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Raju, M. R., Gna_napurani, M., Stackler, B., Madhvanath, U.,

- Howard, J., Lyman, J. T., Manney, T. R., andvTobias., C. A.

Inflqehce of Linear Energy Transfer on the Radioresistance of Budding

Haploid Yeast Cells.

vRadiation'fRes. ,‘{a%. 51 fr 310 (1974).

‘X-ray survival curves of haploid Saccharomyces cerevisiae con-

sist of two. components,"a.simple exponential portibn at low doses fol-
lowed by a multihit more radioresistant tail at high doses (1-3). It was
eétabl_iéh‘ed by Beam et al. that the radioresistant component could bé_
correlate.d to the _cells with‘sfriall buds (4, 5). 'Studies by éeveral in;
v’éstig-.;toi's have shown that yeast cells with small buds are undergoing
DNA:s.y'n‘thésis (6). Conéequently, these findings are in gehefal agree-

ment w1th recent observations on the age response of mammalian cells

in culture--that the period of DNA synthesis is the most X-ray-resis-

tant poftion of the cell cycle (7).
| The éffe cts éf different types of iénizing fa&iafidns' on the survi-

val of haploid’ yeast have been studied with the radiosénsitive compo-
nent (v8)..> in these studivesvthe cultﬁres have b_eén stérved to minirﬁize
the resistant component. Elkind and -Bea_‘.m (5), howeve'r, have s'tudied
the- effect of starvaﬁon time on the sensitivity of both components of
the population, using 240p, ¢ particles and X Fay.ﬁ? -

- They showed that although the budding cellsr were also mqfe re-
sistant than nonbudding ones to killing byv @ particles, thé magnitude of
the difféfencé was smaller than with X ré,ys. Thejr vfurt‘her showed

that the budding cells become more resistant to X rays after starvation



-2-

in phosphate buffered dextrose solutmn. The 'resiStanee_toaf pe.rtlcles,
however, was. not 51gmﬁcantly affected by starva.tlon

In view of the importance of phy_s1olog_1cal determ1ne,nts of cellu- N
lar radiosensitivity we haire'investigated these effects over a greater o
vra'n'gé of LE"ZE'O . In the experiinehts reported'herevthe vef_fect of LET
on the' survival curues' of growing he.plo.i;d yeast .cells' was st’udied w1th
the use’ of rad1atmns whose LET_ values ranged from 40 to 17 000 MeV

g 1cmz.

MATERIALS AND METHODS
The.heploid strain SC-7 ha"s been used in a nurnber of in‘vesti.ga.-
" ‘tions (4',_5,‘9..11). It has »been shown thet when the'_cells are grown in a
uitroge‘anree starvation mediuxn the 'budding '_c'el'l population falls to
| about 1!.70-(4_)', By grbwi»ng the cells in_ YEPlt)vrr»iedium until they vrea(_:h a
s’ta’tion'ary phase, the percentage of srh’all buds was found to be about
‘ 10%.‘ ‘The method used b9 Elkind and Beam t'_o. obtain fresh cells hes |
been fo’uhd to 'yielvdva.bout 30% cells with 'srn_allzbuds, the maximum ob-
tainable without recourse to di.vision sfhchrohi:z'ation (5). Therefore in |
‘th'e experfments reported here, ' the technioue of Ell(ind and- Beam Wa.s
followed To describe the method ‘briefly, cells from a subculture
stored at 2° C were used as: 1nocula for growth in 11qu1d YEPD medmm.
 After about 10 hours of growth at 30° C the cells were harvested and the
'concentr._atlon was adjusted to 2.5% 197/m1f The cell concentratmn and
the percehtages of buds and single cells we.'re determihed frorn hema-
c'ytorneter.couvnts. Samples for exposure were prepared by -pipettihg
20 .p.l of this cell suSpeusion onto 9-rhm-diameter buffered egar disks._

The X;ray exposures_ were carried out.with a 150-kV 45-mA
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machine at a dose rate of 6 krads/min. The irradiation with 7Li., B,

12C, »and. 4OA ions was done at the heavy?iorl_ linear accelerator (Hilac).

The energy of the ions covered an LET  range of 420 to 17000 MeV

2‘-' ‘The delta-ray contribution was approxifnatelylr: constant for all

-1
the above ions. In .order' to see the effect of different 6-ray convtvribu-v
tions on the sensitivity of bﬁddiné ‘cells, the 7Li ions were degraded in
energy by means of aluminum foils to cbrre5pond to LET_ values of
120.0‘and 1550 MeV g—icmz', ‘and the 11B ions to 2080 MeV g-i_cmz..
Doses for all the l.le‘:biv'y ions were measured with a vefy thin ionization .
chamber positioned a few millimeters ahead of thé sarhple. Details of
the experimental arrangements for exposing the samples at the Hilac
have been described elsewhere (12). |

- After exposure the cells were re sus_pen,ded'in 2 ml of sterile

water. Suitable dilutions were made and approximately 200 surviving

cells were plated onto each of a set of four YEPD plé.tes'. The piates

were incubated at 30°C along with a set of controls. After 2 days the
colonies were counted, and the plates were examined for any additional

colonies after 5 to 6 days.

'RESULTS AND DISCUSSION
A typical X-ray survival curve for haploid yeast cells taken from

a growing culture is shown in Fig. 4. The curve has been resolved into

,two' co}mpo‘ne nts by extrapolating the resistant-budding- cell compdnénf

to zero dose and subtracting it from the total curve. The resulting ex- |
ponential curve approximates the survival curve for the sensitive,
nonbudding cells. Owing to the great errors inherent in small differ-

ences, ;_w'e have used only the low-dose points, which fit an exponential
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survival curve. The LD50 values for growing nbnbudding cells andl ’
for'budding cells are less than the previous results by about a factor
of tvt}o (4; 5). This change'in sensitivity could be due to the differe- ~
ences 1n f;echniques used and to ppssiblé.changés in the culture.

E Survival curves obtained with a variety of accelerated charged
, parti"cle's‘_ ﬁave Been resolved into sensitive and resistant components
in the same manner. 'I’hese_curvés, normalized to 100% survival
for zero dose, are shown in Fig. 2.

The growth conditibh prior to expoéure were sélected to yield
the maxxmum percentage of budding cells. Consequently the data do
knot permit precise é.nalysis of the initial exponential part of the sur-
vival curve. With these're servations, however, the results are of
‘interest because previous studies of the radiosensitivity of nonbud-
ding haploid yeast as av.function of LET = have all used star'ved cul-
‘tu_reé (14, 1'3).' Différent LETQ dependences for stérved and for non-
starved cells are expécted from the results of Elkind and Beam (5 ).
The normalized survival curves for buddix_lg yeast cells (Fig. 2B)

exhibit no significant change of shape over the i'ange of LET  values
studied. The curves can be superimposed by applying appropriate
dose-reduction factors. Itvis ther,efofe valid and expedient to repre-
sent the results by a sensitivity me,asuz;é calculated as the feciprocal

0)'
‘Reciprocals of the LD50 for budding and nonbudding cells are J

of the dose that yields 50% survival (1/ LD,

plotted against .LETOO in Fig. 3. The values obtained by Sayeg
et al. (11) for starved cells are also plotted, for comparison.
- The relationship shown for the nonbudding cells from the grow-

ing culture is surprising, for there appears to be little, if any,
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significant increase of radiosensitivity with increased LET . Al
previously examined radiation effects in both haploid and diploid yeast

have shown an increase in sensitivity with increasing LET , with a
‘ ' 2

'ma.'xi'munﬁ.’sens'itivity in the nei_ghborhood of 1000 MeV g-icm . The

effects studied have included haploid and diploid viability, (11, 13, 14)
back mutation, suppressor mutations, and mitotic crossing-over and

gene 'co"nvervs‘ion (15). All these studies, however, have used non-

' growmg cells.

By contrast, the relat1onsh1p for the buddlng cells shows a large

increase in sensitivity with increasing LET , with a maximum sensi-

. tivity more than 4 times the X-ray sensitivity. At even greater LET

the"’sensi’tiﬁty declines only slowly. In this respect the LET depen-
de.n'ce closely parallels the relationship obtained for induction of diploid
lethalify |

The ratlos of the LD50 for budding cells to the L_D50 of the non-
buddmg cells are plotted as a function of LET ‘in the“Fig. 4. Ovnng
to the 'dlfferences in shape of the survival curves for the two compo-
nents of the population, the absolute values of this ratio depend on the

sulfvi\:ra._l level chosen for comparison. Only the relative values are
| .

‘significant. This ratio, which is a measure of the variation of the

»- atlve ‘LET dependence between apprommately 50 and 2000 MeV g 1cm .

' radxosens1t1v1ty throughout the mitotic cell cycle, shows a strong neg-

2

At _h1gher values of LET_ the ratio is constant at a value of approx-

imately 15% of the value for X rays
| The results on the rad1at1on re Sponses of growmg hap101d yeast
cells are in agreement with the findings by Elkind and Beam They

furthefr establivsh the LET dependence of the age response of
. o0 .
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radiation-induced lethality in haploid yeast. The cell-age depéndence
demonstrated by these re;ulté is remarkably similar to that which has
been described for Chinese hamster cells in tissue culture with respect -
to the nature of both the ége dependence and the LET  dependence. The
highly resistant stage of the cell cycle, in both cases, is the pe'riod of
DNA synthesis. Recent studies By Bird'and Burki (16) show that the
variation in sensitivity in cell cycle of Chinese hamster ceils is small
and esséntially constant for LET .greater than 2000 MeV g 1cmz. The
magnitude of the variation is strongly LET;O dependent at values be-
tween 50 and 2000 MeV g~ 1m2. |

The preliminary results for budaing-yeast ce;];s exposed to de-
graded beams of lithium and boron.indicate'the following. Degradation
of lithiuzﬁ to an ehergy of 50 MeV to yield an LETOO vah;é of 1200 MeV
g 1c:x'nz does not lead to sensitivity different from that éxpeg:ted for a
- full-energy beam of the same LET_ .. However, the degr;dation of
lithium to an energy of 35 MeV to yield an LET_ value of 1550 MeV
g 1cm2- results in a slightly higher radiation sensitivity. In contrast,
a significant decrease in the effectiveness of the beam was observed
when the Boron was degraded to an energy of 54 MeV-,‘ corresponding
‘to an LET;o value of 2080 MeV g-1cm2 (which corresponds approx-
imately to .thaf of the full-energy 12C‘ ion). ‘These results indicate that
the qualitative effect of degraded beams due tvc:)' changes in 6-ray ener-
gies dépénds ph whether the LET  of the degradéd beam is lessthan or
greater than the most effective 'LET” (= 1300 MeV g-icmz).

Whenever the sensitivity of a systém increases with increase in

| LET _ the cooperative effect of the energy deposition in the track core

and that contributed by 6 rays is not known. However, when the LET
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of the -radiati’on is within the LET at thieh'pea'.k‘efﬁc'iency'dccur_s, it is

known kthat'_. the higher the local energy density, the greater the efficiency

- of inaetiv'ati‘on{ On this basis, degradation of 7Li ions (with cons'equent

increase in the energy denmty along its track and surrounding 1t) is ex-

; pected to increase the sens1t1v1ty relative to that of the full-energy

- beam co_rres_pondlng to the same LE_’I‘m'. 'I_‘hJ.s in fact was observed for

-7Li_ ions of LET value'qf 1550 MeV g"iemz. Degradvation to yield
120_0.-_'Me‘V‘g-1'<:m2 did nb_t show any effect due to.change in the b-ray

contributi'on,' ‘which irnplie‘s that a significant reduction in the velocity

of the part1cle is ne cessa.ry to alter the spatial d1str1but1on of energy

around a he avy-particle track (17)

" In contrast, when the LET of the ra.d1at1on was beyond the LET

corresponding to the peak sensitivity, the sensitivity was found to de- .

crease with increase in LETw'. This implies that even with the spatial
distribution associated with the full-energy beam, energy is wasted with

~increase in LET . Therefore with degradation of #1B ion, which results

in,a:lla.r.ger energy density, more energy is wast‘ed fof fhe same total_'
LET_ and hence the sensitivity falls. It appears that on'this side of the
sensifiyity-versus-LETw curve, no great de'gfedstion_is ne.ce_ssary for
the 6'-ra.y effect to become apparent. More work in this area would help
one to understand the effect of & rays. |

In conclusmn, the maximum rad1osens1t1v1ty for budd1ng cells oc-~
-1

~curs at a.pprox1rnate1y the same LET (1300 to 1500 MeV g "cm ) as that

for nonbuddmg cells This is the same value that has been reported for
starved ‘cells. We 1nterpret these results to define a compon'ent‘ of radio-
sensitivity in haploid yeast that iseither repalred, or does not occur, in

cells undergoing DNA synthesis. This component is greatly reduced at
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 the most effective LET_ (1300 to 1500 MeV g~ lcm®), indicating that
at this higher LET; most of the dé.rriage' is not repairable by this

mechanism.

SUMMARY
The radioresistant component of fhaploid yeast éells (SC-7)'W§.”S
established by previous 'im'r'esti'g‘atofé té be dii__e to budding cells, and
cells with small buds Varev known to be undergoing DNA syﬂthesis.
The response of budding c.evlls of ha.ploid/_strain SC-7 (saccharo- |

myces 'cerevisiae) as a function of LET was studied in this inve stiga-

tion by use of heavy ions (in the LET“'° rangé 40 to 17000 MeV g-icmz)
from thé Berkeley heavy-ion linear accelerator.

The ‘maximum senlsitiv-ity for buéding cells,'.occurrs.at approx-
imately the same LET_ (4300 to 1500 MeV g 1cm2)‘ as that for nonbud -
ding cellzs. The vradiosehsitivity as a function of LET',. of budding hap-
loid yeasté relative to nonbudding cellé, is found to be remarkably -
similar to that of S;phase Chinese hamstef cells in culture relafivé

to cells not undergoing DNA synthesis.

seofolesk Soksiokok dokiok

KEY WORDS:
Saccharomyces cer_e'viSiae_ .
: Haploid yeasts .
LET -

Age résponse‘
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FIGURE CAPTIONS .

Fig‘. 1 X-ray survival curw}e for _haploidr yeast cells (Sc; 7.

Fig. 2. .Survival curves. a) nonbudding cells, b) budding cells.
‘Fig. 3. The radiation sensitivity for inhibition of colony,formé.tion'
| for growing haploid yeast cells.(Sc-- 7) as a function of LET .
Fig. 4 '. LD50 ratios of resistant to sénsitivé popuIaQtions plotfed as

a function of ‘LET“o .
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