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Respiratory mutant and liquid holding recovery 
inhibition in yeast cells 

INTRODUCTION 

It	 is	 believed	 that	 DNA	 repair	 is	 one	 of	 the	

most	 important	 factors	 in	 determining	 cellular	

sensitivity	 to	 ionizing	 radiation	and	some	other	

cytotoxic	agents	(1,	2).	Enzymatic	processes	taking	

part	 in	 cell	 recovery	 from	 radiation-induced	

DNA	 damage	 are	 known	 to	 de&ine	 the	 ultimate	

biological	 effects	 produced	 by	 ionizing																				

radiation.	 Many	 tumors	 are	 known	 to	 become	

resistant	 to	 ionizing	 radiation	 due	 to	 the																			

increased	 ef&iciency	 of	 DNA	 repair	 (2,	 3).	 The															

inhibition	 of	 cell	 recovery	 and	 DNA	 double	

strand	 breaks	 repair	 by	 chemicals	 is	 expressed	

by	a	decreased	recovery	rate	and	a	lesser	extent	

of	recovery.	It	is	obvious	that	these	observations	

may	be	caused	by	 the	 following	reasons:	 (i)	 the	

damage	 or	 impairment	 of	 the	 recovery	 process	

itself,	 (ii)	 the	 increase	 in	 the	 portion	 of														

irreversible	damage,	 (iii)	both	of	 these	 reasons.	

In	our	recent	publications	(4,	5),	it	was	shown	the	

inhibition	of	cell	recovery	from	potentially	lethal	

damage	 in	 yeast	 cells	 exposed	 to	 simultaneous	

action	of	ionizing	radiation	with	various	physical	

or	 chemical	 agents	 are	 realized	mainly	 through	

the	 enhanced	 yield	 of	 irreversible	 damage	

whereas	 the	 probability	 of	 recovery	 per	 unit	

time	 was	 not	 damaged	 or	 impaired.	 The											
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ABSTRACT 

Background: Cell ability to recover from radia�on damage is of great 

relevance in cancer treatment. It is o�en believed that the inhibi�on of cell 

ability to the liquid holding recovery (LHR) may be an indicator of the overall 

suppression of cell ability to recover from poten�ally lethal radia�on damage. 

However, the literature contains no experimental evidence whether the LHR 

inhibi�on may always serve as marker of the significant increase in cell 

sensi�vity to damaging agents. Materials and Methods: In experiments 

described here the yeast cells were used as a model for eukaryo�c cells. The 

dose-response curves and recovery kine�cs were determined by colony assay 

a�er simultaneous treatment of heat with ionizing or UV radia�ons as well as 

a�er the simultaneous ac�on of ionizing radia�on and cispla�n. The cell 

survival was es�mated by both microscopic method and colony forming 

ability. Results: It is demonstrated that the recovery may take place on 

nutrient media. The complete inhibi�on of cell recovery a�er simultaneous 

heat treatment with ionizing radia�on or UV light is accompanied with the 

significant increase in cell sensi�vity to these agents, the actual increase being 

more appreciable than that expected a�er the inhibi�on of the LHR only. This 

rule is not universal as it was demonstrated for diploid yeast cells exposed to 

ionizing radia�on and cispla�n. Conclusion: The LHR takes place on nutrient 

media during the delay of the first pos�rradia�on division. The LHR inhibi�on 

may not always indicate the suppression of other dark recovery processes 

and the corresponding increase in cell radiosensi�vity.  
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decrease	 in	 the	 cell	 ability	 to	 recover	 from															

radiation	damage	would	be	of	great	relevance	in	

cancer	treatment	(6).	Several	physical	agents	and	

a	 lot	 of	 chemicals	 are	 known	 to	 enhance	 the													

inactivation	 effect	 of	 ionizing	 radiation	 for															

various	cellular	systems	(6–10).	It	is	assumed	that	

radio	sensitization	may	be	brought	about	by	the	

inhibition	 of	 DNA	 repair	 including	 the	 liquid	

holding	 recovery	 (LHR)	 from	 potentially	 lethal	

radiation	damage.	The	LHR	 is	manifested	by	an	

increased	 colony-forming	 ability	 when																									

irradiated	cells	are	held	in	non-nutrient	medium	

before	 being	 placed	 on	 rich	 medium	 (11,	 12).																	

Regarding	 this	 radiation	 effect,	 it	 is	 worth	 to	

mention	that	it	has	been		reported	long	time	ago	

and	 mentioned	 in	 recent	 publication	 (1)	 that	

keeping	 irradiated	 cells	 in	 sub-optimal																								

environment	condition	also	resulted	 in	increase	

of	cell	survival.	It	has	been	suggested	this	effect	

was	 due	 to	 DNA	 repair	 improvement	 in	 this										

condition	 (1).	 It	 is	 known	 that	 the	 recovery															

processes	are	ceased	after	the	completion	of	the	

&irst	 division	 of	 irradiated	 cells	 (11).	 It	 is	 not															

excluded	 that	 sub-optimal	 environment	 condi-

tion	resulted	 in	 	 increase	of	cell	 survival	due	 to	

enhanced	 duration	 of	 recovery	 because	 of	 a	

slowdown	of	 cell	 division.	Therefore	one	of	 the	

aim	of	this	paper	is	to	present	new	experimental	

data	demonstrating	that	increase	in	the	duration	

of	LHR	on	sub-optimal	condition	can	result	in	an	

increased	cell	survival.	

The	process	of	LHR	is	often	considered	to	be	

an	 indicator	 of	 other	 dark	 repairs.	 This	 type	 of	

cell	 recovery	 is	 known	 to	occur	often	 	 and	was	

demonstrated	 in	 cells	 of	 various	 origins	 and	

takes	 place	 during	 the	 delay	 of	 the	 &irst																						

post-irradiation	 cell	 division	 (11,	 12).	 It	 is	 often															

believed,	without	serious	argumentation	that	the	

inhibition	of	cell	ability	to	the	LHR	may	serve	as	

an	 indicator	 of	 the	 overall	 suppression	 of	 cell	

ability	 to	 recover	 from	 radiation	damage	 (1,	 8–10,	

13).	Although	 there	are	considerable	 interests	 in	

combining	 ionizing	 radiation	with	 physical	 and	

chemical	 agents	 in	 order	 to	 improve	 tumor	

treatment,	 there	 were	 no	 reports	 in	 the																	

literature	 in	 regard	 with	 the	 magnitude	 of	 the	

expected	increase	in	radiosensitivity,	when	such	

a	 recovery	 is	 suppressed.	 Therefore	 the	 second	

aim	 of	 this	 paper	 was	 to	 ascertain	 whether	 or	

not	 the	LHR	 	 inhibition	may	always	serve	as	an	

indicator	 of	 signi&icant	 increase	 in	 cell																						

sensitivity	to	damaging	agents	due	to	 inhibition	

of	other	dark	repair	systems.	

	

	

MATERIALS AND METHOD 

 

The	 yeasts	 Saccharomyces	 ellipsoideus	

(diploid	 strains	 Megry	 139-B	 and	 Megry	 39-2)	

and	 Saccharomyces	 cerevisiae	 (strains	 XS800,	

diploid;	 S288C,	 haploid)	 were	 used	 for	 these	

work.	To	attain	stationary	phase	of	growth,	cells	

were	 incubated	 before	 irradiation	 on	 a	 solid	

complete	 nutrient	 agar	 during	 4–10	 days.	 The	

duration	 of	 cultivation	 was	 determined	 by	 the	

cessation	 of	 cell	 budding.	 The	 budding	 cell													

component	 in	 the	experimental	suspension	was	

found	 to	 be	 less	 than	 2	 percent.	 Final																										

suspensions	 prepared	 for	 irradiation	 and	 heat	

treatment	 contained	 approximately	 106	 yeast	

cells	per	ml.	Such	a	cell	population	consisted	of	

single	cells	with	a	rather	homogeneous	cell	size	

distribution.	 The	 exposed	 cell	 suspension	 was	

adjusted	 to	 pH	 7.0.	 Radiobiological																														

characteristics	 of	 diploid	 strains	 (XS800	 and	

Megry	139-B)	are	well	studied	(4,	11),	both	strains	

are	 capable	 of	 the	 LHR.	 Diploid	 strain	 Megry												

39-2	 is	 respiratory-de&icient	 and	 incapable	 of	

LHR	 due	 to	 cytoplasmic	 mutation	 (12).	 Haploid	

strain	S288C	 is	also	 incapable	of	LHR	since	 this	

type	of	recovery	is	realized	through	the	repair	of	

DNA	 double-strand	 breaks,	 which	 requires	 two	

homologous	DNA	duplexes	(14).	

Aliquots	 with	 106	 yeast	 cells/ml	 in	 a	 glass	

tube	 were	 exposed	 to	 graded	 doses	 of	 60Co																

γ-rays.	 The	 γ-ray	 dose-rates,	 estimated	 by																		

ferrous	 sulfate	 dosimetry	 and	 by	 a	 Siemens														

ionization	 chamber,	 were	 10	 and	 23	 Gy/min,																			

–	 irradiation	 of	 S.	ellipsoideus	 and	 S.	cerevisiae	

strains	 respectively.	 The	 following	 heating		

method	 was	 used	 alone	 or	 combined	 with																			

γ-rays:	 0.1	 ml	 of	 cell	 suspension	 (about	 5×107	

cells)	 at	 room	 temperature	was	 placed	 into	 4.9	

ml	 of	 sterile	 water	 warmed	 to	 a	 required																			

temperature	 in	 a	 water	 bath	 beforehand.	 Cell	

suspension	 (1.5	 ml,	 106	 cells/ml)	 in	 an	 open	

quartz	 vessel	 was	 irradiated	 with	 germicidal	
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lamp	 that	 emitted	 predominantly	 UV	 light	 of	 a	

wavelength	of	254	nm	at	a	&luence	rate	of	1.5	W/

m2	 at	 different	 temperatures.	 The	 &luence	 rate	

was	measured	with	a	germicidal	meter	(General	

Electric	 Co.	 Fair&ield,	 CT).	 Slightly	 different																

heating	 method	 was	 used	 alone	 or	 combined	

with	UV	light:	0.1	ml	of	cell	suspension	at	room	

temperature	 (about	 1.5	×	 106	 cells)	was	 placed	

into	 1.4	 ml	 of	 sterile	 water	 preheated	 to	 a																				

required	 temperature.	 The	 &inal	 volume	 and		

concentration	 of	 the	 treated	 cells	 were	 1.5	 ml	

and	 106	 cells/ml.	 For	 the	 simultaneous																					

treatment	of	heat	with	 ionizing	 radiation	or	UV	

light,	the	time	interval	between	the	introduction	

of	 the	 cells	 into	 the	 preheated	 water	 and	 the		

beginning	 of	 exposures	 was	 about	 0.1	 min,	

which	 was	 signi&icantly	 less	 than	 the	 total																

treatment	time.	At	the	end	of	the	treatment,	the	

samples	 were	 rapidly	 cooled	 to	 room														

temperature.	To	avoid	photoreactivation,	the	UV	

exposure,	 dilution	 and	 other	 procedures	 were	

performed	under	a	 red	ambient	 light,	while	 the	

post-irradiation	 incubation	 was	 carried	 out													

under	dark	conditions.		

To	 observe	 recovery	 kinetics,	 a	 part	 of	 the	

irradiated	 cell	 suspension	 was	 placed	 into															

conditions	promoting	to	the	LHR	(30	°C	without	

constant	 agitation)	 and	 their	 colony	 forming	

ability	 was	 estimated	 as	 a	 function	 of	 storage	

time.	 To	 prove	 the	 existence	 of	 the	 LHR	 on																

nutrient	 medium	 we	 used	 microscopic	 method	

after	 24	 h	 incubation	 of	 irradiated	 cells	 on	 a												

nutrient	 media	 at	 30	°C.	 Colonies	 containing	

greater	 than	 50	 cells	 were	 counted	 to	 assess		

survival.	Using	this	method,	in	experiments	with	

diploid	 yeast	 capable	 of	 the	 LHR	 (strains	

Megry	139-B	 and	 XS800)	 we	 estimated	 cell														

viability	for	the	whole	irradiated	cell	population	

and	 among	 two	 sub-populations:	 forming	 the	

bud	 before	 3.5	 h	 incubation	 on	 nutrient	media	

(25%	of	budding	cells)	and	not	beginning	to	bud	

after	 6	 h	 incubation	 (75%	 of	 budding	 cells).	 In	

experiments	 with	 diploid	 strain	 39-2	 and																	

haploid	 strain	 S288C	 incapable	 of	 the	 LHR	 we	

estimated	 cell	 viability	 also	 for	 the	 whole																				

irradiated	cell	population	and	among	two	other	

sub-populations:	 forming	 the	 bud	 before	 6.0	 h	

incubation	 on	 nutrient	media	 (25%	 of	 budding	

cells)	 and	 not	 beginning	 to	 bud	 after	 9.5	 h															

incubation	 (75%	 of	 budding	 cells).	 Such	 a																		

difference	in	the	time	of	observation	was	due	to	

different	 rates	 of	 reproduction	 of	 these	 yeast	

strains.	

Cisplatin	 is	 a	 chemotherapy	 drug	 which	 is	

used	 to	 treat	 cancer	 in	 combination	 with																				

exposure	 to	 ionizing	radiation	or	hyperthermia.	

In	our	experiments,	cisplatin	(“Veropharm”)	was	

added	 in	 diploid	 yeast	 cell	 suspension	 (strain	

XS800)	 in	 various	 concentration	 –	 0.002,	 0.01	

and	 0.02	 mg/ml.	 The	 drug	 was	 present	 in	 cell	

suspension	 for	 1	h	 at	 30	°C	 before	 exposure,								

during	 irradiation	 at	 room	 temperature	 and		

during	the	LHR	at	30	°C.		

Immediately	 after	 treatments	 and	 after													

various	storage	time	of	LHR,	a	known	number	of	

cells	 were	 placed	 on	 nutrient	 agar	 in	 such	 a		

manner	that	50-200	colonies	per	dish	would	be	

formed	 by	 the	 surviving	 yeast	 cells.	 Colonies	

were	 scored	when	 they	 reached	 a	 suitable	 size	

after	 5–7	 days	 of	 incubation	 at	 30	°C.	 Cultures	

were	 grown	 and	 maintained	 on	 yeast	 extract	

(1%),	peptone	(1%),	and	glucose	(2%)	medium,	

solidi&ied	with	agar	(2%).	The	plating	ef&iciency	

of	 untreated	 cells	 was	 close	 to	 100%.																				

Colony-forming	ability	was	used	as	the	criterion	

for	 survival.	 All	 experimental	 series	 were																

repeated	 three	 to	 &ive	 times.	 Error	 bars	 in	 all		

&igures	 derived	 from	 inter-experimental																					

variations.	 Data	 are	 expressed	 as	 the	 mean																

values	 calculated	 from	 at	 least	 three																															

independent	experiments.	Curves	were	&itted	to	

the	data	points	by	eye.	Other	details	of	materials	

and	 methods	 can	 be	 found	 in	 our	 previous													

papers	(15–17).	
	

	

RESULTS 
 

Table	1	summarizes	our	experimental	results	

concerning	 the	 survival	 of	 diploid	 yeast	 cells	

(strains	Megry	139-B	and	XS800)	capable	of	the	

LHR	 and	 budding	 at	 different	 times	 after														

irradiation.	The	cells	were	irradiated	at	a	dose	of	

500	 Gy.	 The	 viability	 for	 the	 whole	 cell																					

population	was	about	25%.	It	is	obvious	that	the	

later	 irradiated	 cells	 began	 budding,	 the	 higher	

will	 their	 survival	 become.	 This	 effect	 may	 be	

due	to	the	various	duration	of	the	LHR	occurring	
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on	nutrient	media.	This	 suggestion	 agrees	with	

the	 observation	 that	 the	 opposite	 situation	 is	

observed	 after	 complete	 LHR	 (48	 hr).	 In	 this	

case,	 to	achieve	 the	same	viability	 (about	25%)	

yeast	cells	were	irradiated	at	a	dose	of	1500	Gy.		

An	 additional	 argument	 in	 favor	 of	 the																		

explicated	point	of	view	is	the	data	obtained	for	

respiratory	mutant	cells	(strain	Megri	39-2,	200	

Gy)	 and	 haploid	 cells	 (strain	 S288C,	 100	 Gy)		

incapable	of	the	LHR	(table	2).	The	cell	viability	

for	 the	 whole	 cell	 population	 was	 about	 30%,	

while	 the	 cell	 survival	 of	 these	 strains	 budding	

on	nutrient	media	before	6.0	h	was	37	and	31%	

while	 for	cells	budding	 later	9.5	h	their	survival	

was	25	and	15%	(table	2).	This	means	 that	cell	

viability	 was	 greater	 for	 cells	 that	 previously		

enter	mitosis.		

Thus,	 the	 main	 point	 which	 emerges	 from	

these	studies	is	that	the	process	of	cell	recovery	

from	 radiation	 damage	 can	 occur	 on	 nutrient	

medium	 and	 thereby	 results	 in	 the	 increase	 of	

cell	resistance	to	ionizing	radiation.		

Figure	 1	 exhibits	 survival	 curves	 for	
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Table 1. The survival of diploid yeast cells capable of the LHR and budding at different �mes a�er irradia�on. 

Strain Time of the bud forma�on, hr 
Cell survival, % 

Immediately a�er irradia�on, 500 Gy A�er LHR during 48 hr, 1500 Gy 

Megry 139-B 
Before 3.5 9 34 

A�er 6.0 38 4 

XS800 
Before 3.5 14 44 

A�er 6.0 41 10 

Srain Dose, Gy Time of the bud forma�on, hr 
Cell survival, % 

Immediately a�er irradia�on 

Megry 39-2 200 
Before 6.0 37 

A�er 9.5 25 

S288C 100 
Before 4.5 31 

A�er 7.0 15 

Table 2. The survival of diploid (strain Megri 39-2) and haploid (strain S288C) yeast cells incapable of the LHR and budding at 

different �mes a�er irradia�on.  

S.	ellipsoideus	 diploid	 yeast	 cells	 obtained	 in														

experiments	 with	 strains	Megry	 139-B	 capable	

of	 the	LHR	(curve	1)	and	Megry	39-2	 incapable	

of	 such	 kind	 of	 recovery	 (curve	 2).	 Curve	 3												

re&lects	 the	 expected	 survival	 curve	 for	 Megry	

139-B	cells	if	they	would	not	be	able	to	the	LHR	

on	nutrient	media.	It	was	calculated	by	means	of	

mathematical	approach	developed	before	 (12).	 It	

was	shown	in	the	cited	paper	the	effect	was	dose	

modifying,	 i.e.	 survival	 curve	 1	 can	 be																													

superimposed	 with	 curve	 3	 by	 changing	 the	

dose	 scale	 by	 a	 constant	 factor.	 This	 dose											

modifying	 factor	 (DMF)	 due	 to	 the	 LHR	 on	 the	

nutrient	 media	 was	 found	 to	 be	 of	 1.42.	 This	

means	the	LHR	occurring	on	the	nutrient	media	

before	 the	 &ixation	 of	 radiation	 damage	 results	

in	a	decrease	of	cell	 radiosensitivity	by	a	 factor	

of	 1.42.	 The	 data	 indicate	 that	 at	 doses																															

corresponding	 to	 the	 exponential	 part	 of	 the		

survival	 curve	 the	 calculated	 curve	 almost																	

coincides	with	the	survival	curve	of	yeast	Megry	

39-2	 while	 in	 the	 low	 dose	 region	 it	 is	 slightly	

higher.	 The	 latter	 difference	may	 be	 due	 to	 the	

fact	 that	 at	 low	 dose	 region	 cells	 may	 be																							

recovered	 more	 ef&iciently	 for	 example	 due	 to	

the	 repair	 of	 sub-lethal	 radiation	 damage																			

responsible	 for	 the	 shoulder	 of	 the	 survival	

curves	(1).		

It	 is	 of	 interest	 to	 apply	 this	 method	 to																		

establish	 whether	 the	 LHR	 inhibition	 may																

always	 serve	 as	 an	 indicator	 of	 signi&icant																

increase	 in	 radiosensitivity	 due	 to	 the	 overall	

suppressing	 of	 cell	 ability	 to	 recover	 from																		

radiation	 damage.	 This	 hypothesis	 is	 often													

referred	to	or	only	implied	in	many	publications	

related	with	 the	 search	 of	 chemical	 or	 physical	
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agents	 enhancing	 cell	 sensitivity	 to	 ionizing															

radiation	 (2,	6–10,	18,	19).	 For	 example,	 hyperthermia	

is	 known	 to	 increase	 the	 inactivation	 effect	 of	

ionizing	 radiation	 or	 UV	 light	 on	 various																						

cellular	systems.	A	number	of	mechanisms	may	

be	 involved	 in	 sensitization,	 prominent	 among	

which	 is	 the	 impairment	 of	 DNA	 repair																								

processes	 (18,	20).	 It	 is	 generally	 assumed	 that	

thermal	 radiosensitization	 on	 a	 cellular	 level	

may	be	displayed	by	 the	 inhibition	of	 sublethal	

and	 potentially	 lethal	 damage	 recovery	 (7–10).	

Some	data	 indicated	 that	both	 repair	 inhibition	

and	 particular	 lesion	 types	 were	 required	 for	

lethal	synergism	between	heat	and	radiation	 (5).	

Therefore,	it	would	be	of	interest	to	compare	the	

degree	of	thermal	sensitization	of	cells	subjected	

simultaneously	 to	 heat	 and	 ionizing	 radiation	

with	 that	 expected	 after	 the	 inhibition	 of	 cell	

ability	to	the	LHR.		

Evstratova et al. / Respiratory mutant and liquid holding recovery  

Figure 1. Survival curves of diploid yeast cells S. ellipsoideus strains Megry 139-B (curve 1), Megry 39-2 (curve 2) and the ex-

pected survival curve of Megry 139-B in the absence of the LHR from poten�ally lethal damage on nutrient medium (curve 3). 

The	 most	 detailed	 data	 concerning	 this													

problem	 have	 been	 obtained	 for	 yeast	 cells,	 a	

part	 of	 this	 &indings	 has	 been	 published																								

previously	 (4,	5,	15).	 However,	 these	 publications	

did	not	concern	the	question,	whether	or	not	the	

LHR	inhibition	may	serve	as	an	 indicator	of	 the	

signi&icant	increase	in	cell	radiosensitivity	due	to	

the	overall	suppressing	of	cell	ability	to	recover	

from	 radiation	 damage.	 Figure	 2	 shows	 the							

averaged	 data	 of	 our	 previously	 published											

results	 obtained	 with	 diploid	 yeast	 cells.															

Figure	 2A	 displays	 survival	 curves	 of	 cells												

subjected	 to	 simultaneous	 heat	 and	 ionizing									

radiation	treatment.	Two	effects	are	apparent:	a	

reduction	in	the	Do	in	terminal	high	dose	region	

of	radiation	survival	curve,	and	a	decrease	in	the	

shoulder	 region	 (Dq)	 of	 the	 survival	 curve	 at	

lower	 radiation	 dose.	 It	 is	 obvious	 that	 the																	
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increase	 in	 the	 exposure	 temperature	 resulted	

in	 an	 increase	 in	 cell	 radiosensitivity	 (curves															

3–5).	A	comparison	in	the	ability	of	yeast	cells	to	

the	 LHR	 carried	 out	 at	 approximately	 equal															

levels	of	survival	(i.e.	at	equal	amounts	of	lethal	

lesions)	is	shown	in	Fig.	2B.	The	data	imply	that	

both	 the	 rate	 and	 the	 extent	 of	 recovery																					

decreased	with	increasing	temperature	at	which	

the	 irradiation	occurred.	No	LHR	was	observed	

after	irradiation	at	55	°C.	The	dashed	line	refers	

the	 expected	 survival	 curve	 for	 Megry	 139-B	

cells	if	they	would	not	be	able	to	the	LHR	on	the	

nutrient	media.	This	curve	is	identical	to	curve	3	

presented	 in	 &igure	 1	 for	 respiratory	 mutant	

cells	 incapable	 of	 LHR.	 It	 can	 be	 seen	 that	 the	

actually	observed	 increase	 in	 radiosensitivity	 is	

much	 higher	 than	 that	 expected	 due	 to	 the																		

suppression	 of	 the	 LHR.	 This	 means	 the	 full														

inhibition	of	 the	LHR	may	serve	as	an	 indicator	

of	the	signi&icant	increase	in	cell	radiosensitivity.	

Evstratova et al. / Respiratory mutant and liquid holding recovery  

134 Int. J. Radiat. Res., Vol. 15  No. 2, April 2017 

Figure 2. Survival curves (A) and LHR kine�cs (B) of diploid yeast cells S. ellipsoideus strain Megry 139-B. Cells were exposed to 

ionizing radia�on at various temperatures: 20, 45, 50 and 55 °С (curves 1, 3, 4 and 5 respec�vely). Irradiated cells were plated 

immediately a�er irradia�on (A) or a�er various LHR �mes (B). Dashed line (curve 2) denotes the expected survival curve of 

Megry 139-B exposed at room temperature in the absence of LHR from poten�ally lethal damage on nutrient medium. 

Whereas	 considerable	 knowledge	 about															

repair	processes	in	UV-irradiated	cells	has	been	

gained	 during	 past	 decades	 (21),	 the	 situation	 is	

far	less	clear	for	the	combined	action	of	UV	light	

with	 other	 inactivating	 factors.	 It	 seems	widely	

accepted	now	that	the	synergistic	interaction	of	

the	 UV	 light	 combined	 with	 other	 agents	 is																					

displayed	by	decreased	repair	rates	at	molecular	

and	cellular	levels	(16,	21).	It	is	not	clear,	however,	

whether	or	not	the	LHR	inhibition	may	serve	as	

an	 indicator	 of	 the	 signi&icant	 increase	 in	 cell	

sensitivity	to	UV	light.	Therefore,	it	is	of	interest	

to	 compare	 the	 degree	 of	 thermal	 sensitization	

of	cells	subjected	to	heat	and	UV	radiation	with	

yeast	cells.	Fig.	3	shows	the	averaged	data	of	our	

previously	 published	 results	 (4,	 16,	 19).	 The																					

survival	 curves	 of	 diploid	 yeast	 cells	

(S.	cerevisiae,	 strain	 XS800)	 subjected	 to																								

simultaneous	 treatment	 with	 heat	 and	 UV															

radiation	 are	 presented	 at	 &igure	3A.	 Curve	1	

exhibits	the	survival	curve	obtained	after	the	cell	

exposure	with	 UV	 light	 applied	 alone	 (at	 room	

temperature).	 The	 increase	 in	 the	 exposure						

temperatures	 up	 to	 53,	 55	 and	 56°C	 (curves												

3–5)	 resulted	 in	 the	 signi&icant	 increase	 in	 cell	

UV	sensitivity	as	shown	by	both	the	 increase	 in	

the	 slope	 and	 the	decrease	 in	 the	 extrapolation	

number.	 Finally,	 the	 survival	 curve	 became										

almost	 exponential	 at	 57°C	 (curve	 6).	 Both	 the	

increase	 in	 the	 slope	 and	 the	 decrease	 in	 the				

extrapolation	 number	 with	 the	 exposure													

temperature	 increase	 can	 be	 considered	 as	 an	

evidence	of	the	recovery	processes	participation	

in	 the	 heat	 sensitization.	 This	 suggestion	 is										

supported	by	the	data	indicating	the	luck	of	the	

synergistic	 interaction	 of	 heat	 and	 UV	 light	 in	

the	UV	sensitive	(rad18/rad18)	yeast	mutant	(16).	

That	is	why	it	is	of	interest	to	study	the	effect	of	

hyperthermia	applied	during	the	UV	light	irradi-

ation	 on	 the	 kinetics	 of	 the	 LHR	 of	 yeast	 cells.	
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The	 results	 are	 shown	 in	 &igure	3B	 where	 the	

survival	of	diploid	yeast	cells	 is	depicted	 in	 the	

dependence	of	the	LHR	time.	It	 is	apparent	that	

both	 the	 slope	 and	 the	 plateau	 of	 the	 recovery	

curves	 depend	 on	 the	 exposure	 temperature.	

This	means	that	both	the	rate	and	the	extent	of	

recovery	 are	 decreased	 with	 increase	 in	 the			

temperature	 at	 which	 the	 UV	 illumination											

occurred.	No	LHR	was	observed	after	irradiation	

at	57	°C.	The	dashed	line	(&igure	3A)	re&lects	the	

expected	 survival	 curve	 for	 XS800	 cells	 if	 they	

would	 not	 be	 able	 to	 the	 LHR	 on	 the	 nutrient	

media.	 It	 is	 evident	 from	 this	 data	 that	 the															

actually	 observed	 increase	 in	 cell	 sensitivity	 to	

UV	 light	 is	much	higher	 than	 that	expected	due	

to	 the	 suppression	 only	 the	 LHR.	 This	 means	

that	 the	 full	 inhibition	of	 the	LHR	may	serve	as	

an	 indicator	 of	 a	 signi&icant	 increase	 in	 cell												

sensitivity	 to	 UV	 exposure	 due	 to	 either																						

interference	 with	 other	 repair	 mechanisms													

responsible	 for	UV	 cell	 resistance,	 or	 enhanced	

expression	of	lethal	damage,	for	example	due	to	

the	 synergistic	 interaction	 of	 heat	 and	 UV																		

radiation	(21).		
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In	 addition,	 we	 studied	 the	 effect	 of	 the														

simultaneous	 action	 of	 ionizing	 radiation	 and	

cisplatin	on	 the	 radiosensitivity	and	 the	LHR	of	

diploid	 yeast	 cells.	 Cisplatin	 is	 a	 cytotoxic	 drug	

used	 in	 cancer	 chemotherapy	 (13).	 Figure	 4	

shows	 the	 dependence	 of	 diploid	 yeast	 cell															

survival	 on	 the	 dose	 of	 ionizing	 radiation	

(&igure	 4A)	 and	 the	 duration	 of	 the	 LHR	

(&igure	 4B).	 Cells	 were	 exposed	 to	 radiation	

without	 cisplatin	 and	 placed	 on	 nutrient	 agar	

immediately	after	irradiation	and	after	different	

time	 of	 recovery	 (curves	 1).	 The	 drug	 was													

present	in	cell	suspension	for	1	h	at	30	°C	before	

exposure,	 during	 irradiation	 at	 room																											

temperature	 and	 during	 the	 LHR	 at	 30	 °C.																

Cisplatin	 was	 added	 in	 diploid	 yeast	 cell																		

suspension	in	various	concentration	0.002,	0.01	

and	 0.02	 mg/ml	 (curves 2–4),	 the	 lower															

concentration	being	suf&icient	to	give	the	highest	

sensitization.	 An	 entirely	 different	 pattern	 was	

found	for	cells	that	undergo	LHR	in	the	presence	

of	various	concentration	of	drug.	The	increase	in	

cisplatin	 concentration	 resulted	 in	 the																											

progressive	 decrease	 of	 cell	 ability	 to	 the	 LHR.	

The	dashed	line	in	&igure	4A	shows	the	expected	

survival	curve	for	XS800	cells	 if	 they	would	not	

be	able	to	the	LHR	on	the	nutrient	media.	These	

data	 indicate	 that	 the	 observed	 increase	 in															

radiosensitivity	 after	 the	 combined	 action	 of		

ionizing	radiation	and	cisplatin	does	not	exceed	

that	expected	due	to	the	suppression	of	the	LHR	

and	therefore	the	complete	inhibition	of	the	LHR	

does	 not	 always	 re&lect	 the	 full	 inhibition	 of												

other	repair	systems.  

Figure 3. Survival curves (A) and LHR kine�cs (B) of diploid yeast cells S. cerevisiae strain XS800. Cells were exposed to UV light 

at various temperatures: 20, 53, 55, 56 and 57 °С (curves 1, 3, 4, 5 and 6 respec�vely). Irradiated cells were plated immediately 

a�er irradia�on (A) or a�er various recovery �mes (B). Dashed line (curve 2) denotes the expected survival curve of XS800 ex-

posed at room temperature in the absence of LHR from poten�ally lethal damage on nutrient medium. 
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DISCUSSION 

The	 main	 purposes	 of	 the	 experiments																

described	 here	 were	 to	 present	 new																													

experimental	 data	 supporting	 the	 idea	 that	 the	

LHR	 can	 occur	 on	 nutrient	 medium	 after																					

irradiation	 and	 to	 ascertain	whether	or	not	 the	

inhibition	of	 the	LHR	may	serve	as	an	 indicator	

of	 the	 signi&icant	 impairment	 of	 other	 dark															

repair	 process	 and	 thereby	 to	 result	 in	 an																	

increase	 in	 cell	 sensitivity	 to	 ionizing	 radiation.	

To	 accomplish	 these	 tasks,	 new	 experimental	

data	 demonstrating	 the	 reality	 of	 the	 LHR	 on	

nutrient	 medium	 have	 been	 obtained.	 The																

survival	 of	 irradiated	 cells	 capable	 of	 the	 LHR	

was	 shown	 to	 be	 the	 greater,	 the	 later	 they																

began	 budding	 after	 irradiation	 providing	 a	

longer	 time	 for	 recovery.	 On	 the	 contrary,	 for	

irradiated	 cells	 incapable	 of	 LHR	 or																													

accomplished	this	process,	the	pattern	was	quite	

opposite	–	the	sooner	cells	began	budding	after	

irradiation,	the	greater	was	their	survival.	These	

observations	 suggest	 that	 the	 process	 of	 cell		

recovery	 from	 potentially	 lethal	 radiation															

damage	could	occur	on	the	nutrient	medium	and	

results	 in	 the	 increase	 of	 cell	 resistance	 to								

ionizing	 radiation.	 It	 is	 known	 that	 keeping															

irradiated	 cells	 in	 sub-optimal	 environment		

condition	resulted	in	an	increase	of	cell	survival.	

It	has	been	suggested	(2)	this	effect	is	due	to	DNA	

repair	 improvement	 in	 this	 condition	 and																	

several	 papers	 were	 published	 in	 this	 regard.	

The	data	presented	here	indicate	the	effect	may	

be	mainly	 due	 to	 the	 enhanced	duration	of	 cell	

recovery.	The	main	conclusion	to	be	drawn	from	

these	 experiments	 is	 that	 the	 process	 of	 LHR	

takes	 place	on	 nutrient	media	 during	 the	 delay	

of	 the	 &irst	 postirradiation	 division.	 The	 insight	

obtained	 may	 be	 of	 great	 importance	 for																	

understanding	 the	 discrimination	 observed	 in	

radiosensitivity	 determination	 in	 various																					

investigations	(4,	5,	14).		

Comparing	 survival	 curves	 for	 S.	ellipsoideus	

diploid	yeast	cells	obtained	in	experiments	with	

wild	type	strain	Megry	139-B	capable	of	the	LHR	

and	 its	 respiratory-de&icient	 strain	 Megry	 39-2	

incapable	 of	 such	 kind	 of	 recovery,	 it	 was																		

concluded	 that	 LHR	 occurring	 on	 the	 nutrient	

media	 before	 the	 &ixation	 of	 radiation	 damage	

after	 the	 ending	 of	 the	 &irst	 postirradiation														

division	 results	 in	 the	 decrease	 of	 cell																														

radiosensitivity	 by	 a	 factor	 of	 1.42.	 Further						

Evstratova et al. / Respiratory mutant and liquid holding recovery  

136 Int. J. Radiat. Res., Vol. 15  No. 2, April 2017 

Figure 4. Survival curves (A) and LHR kine�cs (B) of diploid yeast cells S. cerevisiae strain XS800. Cells were exposed to ionizing 

radia�on alone (room temperature, curve 1) or combined with various concentra�on of cispla�n: 0.002, 0.01 and 0.02 mg/ml 

(curves 2, 3 and 4, open squares, closed squares and closed circles respec�vely). Irradiated cells were plated immediately a�er 

irradia�on (A) or a�er various LHR �mes (B). Dashed line (curve 5) denotes the expected survival curve of XS800 exposed at 

room temperature in the absence of LHR on nutrient medium. 
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con&irmation	 of	 this	 factor	 was	 obtained	 by	

means	of	the	calculation	of	the	expected	survival	

curve	of	Megry	139-B	cells	if	they	would	not	be	

able	 to	 the	 LHR	 on	 the	 nutrient	 media.	 It	 was	

calculated	by	means	of	a	mathematical	approach	

developed	 before	 (12).	 These	 data	 allow	 us	 to															

formulate	 several	 conclusions.	 The	 coincidence	

of	 exponential	 parts	 of	 calculated	 and																										

experimental	 survival	 curves	 for	 Megry	 39-2	

means	that	the	increased	radiosensitivity	of	this	

strain	 is	mainly	due	 to	 the	 loss	of	cell	ability	 to	

the	 LHR.	 Further,	 it	 means	 that	 our	 previous		

assumption	 (12)	 concerning	 the	 equality	 of	 the	

rate	 of	 LHR	 in	 the	 water	 and	 on	 the	 nutrient													

medium	is	fairly	plausible.	Finally,	it	means	that	

we	managed	to	get	a	method	for	calculating	the	

contribution	 of	 LHR	 taking	 place	 on	 nutrient					

media	in	the	viability	of	irradiated	cells.	

We	 applied	 this	 method	 to	 interpret	 cell														

survival	 and	 recovery	 kinetics	 resulted	 from	

simultaneous	 action	 of	 high	 temperatures	 with	

either	γ-rays	(60Co)	or	UV	light	(254	nm)	studied	

in	diploid	yeast	cells	capable	of	 the	LHR.	 It	was	

shown	the	increase	in	the	exposure	temperature	

resulted	 in	 a	 considerable	 increase	 in	 cell															

sensitivity	to	 ionizing	radiation	and	UV	light,	as	

illustrated	by	a	pronounced	increase	in	the	slope	

and	 the	 decrease	 in	 the	 extrapolation	 number.	

The	 interaction	 of	 heat	 with	 ionizing	 radiation	

or	UV	 light	was	synergistic,	 i.e.	 the	net	effect	of	

the	two	kinds	of	these	agents	together	is	greater	

than	 the	 sum	 of	 the	 logarithms	 of	 their																						

independent	effects.	The	dashed	lines	presented	

in	Figs.	2,	3	re&lect	the	expected	survival	curves	

for	 yeast	 cells	 if	 they	would	 not	 be	 able	 to	 the	

LHR	on	the	nutrient	medium	before	the	&ixation	

of	 potentially	 lethal	 damage	 after	 the	 &irst		

postirradiation	 division.	 The	 major	 point	 to	 be	

inferred	 from	 these	 data	 is	 that	 the	 observed	

increase	 in	 cell	 sensitivity	 to	 simultaneous		

treatment	 of	 hyperthermia	 with	 ionizing																

radiation	 or	UV	 light	 is	much	 greater	 than	 that	

expected	 due	 to	 the	 suppression	 of	 the	 LHR.	

Hence,	the	complete	inhibition	of	LHR	may	serve	

as	an	 indicator	of	 signi&icant	 inhibition	of	other	

dark	repair	systems	and	signi&icantly	increase	in	

cell	 sensitivity.	 These	 data	 also	 suggest	 that	

more	 is	 involved	 in	 the	 increased	 cell																														

radiosensitivity	 than	 just	 inhibition	 of	 the	 LHR.	

Effect	can	be	 interpreted	as	being	due	 to	either																													

interference	 with	 other	 repair	 processes	 of														

potential	lethal	damage,	or	enhanced	expression	

of	 radiation	 damage.	 This	 expression	 may	 be	

related	with	synergistic	interaction	of	heat	with	

ionizing	radiation	(15)	and	UV	light	(16).		

A	 quantitative	 approach	 describing	 the	 LHR	
(11,	 12)	 was	 applied	 to	 estimate	 quantitatively	

both	 the	 irreversible	 component	 of	 radiation	

damage	 expressed	 as	 the	 fraction	 of	 initial																

radiation	 dose	 which	 cells	 are	 incapable	 to																	

recover	and	the	recovery	constant	which	de&ine	

the	probability	of	recovering	per	time	unit	after	

the	combined	action	of	hyperthermia	with	either	

ionizing	 radiation	 (4,	15)	 or	 UV	 light	 (4,	16).	 It	 was	

shown	 that	 the	 synergistic	 interaction	 of	 heat	

with	 ionizing	 radiation	 or	 UV	 light	 is	 due	 to																

increase	 in	 the	 irreversible	 component	 with														

increasing	thermal	load	while	recovery	constant	

was	 equal	 about	 of	 0.07–0.09	 h-1	 and	 was																

independent	 of	 conditions	 of	 treatment,	 i.e.	

about	7–9%	of	the	residual	reparable	damage	is	

recovered	 every	 hour.	 Equality	 of	 recovery															

constants	 after	 irradiation	with	 gamma	 rays	 or	

ultraviolet	light	applied	alone	or	combined	with	

heat	has	led	to	the	identity	of	the	dashed	curves	

presented	in	&igures	2	and	3.		

It	was	of	 interest	 to	 test	whether	or	not	 this	

pattern	 holds	 for	 other	 interacting	 agent.	 The	

impairment	 of	 cell	 ability	 to	 recover	 from																			

radiation	damage	would	be	of	great	relevance	in	

cancer	treatment.	Hyperthermia	as	well	as	a	 lot	

of	 chemicals	 have	 been	 found	 to	 be	 recovery		

inhibitors	 (2,	3,	9,	18).	Although	the	means	by	which	

these	agents	sensitize	cells	to	ionizing	radiation	

are	 not	 completely	 understood,	 it	 is	 generally	

agreed	that	their	ef&icacy	is	expressed	as	both	a	

retarded	 recovery	 rate	 and	 a	 lesser	 volume	 of	

recovery.	 Kumar	 et	al.	 published	 dose-survival	

curves	 and	 kinetics	 of	 LHR	 of	 Chinese	 hamster	

V79	 cells	 (18)	 exposed	 to	 X-rays	 alone	 or	 in													

combination	with	 various	 chemical	 compounds	

(pyruvate,	 novobiocin,	 lactate,	 nalidixic	 acid,	 3-

aminobenzamide).	 The	 drugs	 were	 added	 1	 h	

before	 irradiation,	 presented	 during	 irradiation	

and	LHR.	Our	estimation	of	recovery	constant	(5)	

based	 on	 these	 publication	 showed	 that	 it	 was	

equal	 of	 0.1–0.15	 h-1.	 This	 value	 is	 somewhat	

higher	 than	 for	 yeast	 cells.	 That	 is	 why	 the							
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inhibition	 of	 the	 LHR	 on	 nutrient	media	would	

result	 in	 increase	 of	 mammalian	 cell																															

radiosensitivity	by	means	of	DMF	=	1.4–1.7.	The	

combined	 action	 of	 ionizing	 radiation	 with	

chemical	 radiosensitizers	 increased																														

radiosensitivity	of	cells	by	a	factor	of	2.1–2.5,	i.e.	

the	 sensitization	 was	 signi&icantly	 great	 than	

that	 expected	 after	 the	 LHR	 inhibition	 alone.	

These	 data	 and	numerous	 other	 results	 (1,	5,	10,	18,	

19)	 indicate	 that	 inhibition	of	 cell	 ability	 to	LHR	

from	 potentially	 lethal	 radiation	 damage	 in	

many	 cases	 may	 serve	 as	 an	 indicator	 of	 the													

signi&icant	 increase	 in	 cell	 sensitivity	 to																						

damaging	agents	due	to	inhibition	of	other	dark	

repair	 systems	 or	 enhanced	 expression	 of																	

primary	 radiation	 damage.	 However,	 as	 it	 was	

demonstrated	in	this	paper,	the	stated	rule	is	not	

universal.	It	was	shown	that	the	cells	holding	in	

the	 solution	 of	 cisplatin	 at	 a	 concentration	 of	

0.002	mg/ml	displayed	a	signi&icant	inhibition	of	

the	 LHR	 and	 some	 increase	 in	 radiation																					

sensitivity	that	correspond	to	the	expected	value	

if	 there	 is	 no	 LHR	 on	 nutrient	 medium.	 The																	

further	 increase	 in	 cisplatin	 concentration															

resulted	 in	 almost	 full	 inhibition	 of	 LHR	 while	

the	 further	 increase	 in	 cell	 radiosensitivity	was	

not	 observed.	This	means	 that	 the	 inhibition	of	

cell	LHR	may	not	always	serve	as	an	indicator	of	

the	 signi&icant	 increase	 in	 cell	 sensitivity	 to						

damaging	agents.	
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