The LET spectrum

‘of # mesons at the region where they stop is broad, and the dose contributed
by the high-_LET components is about 25%(8). Although this dose fraction is
not enough to increase the RBE 'valuev appreciably, ‘_it is obviously responsible
for a considerable reduction in the oxygen enhancement ratio.  Similar
results ha\;e"béén obfained with 14-MeV neutrons(9) a.hd 910-MeV helium -

ions(10).

~

h 3
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Induction of Iéthaiity bvy heavy ions |

Figure 6 shows the sur‘vival '_cﬁ_rvee for BVZ34, for aerobic énd andxic

conditions of exposure to various radiations. The survival curves are seen

to change from a sigmoidal type to an exponential type as the LET of the

radiation is increased. The result contrasts with the finding for the diploid

yeast strain X844, which yielded sigrhoidal survival curves for all radiations

50

of four than those obtained for the homoallelic strain X844 studied earlier

up to neqn ions. In addition, the LD Qalues are smaller by about a factor
under idéntivéal cdnditions. The results are sﬁmrr{arized in Table II.-'

The mvostj stfiking'prbperty of this yeaét strain sééms to be thé ex-
ponential survival curves for high-LET radiations. The survival curves of
differe:n{:'diploidv strains Qtudied earlier were sigmoidal .é'\ren for thé high-
LETvradiationa(‘(‘:, 11). The radiation response of BZ34,_ with a should'er that
narrows as th}evLET increaés a'nd becomes exponeﬁtial for.high‘-LET

radiations, is_'similar to the response of mammalian cell systéms(iZ).

Even though i'nammalian cell systems are an order of magnifude more
radiosensitiﬁfe:than the BZ34 yeast strain, the peak efficiency for iﬁaétivation
occurs for b:otvh'.systems at the same LET of about 2000 MeV/gm/cm2

(that correspondingto carbonjons). Further, at this LET, the survival
curves for ma;ﬁlmalian cells become exponential and the dxygen effect dis-
appears, whereas for the yeast system, the shoulder .’s'.ti_ll persists and the
OER is 1.25. The OER, however, reaches unity aﬁ an LET valué_ of 5500
MeV/gm/cmZ, with cogéomit‘aht ' .disapp‘earance.cj)f the shoulder. The |
absence of a vsh.oulder-—'type 'jl;es'pons'e in BZ34 for high-LET ra’diatiohs sug-
gésts their inability to repair sublethal injury préduced by such radiations.

It would,'ther_efore; be of interest to examine this property of the BZ34
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strain at a génetic level a-nd_se""e. whlet‘her.-any inv.format"ic'ni'albdut the genetic
control of repaif mechaﬁis?ﬁa' could be‘obtairvlévsd» As an init'iallstep towards’
this end, a hybrld was made by ma;tlng spores from the strains BZ34 and
X841. This hybr1d showed a response s1m11ar to X841 in the pers1stence of
the shoulder for high-LET radlatlons These prehmmary results are con-
sistent with. the hypothesis that BZ34 is homOZygous for a recesswe mutation
~ that blocks repair of hlgh-LET damage. Additional hybr1ds must .be studied
to confirm this j,nfcerpre_tation. | | |
We are grat>efu1 tb Df. C. Richman, Dr. J. H. La_vhéhce, and
Dr. C. A. Tobié.s for their c-ontinued intérest and encoﬁra.gement.
'REFERENCES
1. R. K. Mbrtimer, Invited Discussion, Radiation Résearch-,_ Supplement:
1, 394-402 (1959). |
2. T. R. Manney and R. K. Morﬁmer, Allélié mapping in ye'aét by X-i‘é.y-""
induced mitotic reversién. Science 143, 581-583 (.1_964)..
3. S. Fo'gel and R. K Mortimer, .hform#tion#l transfevr in meiotic gene
conversion, .Proc. Natl. Acad. Sci. 62, 96-103 (1969).
4. M. R. Raju, N. M. Amer, M'._Gnaﬁpau,ra.ni, and C. Richman, The oxygen
effect of Tr__ mesons in Vicia faba. Radiation Res. 41, 135-144 (1970).
5. T. Brust’_ad, Molecular and cellular effects of charged particles.
Radiation Res. 15, 139-158 '(1961).
6. Robert Mortimer, Tor Brustad, and Douglas Cormack, Influence of
linear énergy transfér and oxygen ‘tension on the effectiveness of ionizing : -

radiations for induction of mutations and lethality in Saccharomyces

cerevisiae. Radiation Res. 26, 465-482 (1965).



w

G

7.

10.

11.

12.

-11-

J. T. Lyr_n'a_h, Dark rééovery'of yeast following ionizing rédia,tions

(Ph. D. Th'esviS)v, Lawrence Radiation L'aboratory‘ Report UCRL-16030,

March 1965..

S. B. FCiiftis and M. R Raju, A célc':u_lati_on‘qf the physical characteris-
tics of rie"gatiVe pion'be'ams, energy-loss distribution, and Bragg
curvés. ‘ vRadiatioh»Res. 34, 239-255 (1965).

G. J. Neary and J. R. K. Savage, 'Oxygén‘ effect with 14-MeV neutrons.

Nature 204, 197 (1964).

‘M. R. Raju, M. Gnanapurani, B. I. Martins, J. Howard, and J. T.

Lyman', Relative biologic effectiveness-and bxygen enhancement ratio

‘at various depths of a 940-MeV helium ion beam. AAct_a' R‘adiologi-ca,

(in p’regs).

w. Laékow_ski, Inaktivierungsveréu-c:he mit horﬁozygofen Hefestimmen
verschie‘cie'nen Plvoidieg.‘ra.des. Z. Naturforsch. 15_B_, 4_95-506 (1960).
G. W. Barendsen, T. L.v J. Beusker, A. J. Verigroe'sen, and L.

Budke, Effects of different ionizing radiations on human cells in tissue

. culture. Radiation Res. 13, 841-849 (1960).



-12_

Table I. Induf,:t_ién-, of heteroallelic reversion in relation to oxygen tension

and LET.
Reirertants per , Bl
: . Irradiation survivor p7er rad Oxygen
Radiation : in v x40~ » effect
60_Co,gar'nma‘ﬂ air o 1.5 .
' E S 0.6 o 2.5
.NZ | ‘ . o
® mesons ' air : 2.1 . ‘
N'Z ' : 14 " 1_.9
Helium - _ air .~ - 6.6
.NZ ' 3.3 S 2..0
Carbon : air © 10.6 _ ‘
‘-NZ - A 7.9 ' ' | : 1.3 -
Neon ’ - Cair ' 7.3 _
N, 75 1.0
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Induct1on oflethahty 1n r elblati.onzfl‘to' ,L_ET.-'afrid oxygen',tensioh. SR

 Radiation

©Air

LD

B t-V L

X rays |

He ions

C ions

Ne ions

14000

9500

4000

4200

10500

D,

©. 5700
2400

5200

LD

o

. 4200

50° -
(rads)

20500 -

Dy

' RBE

(rads)

9200 -
3000

5200

- 4.4

2.0

. OE

1.6

1.25
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FIGURE CAPTIONS

Ffec.{uekncy of réveftanté due to.s.torage >in a nonnutrient medium at
room.terr.lpera;tu.re a’nd“at 5°C.

Fbx.'equ'ency_ of argininbe-finde‘penc‘lent»revértants as é functioﬁ of

Co. y-ray dose in atmoéph_eres of air and nitrogen, at dose rates

of 40 rad/min and 40 :ra.d/‘hr.' -

Frequency of arginine-independent revertants as a function of dose

for # mesons and He, C, and Ne ions in atmospheres of air and

nitrogen.

Efficiency for induction of heteroallelic reversion as a function of R

LET in atmospheres of air and nitrogen.
Relative biological effectiveness (compared with 60Co y rays) for
induction of arginine reversion as a function of total LET and the

influence of oxygen on the effectiveness of different radiations.

. Survival (colony-forming ability) as a function of dose o_f‘different

radiations in irradiation atmospheres of air and nitrogen.
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