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SUMMARY 

Near-ultraviolet irradiation of actively growing yeast cells leads to cell death 
by two distinct mechanisms. The first type of cell death is evident after low doses of  
near-ultraviolet light ( 3 . 1 0  4 ergs.  mm -2) and is due to a reversible inactivation 
of  the respiratory capacity of  the cell. In studies with yeast mitochondrial membranes 
the quinones were identified as the site of  inactivation by determining the relative 
levels of the following oxidase activities after irradiation: exogenous NADH,  endog- 
enous N A D H  (via isocitrate dehydrogenase), succinate, and D-lactate oxidases. A 
second type of cell death is caused after high doses (1.8 • l0 s ergs • m m  -2) and is 
irreversible. The mechanism of this inactivation is unknown. 

INTRODUCTION 

Irradiation with near-ultraviolet light (320-380 nm) is lethal to bacteria [1]; 
however, the mechanism of killing is distinct from that of  far ultraviolet light (200- 
300 nm) [1-4]. Sublethal doses of  near-ultraviolet light inactivate oxidative energy 
metabolism in Escherichia coli with vitamin K and coenzyme Q being the most labile 
components of the respiratory chain [5-7]. In addition to the inactivation of the 
quinones in Mycobacterium phlei, the photodestruction of a water-soluble "succino- 
oxidase factor" occurs [8]. Quinones have also been shown to be the primary near- 
ultraviolet light target in the inhibition of oxidative phosphorylation in rat liver 
mitochondria [9] and in Rhodopseudomonas palustris [10]. 

Saccharomyces cerevisiae was chosen for this study because of the extensive 
biochemical information which is available in this eucaryotic system. In this study 
we distinguish two types of  near-ultraviolet lethalityin yeast. One is reversible and is 
detectable when irradiated cells are plated with non-fermentable carbon sources. 
The other is irreversible, and requires relatively higher energy doses than the reversible 
lethality. The reversible lethality is shown to be related to the photodestruction of 
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the electron transport system, as examined in vivo and in vitro with a variety of 
electron donors. 

M A T E R I A L S  A N D  M E T H O D S  

Organisms and culture conditions. S. cerevisiae, haploid strain X174, was 
obtained from H.L. Roman. Cultures were grown at 30 °C in defined medium 
containing, per 1:10 g yeast nitrogen base (Difco) and 5 g glucose. Viability was deter- 
mined by plating appropriate dilutions in triplicate on yeast-peptone medium [I l] 
containing either glucose (2 ~) ,  glycerol (2 ~) ,  or sodium lactate (0.8 ~ )  as the 
carbon and energy source. 

Respiration deficient mutants, petites, were identified by small colony for- 
mation on yeast-peptone-glucose medium and confirmed by the inability to form 
colonies on yeast-peptone-lactate medium [11]. 

Isolation of the mitochondrialfragments. Cells were grown in the yeast-peptone 
medium with the following modifications: omission of agar and reduction of the 
glucose to 5 g.  1- i. The cells were and washed resuspended in 25 ml of grinding medium 
containing: 0.3 M mannitol, 0.02 M sodium phosphate buffer (pH 7.0), 1 0 -4 M 
disodium EDTA, and 0.4 ~ bovine serum albumin. The cells were then lysed with 
35 g or fine glass beads using a Bronwill MSK tissue homogenizer [12], which results 
in approx. 75-80 ~o cell breakage as estimated by light microscopy. 

The crude homogenate was centrifuged at 2000 x g for 10 min to pellet the 
cell debris, intact cells and beads. The 10 000 x g (10 min) pelleted fraction yielded 
only a small percentage of the total NADH oxidase activity. Thus the remaining 
supernatant was centrifuged at 100 000 x g for 60 min to pellet the remaining mitochon- 
drial and microsomal membranes. This pelleted membrane fraction was resuspended 
in a solution containing: 0.3 M mannitol, 0.04 M KCI, 0.03 M MgCI, 0.01 M sodium 
phosphate buffer (pH 6.5). As the absolute levels of oxidase activity varied between 
experiments, studies on the relative photosensitivity of the different oxidase activities 
were performed on the same membrane preparation. 

Respiration studies. The irradiated cells were harvested by centrifuging at 2000 x g 
for 5 rain, and resuspending in 3 ml of  fresh defined medium. The oxygen uptake 
was measured polarographically at 30 °C in a 3-ml stirred cell (Yellow Springs 
Instrument Model No. 53, Ohio, U.S.A.), with a Clark type oxygen electrode coupled 
to a recorder. 

Irradiation of the membrane suspensions were with 10/~1 of Antifoam B to 
control foaming during the experiment. Substrate-stimulated respiration was initiated 
with 30 /~mol of either sodium succinate, sodium isocitrate, or calcium lactate, or 
0.45/~mol of NADH [13,14]. 

NADH-flavin reductase assay. Flavin reduction was followed by measuring 
the absorbance changes of the membrane suspension at 465-510 nm at room tem- 
perature in an Amino-Chance dual beam spectrophotometer as described by Bragg 
and Hou [6]. The reaction was initiated with 0.1 mM NADH. 

Protein was determined according to Lowry et al. [15]. 
Irradiation conditions. Exponential phase cells at a density of 3 - 106- 4 • l 0  6 

ceils per ml were irradiated in a water-jacketed 3-ml cuvette at 25 °C by two Phillips 
HPW 125 W black-light lamps (365 nm maximum). The maximum dose rate was 
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3 • 103 ergs • mm-2.  min-1, with lower dose rates achieved by increasing the distance 
between the lamps and the cuvette. Dose rates were determined by ferrioxalate 
actinometry [16]. 

The Antifoam B was purchased from Sigma Chemical Co., and the coenzyme 
Q-10 (B-grade) from Calbiochern. 

R E S U L T S  

Whole cell studies 

Fig. 1 illustrates the survival obtained upon irradiation of yeast cells with near- 
ultraviolet light, with aliquots plated on glucose-, glycerol-, or lactate-supplemented 
yeast-peptone medium. The major difference in the survival curves is the duration 
of the initial lag period where there was no loss of viability: 10 min for the lactate- 
or glycerol-supplemented media, and 50 min for the glucose-supplemented medium. 
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Fig .  1. C o l o n y - f o r m i n g  a b i l i t y  of  i r r a d i a t e d  yeas t .  Ce l l s  were  i r r a d i a t e d  in  g l u c o s e - c o n t a i n i n g  
m e d i u m ,  s a m p l e d  a n d  p l a t e d  on  e i t he r  g lucose-  ( O - - O ) ,  l ac ta te -  ( O  - -  - 0 )  o r  g lycero l -  ( V -  - - V  ) 
s u p p l e m e n t e d  m e d i a  as  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  

Cultures of this strain spontaneously give rise to 1-2 ~ petite colonies. The 
possibility that the reduction in the initial lag period observed on non-fermentable 
medium is caused by the near-ultraviolet light induction of respiratory mutants was 
eliminated by showing that the proportion of petites did not change as a function 
of dose (Table I). 

We have determined that the reduction in the initial lag period observed on 
glycerol- or lactate-supplemented media is the result of a metabolic lesion by showing 
that this reduction could be reversed by an intervening period in glucose-supplemented 
medium (Fig. 2). A culture was irradiated to produce 0.1 and 100 K survival on 
yeast-peptone-lactate and yeast-peptone-glucose media, respectively. An aliquot 



454 

TABLE I 

FREQUENCY OF RESPIRATORY MUTANTS AFTER IRRADIATION 

Irradiation and plating methods were as described in Materials and Methods.  

Irradiation Total  numbers Numbers  o f  Petites (~) 
(min) o f  colonies  petites 

0 908 12 1.3 
20 717 7 0.9 
40 867 13 1.5 
60 864 16 1.8 
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Fig. 2. Time course o f  recovery fol lowing irradiation of  cells. Cells were irradiated, sampled and 
incubated with glucose medium and plated, as described in Materials and Methods. Cells plated on 
lactate-supplemented medium ( 0 - -  -O) or glucose-supplemented medium ( Q -  O). 

was then incubated at 30 °C in the dark with aeration in the defined medium containing 
0.5 ~ glucose, and at intervals the viable count determined on either lactate-or 
glucose-supplemented yeast-peptone medium. Rapid recovery of colony forming 
ability on lactate-supplemented medium occurred after 120 min of  incubation. 
During this period there was no proliferation of the remaining number of cells as 
determined by the number of colonies in the controls. 

The cell suspension was either aerated or maintained under N 2 during the 
irradiation period to determine the oxygen dependence of the two types of near- 
ultraviolet-induced lethality. The survival after a given dose under aerobic and 
anaerobic irradiation conditions is compared in Fig. 3. In this normalized presenta- 
tion a horizontal line would indicate complete oxygen dependence, whereas a 45 ° 
line would show oxygen independence. Under these conditions the ability of near- 
ultraviolet light to kill cells on glucose-supplemented plating medium was oxygen 
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Fig.  3. Aerobic and anerobic irradiation of cells plated with glucose- or glycerol-supplemented 
m e d i a .  Cells  were  irradiated aerobically or anerobically in glucose-containing m e d i u m ,  s a m p l e d  and 
plated as described in Materials and Methods. Cells plated on glucose-supplemented m e d i u m  ( & -  - - 

A) ,  o r  g l y c e r o l - s u p p l e m e n t e d  m e d i u m  ( O -  O ) .  Hypothetical oxygen-independent process is shown 
by solid line. 

dependent. There was no significant loss in viability in anaerobically treated cells as 
compared to aerobically treated cells (0.001 ~ survival). The loss of viability on 
glycerol-supplemented plating medium was oxygen dependent as well, but to a lesser 
extent, in that a dose under anaerobic conditions produced 0.1 ~ survival whereas 
under aerobic conditions it produced 0.001 ~ survival. 

The near-ultraviolet lethality observable only with non-fermentable carbon 
substrates indicates alterations in the respiratory capacity of the irradiated cells. 
Indeed, the endogenous respiration of the cells declined as a function of dose, leading 
ultimately to a complete loss after 90 min of irradiation (Fig. 4). 
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Fig.  4. Endogenous respiration in yeast cells after irradiation. Each point represents a separate 
cu l tu re .  Control rates were determined from aliquots of the same culture but held aerobically at 
25 °C untreated. 
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Mitochondrial studies 
The nature of near-ultraviolet-induced respiratory changes can be best studied 

with mitochondrial membranes. Substrates are thought to enter the electron trans- 
sport system of the mitochondria according to the following scheme (Fig. 5). Thus 
by using isocitrate, succinate, N A D H  or lactate as electron donors we can 
determine which portions of the electron transport system may be damaged by near- 
ultraviolet irradiation. 

I s o c i t r a t e  
\ 

N A D  ~ F p  ~ C o Q  ~ C y t  b ~ C y t c  1 ~ C y t c  ~ C y t a  + a 3 ~ O  2 

/ / 
S u c c i n a t e  ~ F p  D -  l a c t a t e  ~ F p  

Fig. 5. Electron transport system of yeast mitochondria. Adapted from Chance et al. [20]. Fp, 
flavoprotein; CoQ, quinones; Cyt, cytochrome. 
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Fig. 6. Substrate-stimulated respiration of mitochondrial activities after irradiation. Respiration 
rates were measured as described in Materials arid Methods. Control rates were as follows, in t, mol 
02 consumed/min per mg protein: succinate ( O - Q ) ,  3.38; NADH (A---A), 19.6; isocitrate 
(~]- - -~), 2.56; and D-lactate (0- - -0), 3.38, Approx. 0.6 mg protein were used per assay. 

Mitochondrial membranes were irradiated aerobically, and the different 
substrate-stimulated oxidase activities were measured (Fig. 6). After 15 min of near- 
ultraviolet at the maximum dose rate, no succino-oxidase activity remained whereas 
80 ~ of the D-lactate oxidase, 50 ~ of the exogenous N A D H  oxidase, and 25 ~o of 
the endogenous N A D H  oxidase (via isocitrate)activities remained. The exogenous 
N A D H  oxidase activity remained at 40 ~ of its control rate with 30-45 min of 
additional irradiation. D-Lactate oxidase, though, declined to 70 ~ of its control 
rate after 45 min of irradiation. Control rates in all cases were determined by aerating 
the membrane suspension at 25 °C for the appropriate time period before assaying. 
Very little loss in control activity occurred after even 45 min of aeration. 

If  quinones are destroyed exogenously added quinones should restore the 
lost activity. As Table II  shows, irradiation doses producing 50 or 100 9/00 loss of 
succino-oxidase activity could be restored nearly completely when incubated for 5 
min with 3 / tM CoQ-10 and 15 pM Brij 58. On the other hand, the losses of N A D H  
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T A B L E  II 

R E S T O R A T I O N  OF I N A C T I V A T E D  O X I D A S E  A C T I V I T I E S  BY I N C U B A T I O N  W I T H  
Q U I N O N E S  

Resp i ra t ion  rates were measured as described in Mater ia ls  and  Methods.  Af ter  i r radia t ion,  the mem- 
brane  suspension was incubated  with 3 ~ M  coenzyme Q-10 (Ubiquinone  50) with 1 5 F M  Brij 58, 
or with Brij 58 alone, for 1 0 m i n  at  30 °C pr ior  to respira t ion measurements .  Dose rate: 3 - 1 0 3  
ergs - r a m -  2 , min - ~. 

Substrate  I r rad ia t ion  + N e a r - u l t r a v i o l e t  +Near -u l t r av io le t ,  CoQ-10, 
(min) 02  consumed 02  consumed 

( ~  control )  ( ~  control)  

Succinate 10 50 100 
20 0 84 

N A D H  5 79 75 
5 80 79 
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Fig. 7. (a) Intensi ty  dependence of  inac t iva t ion  ofsucc ino-  and N A D H - o x i d a s e  activities.  Membrane  
suspensions were i r rad ia ted  wi th  three different intensi t ies  and oxidase act ivi t ies  were assayed as 
described in Mater ia ls  and  Methods.  Intensi t ies  used: 3 • 10 3 ergs • m m  -2 • min  -1 ( @ - - @ ) ;  9 • 10 2 
ergs • m m  -2 • rain -1 ( O -  - - O ) ;  and 4.5 - 10 2 ergs • m m  -2 • min  -1 (&-  - -&).  Cont ro l  rates were as 
in Fig. 6. (b) Intensi ty  used was 4 .5 .  10 2 e r g s - m m  - 2 -  m i n - L  @ - - @ ,  N A D H  oxidase;  © - - © ,  
succino-oxidase.  Cont ro l  rates were as in Fig. 6. 
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oxidase could not  be restored under similar conditions. There was not a direct inacti- 
vat ion o f  the NADH-f lav in  reductase since no loss in its activity could be observed 
as measured by dual beam spectrophotometry [6]. 

By varying the intensity o f  irradiation, differential sensitivity o f  succino- and 
N A D H  oxidase activities was found. Fig. 7a shows that  at three different intensities 
(3 • 103, 9 • 102, and 4.5 • 102 ergs • m m  -2 • min -1)  the inactivation o f  succino- 
oxidase activity was equivalent. But for the N A D H  oxidase activity, the two higher 
intensities produced similar inactivation rates, whereas at the lowest intensity there 
was a distinct lag period prior to any loss in activity (Fig. 7b). 

Approx.  35-40 ~ o f  the exogenous N A D H  oxidase activity appeared to be 
near-ultraviolet resistant, as seen in Fig. 6. This activity apparently is not  entirely 
o f  mitochondrial  origin as seen in Table I lL When compar ing the propor t ion o f  
near-ultraviolet-resistant oxidase activity in the membranes  of  decreasing sedimenta- 
t ion coefficient the pelleted membrane  fraction after 100 000 x g centrifugation had 
greater amounts  o f  this near-ultraviolet-resistant oxidase than in the l0 000 x g- pel- 
leted fraction. 

TABLE Ill 

SUBCELLULAR LOCALIZATION OF NEAR-ULTRAVIOLET-RESISTANT OXIDASE- 
ACTIVITY 

Membrane fractions were isolated, irradiated and assayed for oxidase activity as described in Materi- 
als and Methods. Membrane suspensions were irradiated for 45 min (3 • 103 ergs - mm -2 - rain- t). 
The values are expressed as Q~mol 02 consumed/rain per mg protein). 

Membrane fraction 
(oxidase activity) 

Control +Near-ultraviolet Control (~) 

10 000 ×g (15 min) 
Succinate 2.4 0 0 
NADH 14.9 1.3 8.8 

100 000 × g (60 min) 
Succinate 2.6 0 0 
NADH 16.7 3.5 21.0 

DISCUSSION 

Near  ultraviolet-irradiated yeast cells lose viability by two distinct mechanisms. 
One type of  cell death (low dose lethality) is manifested after 3 • 10 4 egs • m m  -z ,  
and only when the irradiated cells are plated with a non-fermentable carbon 
energy source. The second mechanism of  cell death (high dose lethality) is detectable 
after 1.8-105 ergs. m m  -2, and when the cells are plated on a fermentable carbon 
and energy source. Dur ing low dose lethality viability is reduced to about  0.1 ~ o f  
the controls before there is any significant loss o f  colony forming ability by the high 
dose lethality (Fig. 1). This difference in survival obtained between cells plated on 
lactate- or  glucose-based media is not  due to the induction of  respiration deficient 
mutants;  the frequency of  petites is not  appreciably affected by doses up to 1.8 • 10 s 
e rgs .  mm -2  (Table 1). Furthermore,  the low dose lethality is entirely reversible 
with an intermediate period o f  incubation with glucose- containing medium (Fig. 2). 
These results suggest that  low dose lethality is the consequence o f  a metabolic lesion. 
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In E. coli [2] and in Salmonella typhimurium [19] near-ultraviolet light-induced 
lethality has been shown to be greatly enhanced by oxygenation. We have found 
essentially the same phenomenon with yeast; the high dose lethality was oxygen 
dependent, whereas the low dose lethality exhibited only partial oxygendependence 
(Fig. 3). This differential oxygen requirement is consistent with other evidence sug- 
gesting that different mechanisms are involved in low and high dose lethality. 

Since low dose lethality appears to be the result of a reversible metabolic 
defect that is expressed only on a non-fermentable-plating medium, the respiratory 
capacity was suspected as the target. When actively growing cells were irradiated 
with doses sufficient to only produce the low dose-reversible lethality, there is a 
marked decrease in the endogenous respiration (Fig. 4). 

Near-ultraviolet irradiation has been found to initially inhibit the coupled 
oxidative phosphorylations [18,19], and secondarily to destroy the quinone pools 
[5,10]. We were unable to determine if oxidative phosphorylations were more 
sensitive than the quinones to near ultraviolet light, as the oxidase activities in our 
membrane preparations never showed any ADP-stimulated activity. Using the 
appropriate electron donors to the yeast mitochondrial electron transport system 
[20], we were able to show the inactivation of quinone-related electron transfers. 
Substrates which donate electrons at redox levels higher than the quinones all showed 
greatest sensitivities to near-ultraviolet light (Fig. 4). D-Lactate which donates 
electrons at the level of cytochome c [17], shows a very slow loss in lactate oxidase 
activity that is probably from the destruction of cytochromes as reported in E. coli 
[7]. These results are consistant with studies on other biological systems, in that the 
quinone pools are the most near-ultraviolet-labile component of the electron trans- 
port chain [10, 19, 21]. 

In the rat liver mitochondria [9] and in R. palustris [10] the succino-oxidase 
activity was less sensitive to near-ultraviolet light than the NADH oxidase 
activity. Our results suggest the reverse situation in yeast. Both endogenous and ex- 
ogenous NADI;I oxidase activities were less sensitive than the succino-oxidase activity 
(Fig. 6). Furthermore, with three different intensities of irradiation there was little 
difference in the inactivation of succino-oxidase activity suggesting that even the 
lowest intensity was still dose saturating. The inactivation of the NADH oxidase 
activity showed no differences at the two higher intensities, but at the lowest intensity 
there was no detectable loss in activity during the first 10 min (Figs 7a and 7b). This 
differential sensitivity could be caused by varying quinone pool sizes utilized by 
each oxidase or different absorption characteristics of the quinone environment in 
each oxidase activity. 

Differences in the membrane environment of the NADH and succino-oxidase 
activities have been well studied in terms of hydrophobicity [22, 23]. In our studies 
Brij 58 was used to solubilize the CoQ-10, and this was sufficient to restore the 
succino-oxidase but not the NADH oxidase activities following irradiation. The 
lost NADH oxidase activity could not be explained by a denaturation of the NADH- 
flavin reductase. Thus this inability to restore activity may represent the precise 
phospholipid requirement as reported by Lenaz et al. [22]. 

A substantial portion of the NADH oxidase activity (35-40 ~ )  appears to 
be near-ultraviolet resistant. In M. phlei and Micrococcus lysodeikticus [21 ] approx. 
5 ~ of the NADH oxidase activity was near-ultraviolet resistant. This resistance 
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suggests  an  e l ec t ron  t r a n s p o r t  cha in  in wh ich  q u i n o n e s  are  n o t  a necessary  c o m p o n e n t ,  

T h e  n o n - q u i n o n e - m e d i a t e d  pa thways  have  been  well  es tab l i shed  in ra t  l iver  m i t o -  

c h o n d r i a l  o u t e r  m e m b r a n e s  [24], a n d  m o r e  recent ly  in m u n g  bean  m i t o c h o n d r i a  [25], 

however ,  its exis tence  in yeas t  is u n r e s o l v e d  [13, 23, 25], W e  have  s h o w n  tha t  g rea t e r  

pe rcen tages  o f  this  nea r -u l t r av io le t - r e s i s t an t  p a t h w a y  are  p resen t  in a m o r e  s lowly 

s e d i m e n t i n g  m e m b r a n e  f r ac t ion  and  m a y  be represen ta t ive  o f  this  pa r t i cu l a r  n o n -  

q u i n o n e  e l ec t ron  t r a n s p o r t  chain.  
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