
VOL. 16 (1955) BIOCHIMICA ET BIOPHYSICA .kCTA 539 

A D A P T A T I O N  OF Y E A S T  TO C O P P E R  

XI. CONDITIONS FOR THE ACTION OF A SPECIFIC RIBONUCLEATE 

IN INCREASING THE COPPER RESISTANCE OF YEAST 

by 

TEI ICHI  MINAGAWA 

Biological Institute, Faculty o] Science, Kobe University, Hime]i Branch, Hyogo-Ken (Japan) 

INTRODUCTION 

When a strain of Saccharomyces dlipsoideus was plated in the medium called MH 
(Henneberg's medium supplemented with malt extract) to which CuSO 4 was added to 
give concentration of I mM/1, about 70% of the viable cells grew to form visible colonies. 
When, however, cells which had grown on the MH medium containing I mM/1 CuSO 4 
were plated again on copper-containing media, the survival ratio was lOO% even in the 
medium containing 2 mM/1 CuS04. 

A copper-resistant substrain was obtained by inoculating the normal strain on MH 
agar slant containing I mM/1 CuSO~. followed by successive subculturing on the same 
medium. It  was designated as Rib, because of the copper concentration to which it has 
been acclimatized and the brown colour of its colonies. If cells of Rib are transferred to 
copper free medium, the resulting colonies are white in colour. But the cells exhibit in 
the plating test almost the same copper resistance as those of RI~. The substrain obtained 
by subculturing R~b once on, or in, the copper-free medium is designated as Rib(0 r 

MINAGAWA et al. 1 found that, when the same numbers of cells of the parent strain 
and of Rib were mixed in M/I5 KHzP04 and incubated for a while, lOO% of the cells 
proved to be viable, instead of giving the average of the survival ratios of the two sub- 
strains, in the plating test using I mM/1 CuSO4-MH. This result led them to suspect that 
some matter diffusing out of Rib cells elevated the viability of the parent strain in the 
copper medium. 

In order to know the nature of the matter several experiments were made on the 
extract from copper-resistant cells. As Rib accumulated much copper in the cells, R~b/01 
was used as the source of cell extract in order to avoid any effect, at all, of the accumu- 
lated copper. The copper concentration contained in the extract from R~b(0/ was found to 
be too low to give any training effect to the cells of the parent strain. 

After a series of experiments it was found that the sodium ribonucleate, which had 
been isolated from Rlbi0/ after CLARKE AND SCHRYVER 2 and then deproteinized using 
chloroform-amylalcohoP, had the effect of increasing the copper resistance of the parent 
strain, whereas neither the corresponding fraction, nor the crude extract, from the parent 
strain cells had any such effect. The activity of the ribonucleic acid (RNA) fraction from 
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Rl~,<0) was destroyed if the fraction had been digested by ribonnclease before acting upon 
the parent strain cells. 

The authors 4 further demonstrated that the crude extract of Rlb(0 ) lost its activity 
completely by the action of ribonuclease, just as in the above mentioned case of the 
purified RNA, while the crude extract, as well as the RNA from the parent strain, under- 
went through the action of the enzyme no significant change in the effect upon cells. 
They also confirmed that the RNA from Rib(0 / did not lose its particular activity even 
after being heated twice at zoo °C for 3o minutes. 

The authors 5 determined also that the cell extracts from the copper-trained sub- 
strains, as well as their parent strains, of seven other yeast species did not increase 
the copper resistance of the wild type cells of S. ellipsoideus. Hence, so far as tests have 
been carried out, the only source of the active principle was the copper-trained substrain 
which had been derived from the strain to be treated by the extract. 

Facts are being accumulated that desoxypentose nucleic acids (DNA) transform 
bacterial properties, as reviewed by Aus'rRIAN 6 and HOTCmaSS 7. But few cases have been 
ascribed to the action of pentose nucleic acids. The factor which is responsible for the 
sensitization of penicillin resistant bacteria through the mixed culture with sensitive 
bacteria was ascribed to the RNA by G~ORCE et al. a AI;IB~ ctal. '~, however, in a similar 
experiment in which a penicillin-resistant strain of Staphylococc¢ts aureus was sensitized 
by culturing together with the sensitive strain of Diplococcus p~eumoMae, asserted that 
the substance participating in this phenomena was DNA, and not RNA, of D. p.neumo~iae. 
OI)a TM reported that the adaptive enzyme formation of a strain of Pse.z~domo~as aeruginosa 
was markedly accelerated, in the presence of glucose, by the RNA of the strain itself, 
but not by that of another strain. In this case, the strain-specific RNA has the same 
effect whether it is obtained from the adapted cells or unadapted ones. Hence there are 
no cases so far reported that are similar to the author's finding. However, owing to 
repeated experiments, it is certain that the RNA from the copper-resistant substrain 
of yeast causes an increase in copper resistance of its parent strain. 

It  has often been inferred that RNA might participate in protein synthesis. Yet 
it is hardly known how it functions. The study of the action of RNA in modifying 
the nature of cells might serve as an approach to the physiological function of RNA. 
From this point of view, the author is studying both the RNA, and the crude extract, 
of the copper-resistant substrain. The present paper reports the following two series 
of experiments : 

x. Necessary, as well as inhibitory conditions of cell treatment by which RNA made 
cells more resistant to copper were determined. This might be a first step to under- 
standing how the RNA functions in the cell. 

2. In the experiments so far mentioned, the rise in copper resistance was determined 
by counting visible colonies, using the conventional pour plate method. It  can not be 
decided by this method whether the treated cells are directly made resistant by the RNA 
or whether they are altered so that they might become resistant through cell divisions 
in the presence of copper. Hence we determined the copper inhibition of fermentation 
to test if cells treated by the extract of the resistant substrain had become more resistant 
to copper before cell division had occurred. As this proved to be the case, some condi- 
tions of the cell treatment were studied by the manometric method. 
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MATERIAL AND METHODS 

Strain. The strain of S. ellipsoideus used in this exper iment  was the same as in the previous 
papersl,4, 5. I t  was kept  on mal t  ex t rac t  agar  at low tempera ture .  The copper res is tant  substra in ,  
Rib, was obtained and kept  by  serial passages on the MH agar  medium supplemented  with im31/1 
CuSO 4. When  Rib was passed th rough  MH not  supplemented  wi th  copper, it was denoted as R~b(0). 
The pa ren t  s train to be t reated by  cell ex t rac t  or RNA was prepared  by  inoculat ing the stock culture 
to liquid or solid MH medium and incubat ing  for 2 days at 3 ° °  C. 

Cztlture medium. Components  of MH medium are as follows : sucrose ioo g, peptone  5 g, KH~ 1'O 4 
5 g, Mg.qO4"TH,o () 2 g, distilled water  t l, mal t  ex t rac t  (8 Bd) 36o ml. The precipitat ion formed 
th rough  autoclaving at 2o lb. was filtered. For  solid medium, 1.5 % of agar  was added. 

Preparati¢uz o/ cell extract. Cells of the pa ren t  s t ra in  and Rib were incubated respectively in 
1.5 1 of normal  MH liquid medium contained in 2 1 Er lenmeyer  flasks for 5 days. After harves t ing  
and washing wi th  distilled water,  cells were dried at  room tenlpera ture  under  reduced pressure.  
Of eacll dry powdered yeast,  2oo mg was suspended in In ml of distilled water,  heated on a boiling 
water  ba th  for 3 ° minutes,  cooled, and the s u p e r n a t a n t  was separated by  centrifugation.  The ext rac ts  
from the pa ren t  s t ra in  and R~b(0) will be denoted as Ep and ER, respectively, and the corresponding 
ribonucleic acids, as R N A p  and RNAR, respectively. E R 
contained a small and equal  a m o u n t  of copper as Ep, 
a l though  the ex t rac t  from R~b, which had been growing 
in the copper medium, contained more.  

Treatme~t o/ tl~e parent straiu with extract. Washed 
cells of the pa ren t  strain were suspended in distilled wate r  
t~ give a t i ter  of abou t  5'  los cells/ml. 

For the aerobic treatment, aliquots of the cell suspension 
were mixed respectively wi th  equal volumes of ext rac ts  
and incubated at 3 °0 C. The period of t r e a t m e n t  was 90 
minutes ,  unless otherwise specified. This period of t r ea tmen t  
was  chosen according to the result  of the following ex- 
per iment .  

RNA was ext rac ted  as its sodium salt from Rib(0 ) 
af ter  CLARKE AND SCHRYVER 2 and purified by  chloroform- 
amylalcohol  a. Pa ren t  s train cells were suspended in the 
RNA solution in ~ / / I 5  phospha t e  buffer (pH 5) and in- 
cubated  at  3 °0 C. Aliquots  were removed at  3 ° minute  
intervals  and plated by the method described below. As 
is shown in Fig. i, the effect of the RNA can be fully 
exhibi ted within from 60 to 90 minutes .  The concentra-  
tion of RNA R in the t reat ing medium was chosen to be a 
little over  ioo /~g/ml, because this concentra t ion  was suf- 
ficient for the maximal  effect. Below ioo ffg/ml, tile more  
concentra ted  the RNAR, the higher  the survival  rat io of 
t rea ted  cells. RNAp,  on the o ther  hand,  did not  influence 
the  survival  rat io even up  to 2000 ffg/ml. 

~oo 

9 0  

~ 80 

@ 

70 

60 

Period o f  RNA R -treatment (rnio ) 

Fig. I. Relation between tile period 
of contact  of the pa ren t  s train to 
a solution of I mg/ml  RNAR and 
its survival  in the MH-medium 

containing 1.2 mM/1 CuSO 4. 

For the anaerobic treatment, a VVarburg vessel, which contained 0. 5 ml of cell suspension in 
the main c o m p a r t m e n t  and o.5 ml of t rea t ing ext rac t  in a side arm, was thoroughly  flushed with 
N 2 gas. After equil ibr ium was reached at  3 ° °  (2, the ex t rac t  and the cell suspension were mixed 
together .  As shown in Fig. 7 C and D, the CO 2 evolut ion was  small dur ing the period of t r ea tment ,  
p re sumab ly  because reserve subs t ra tes  for fermentat ion,  if they  had remained, were consmned during 
the flushing procedure.  

Method o/plating. After  the t rea tment ,  cell suspensions were diluted 400 t imes wi th  distilled 
water .  Then  0.05 ml of this diluted suspension was  dropped into IOO ml of melted MH agar  medium 
a t  45 ° C. After mixing well, wi th  care to avoid foaming, an al iquot  of 20 ml was  poured into a Petri  
dish, as a control  plate. Then an al iquot  of 5o ml was dispensed in a sterilized Er lenmeyer  flask 
which contained a measured  volume of M / I n  CuSO 4 to give a final concentrat ion of 1.2 or 1.3 n121I/1. 
Two 20 ml al iquots  of this mix ture  were poured into plates. Then, ano the r  control  plate was made. 
The Petri  dishes used were 9 cm in diameter.  Plates were read after  2 or 3 days of incubat ion  at  3 o-' C. 
The survival ratio was given by  the ratio of the means  of duplicate plates, copper  medium : control. 

3/Ieasurement of respiration and/ermentation. Using the usual  W a r b u r g  appara tus ,  measu remen t s  
were made by  direct me thod  at  3 °0 C. The t reated cell suspension was diluted 5 t imes wi th  distilled 
water.  Excep t  where otherwise specified, tile composi t ion of the react ion mix ture  was I ml of cell 
suspension plus i ml of :U//7. 5 phospha t e  buffer (pH 5.0) which contained lO% glucose. A side a rm 
of the vessel contained o.14 ml of 5.5 raM~1 CuSO t solution, and this was run  into the main compar t -  
naent af ter  the equilibration, the result ing concentra t ion of CuSO 4 being 0.36 mM/l.  The center  
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wel l  CO:lFtin :d o.:; ml  of ~,~ %, ' ( ) [  l ao lu t ion  for e s t i m a t i n g  O._, uptake-.  I : Iask  const r*nts  \~twe f rom 
l . t )  t(') I . S .  : % n m ' r o b i c  In  , a q i i r { ' l l l  ' i l l  <. \V¢,l-e c ; i r r i ~ d  ( ) l l t  ill  N,, or II e £as. 

t{ilJoleztclec~se ( leNase) .  T h i s  c n z \ ' m v ,  p r e p a r e d  f rom p a n c r e a s  u ,  w a s  k i n d l y  su i )p l i cd  l)y l)r .  
F.  E(;AMI. N a g o y a  U n i v e r s i t y .  

Comparisons o~ nztmevical values oblained i~z all~lore*el seYies o/ exflerimeTzls s h o u l d  l)e a v o i d e d ,  
for t h e  s u r v i v a l  rat io  and tlle inhib i t ion  in f e r m e n t a t i o n  in t he  p r e s e n c e  of a certain concentrat ion  
of copper are not  ahvays  s tr ic t ly  constant .  C o m p a r i s o n s  w e r e  m a d e  b e t w e e n  t he  c o p p e r  t e s t s  and 
the contro ls  made  s imul taneous ly .  

RESULT 

L Effect o/conditions o~ cell treatment as tested by the plating method. 

By supplementing the cell extracts with sugar and peptone, it was tested how sugar 
and peptone modify the effect of RNA~e in increasing copper resistance. Table I shows 
typical results of an experiment in which a culture of the parent strain was treated by 
six kinds of solutions before plating. When lO% sucrose was present, the increase in 
surival ratio by ER did not appear, its vahle remaining at the same level as in the case 
of treatment by E >  On the other hand, the values of cells treated by Ep did not differ, 
irrespective of the supplementation with sucrose. But the inhibition of the E~ action 
by sugar was relieved by tim coexistence of o.5% peptone. Sugar and peptone in the 
concentrations used above had no effect upon cells. 

T A B L E  I 

S u r v i v a l  ratios  in i .2 raM~1 C u S O 4 - M H  m e d i u m ,  
of the  parent  strain treated  by E p  and E R which  
w e r e  and were not  supp lemented  w i t h  s u c r o s e  
and peptone.  S: To% s u c r o s e ;  N :  o. 5 % p e p t o n e .  

Treating medium Survival ratio (%) 

E p  77.5 
E p  @ S 70.8 
ER lO3 
E R -~ S 77-9 
E R @ S -~ N I o I  

S + N 77.o 

T A B L E  I I  

S u r v i v a l  ratios,  in 1. 3 m3I/1 C u S O 4 - M H ,  of the 
parent  strain treated by  E R supp lemented  wi th  
I O %  suc rose  and var ious  concentrat ions  ot 

(NH4)~SOt .  

Concentration o/ 
(NH,)..SO~(O,o) . z,'~, x,%' z/4 

S u r v i v a l  r a t i o  49,2 q o 0S.o 97.6 

Peptone, which antagonized the sugar inhibition, could be replaced by (NH4)2SO4. 
Table II shows that the antagonizing action of (NH4) 2S04 increased as the concentration 
was raised up to o.125%, above which no further increase was observed. The total 
nitrogen content of the treating extract was 45 /,g/ml, while nitrogen in o.I25% 
(NH~) 2SO4 solution was 265/,g/ml.  The number of cells viable in the copper-free medium 
did not differ whether the treating extracts contained sugar or not. Moreover, ceils 
treated by Ep with and without added sugar did not differ from each as to their viability 
in the copper medium. Added sucrose, therefore, did not decrease the copper resistance 
of treated cells, but seems to have interfered with the development of tile effect of RNAR. 

The fact that sugar renders the action of RNAle ineffectual, and that nitrogen 
compounds prevent it may suggest that carbohydrate and nitrogen metabolisms are 
involved in the alteration of the cell nature by RNA~. Hence in order to reduce a major 
way of sugar break-down, fermentation inhibitors, NaF and monoiodoacetic acid (IAA), 
were added to EI~ which contained IO% sucrose. Effects of azide and 2,4-dinitrophenol 
(DNP) were also examined. 
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Table I I I A  represents the survival ratios of the parent strain treated by ER which 
were supplemented with lO% sucrose and the inhibitors. Each inhibitor was used in 
the highest concentration that did not affect the survival ratio of the parent strain. 
The Table indicates that the interfering action of sugar was blocked by the presence of 
either of the fermentation inhibitors, while the other two enzyme inhibitors inhibited 
the increase in survival ratio by E~. 

T A B L E  i I I  

I n f l u e n c e  of e n z y m e  inhib i tors  u p o n  the effect, exerted on the  parent  strain,  of E R  conta in ing  i o %  
s u c r o s e  (S) a n d  o. 5 %, p e p t o n e  (N). Cel ls  w e r e  t r e a t e d  for  9 ° min u te s  at  3 °0  C and plated to r e a d  

t h e  surv iva l  rat io  in 1.2 m~,[/1 C u S O 4 - M H  m e d i u m .  

Treating Enzyme inhibitor added Survival ratio 
medinm to treating medium (mM/l) (%) 

:\ E R S  

- -  75.o 
N a F  ~o.o 95.5 
[ A A  o . i  94.4 
N a N  3 o . o i  74.6 
D N P  o. r 73.8 

B 

ERS - -  71.o 

- 97.6 
E R S N  N a N  a o . c I  70.4 

D N P  o . I  84. 4 

The latter two enzyme inhibitors interfered with the action of E R e v e n  in the 
presence of peptone, as shown in Table UI  B. This fact can be accounted for by a direct or 
indirect inhibition of nitrogen metabolism, or as will be discussed later, by an inhibition 
of the energy supply to the metabolism which leads to an increase in copper resistance. 
These inhibitors are known to inhibit phosphorylation in low concentrations where 
they do not depress rates of respiration and fermentation. Their inhibiting effect on 
adaptive enzyme formation has been explained in this connection a2. 

Increasing evidence is favourable to the hypothesis that RNA is involved in protein 
synthesis or enzyme formation in the cell. Supposition might be allowed, therefore, 
that some qualitative and/or quantitative change in the plasmatic state of the treated 
cell is controlled by RNAR and results in an increase in copper resistance. 

A hypothetical scheme might be presented to account for the above-mentioned 
effects of sugar and nitrogen source (Fig. 2). Let state A represent an intracellular state 

Fig .  2 ,_, A. Intrace l lu lar  state  to 
X,~oCe*~ ~ f  j ~  support  f ermenta t ion  

Ni trogen  c o m p o u n d s ,  < ~  
e n d o g e n o u s  and P ~ r r ? c 2 ~  
e x o g e n o u s  (cell ~ B. Intrace l lu lar  s tate  i n v o l v e d  
oxtract  and (NH4)2SO4) in copper resistance 

R N A R  

which supports fermentation, and state B another one which, when present in the cell, 
makes it more resistant to copper. Suppose state A develops when fermentation occurs, 
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and state B is established by an action, not of RNAp, but of RNAR. If nitrogen is needed 
for states A and B to develop (or to maintain themselves), the processes I and II, which 
lead to A and B, respectively, may compete with each other. 

When no sugar is present in the treating Es~ solution, process I is weak, and II  can 
proceed at the expense of nitrogen compounds in the cell and in the extract. But if much 
sugar is present in the treating medium, process I goes so vigorously as to put process II  
on short nitrogen allowance, and thus the effect of RNAr~ fails to be realised. Process II  
can proceed in the presence of much sugar, however, either when process I is inhibited 
by NaF or IAA, or when enough nitrogen is supplied exogenously to relieve the com- 
petition. This idea is supported by tile following experiment. 

Table IV depicts typical results of a set of experiments performed simultaneously. 
In the Table, c and d represent successive treatments by two kinds of solution, namely 
ER supplemented with Io% sugar and Es~ supplemented with Io% sugar and o.I25% 
(NH4) 2S04. In the case of c, cells in which state A had been attained by the first treat- 
ment, were introduced to the treating medium which can make state B develop. In the 
case of d, on the contrary, cells in state B were subjected to a condition which accelerated 
process I. The survival ratio in d was higher than in c, both being intermediate between 
those of single treatments, a and b. The results may indicate that, when state A has once 
been developed by the first treatment, the formation of state B is weak even in the 
presence of ammonium salt, and that state B once established is not easily destroyed, at 
least within 9 ° minutes, even if fermentation may occur significantly. 

T A B L F  IV 

Effect of successive t r ea tmen t s  by  different media. S: io ° o sucrose, N: o. 125 o~ (NH4)2SO4. Numbers  
in parentheses  indicate the durat ion in minutes  of each t rea tment .  

Treatment Survival ratio 
(%} 

a. ERS (9o) 70.6 
b. E R S N  (60) 97.S 
c. E R S  (90) - -  E R S N  (60) 8I . I  
d. E R S N  (60) - -  E R S  (0o) 88.o 
e. E R ( i 2 0 ) - - E p  (i2o) Io2 
/ .  E R S N  (6O) - -  E p S N ( 2 7 o  ) 91.8 

Experiment e in Table IV shows that  the survival ratio of cells in state B does not 
lower even if they are suspended in Ep for 12o minutes. This may indicate that Ep has 
no power to revert the established state B to the sensitive state, and that state B can 
persist unless some process which requires a nitrogen source proceeds vigorously, as in d. 

I t  was ascertained that cells hardly proliferated during treatments in the above ex- 
periments. Experiment / in Table IV was carried out in order to see how the established 
state B is impaired if the cells treated with ER proliferate in the absence of RNAR. Cells 
treated with Es~ were transferred to Ep which was supplemented with sugar and 
(NH4)2SO 4. The number of cells increased 4 times in 4.5 hours. But the survival ratio 
did not decrease to the level of cells treated with Ep. Hence it can be stated that Ep 
does not decrease the survival ratio of cells in B and that  a few generations of cell 
proliferation in Ep do not result in a remarkable decrease of survival ratio. However, 
when cells were left to proliferate until they became 3o times increased, in an experi- 
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ment similar to / in Table IV, the survival ratio was lowered to the level of control 
cells, while cells having proliferated to the same extent in the presence of ER, supple- 
mented with sugar and (NH4) 2S04, survived lOO%. 

On the other hand, t reated cells proliferate very much when they form visible 
colonies in copper-containing plates. And cells composing those colonies are copper 
resistant. Hence the copper resistance is not lost by multiplication in the presence of 
copper. So it may be concluded tha t  the cell-proliferation without either ER or copper 
"dilutes" state B, though it is uncertain whether B is destroyed or not. 

2. Effect o/ ER as tested prior to cell proli/eration. 
Of the parent strain treated by  Ep and ER, respiration as well as aerobic and 

anaerobic fermentation in the presence of 5 % glucose were measured. But no difference 
was found between the effects of the two kinds of extract. 

When, however, the copper inhibition of aerobic fermentation was measured, a 
significant difference was noticed between 
the treatments by Ep and ER. As shown in 7o[ 
Fig. 3, fermentation of cells which has been ! 
t reated by Ep ceased almost completely in ~6o[  

minutes following the introduction of :) 40 50L 
CuSO 4 solution into the cell suspension, 
while with cells treated by ER, fermenta- ~ 40 
tion was not completely inhibited. In many  
cases, a difference in copper inhibition of g 3o 
fermentation between the two treatments  
could be noticed even in IO minutes after ~ 2o 
the addition of copper. As to copper in- ~_7 
hibition of O 2 uptake, cells treated by ER I0 
suffered copper inhibition to a lesser extent 
than those treated by  Ep in every experi- 
ment, but the difference was small as seen 
in Fig. 3. 

Results analogous to the case of aerobic 
fermentation were obtained also with 
anaerobic fermentation (in N 2 or H 2 gas), 
as illustrated in Fig. 4. 

/- 

~ ~ ~ ~ ~ _ 7 ~ Z  "~2=----Z'~ 

I I I ;o 20 3'0 5'o 60 80 
Time after copper addition (m/n) 

Fig. 3. Effect of copper  on respirat ion (- - -)  
and aerobic fe rmenta t ion  ( - - )  of tile pa ren t  
s t ra in  which has  been t rea ted  wi th  ER(O ) and 
wi th  Ep(X).  CuSO 4 solution was added at  
zero t ime to give concentra t ion of o.34 mM/1. 

Since no difference in the rate of fermentat ion in the absence of copper was caused 
by  the t reatments  with Ep and ER, the alteration caused in cells by  ER-treatment 
must be such as to let fermentation proceed in spite of the presence of copper. 

In an a t tempt  to find out if the above mentioned effect of ER is at tr ibutable to 
RNA~, cell extracts were digested by RNase. Each of Ep and ER was mixed with two 
aliquots of phosphate buffer at p H  7.2, the one containing the enzyme and the other not. 
The four kinds of mixtures were kept at 6o ° C for 12o minutes, and then heated at IOO ° C 
for 3o minutes with the object of inactivating the enzyme, which was contained in two of 
them. After cooling, the pH was regulated to the original value of 4.8. Fig. 5 represents 
the copper inhibition of glucose fermentation under anaerobic conditions of the parent 
strain, which has been treated by  those solutions. Cells treated with ER (A), not affected 
by RNase, suffered less copper inhibition than those treated with ER(B), digested by the 
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enzyme. And the copper inhibition of the latter was of the same deKrce as those treated 
with Ep either with (D) or without (C) RNase digestion. 

6O 

0 

40 

/.o 

// 
o// 

2 

t i I _ .  _c  . . . . . .  a . . . . . .  L _ - - J  

60 ~0 75C 
T,~e?e cffec co,opec ~5'dG'."f/o ) (,. ,~.) 

Fig. 4. Effect  of copper  on ( '02  evo lu t ion  in N 2 gas  of cells ~reat~'d wi th  I£R(Q) and with F.p( t.: ). 
CuSO 4 so lu t ion  was added  a t  zero t ime  to Rive o.34 m3]/1. 

Thus it was proved that ER alters the parent strain and makes it less susceptible to 
copper inhibition by the specific RNA contained in it, just as was found with the plating 
method. It is to be noted that the use of the manometric method allows copper sensitivity 
of cells to be detected before they multiply when brought in contact with copper, while, 
with the plating method, copper resistance is 
estimated by cell proliferation in the copper 
containing medium. 

The cell treatments were carried out under 
aerobic conditions in the above experiments. 
When, however, ceils were treated under the 
anaerobic condition, E~ had no beneficial effect 
compared to Ez,, as illustrated in Fig. 6. By 
aerobic treatment made simultaneously, the 
effect of E~,, was evident. In the three cases, 
anaerobic treatment with Ej¢, and aerobic as well 
as anaerobic treaments with Ep, there was no 
significant difference in the effect on cells of 
changing the copper sensitivity of fermentation. 

It was determined with the plating method 
that ER failed to be effective when cells fermented 
vigorously during the treatment, provided that 
there was no supply of nitrogen compound. 
Hence in order to ascertain iF the ineffectiveness 
of the anaerobic treatment is due to nitrogen 
deficiency, (NH4) 2SO4 was supplemented to Ez~. 
But ER was still ineffectiw~. 
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Aerobiosis seems to be needed for the cell alteration which is induced by RNA~e 
and by which the parent strain becomes less susceptible to copper. During treatments 
with extracts, fermentation under the anaerobic condition was very low compared 
with respiration, as shown in Fig. 7. (In this measurement, the density of the cell sus- 
pension was IO times as high as in the other experiments.) A possibility is suggested 
that sufficient energy necessary for the realisation of the effect of RNA~ can not be 
furnished under the anaerobic condition, while iL can be in the aerobic treatment. If this 
is the case, the cellular alteration would be induced by RNAR even under the anaerobic 
condition, if an available energy source is supplied. 
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Fig. 6. Significance of aerobiosis  during the  cell  
t reatment .  Fermenta t ion  in N 2, in the  presence 
of copper,  of the parent  strain which  has been 
treated with  ER in air (O) and in N 2 (O), hnd  

wi th  E p  in air ( × )  and in N 2 ( ~ ) .  

Fig. 7- Respirat ion and anaerobic  fermentat ion  
in the  treat ing  extracts .  CO 2 evo lved  (A) and 02 
taken  up (B) in air by  cells being suspended  in 
/7.R; and CO~ evo lved  in N2 by  cells  being sus-  
pended  in E p  (C) and  ER (D). D e n s i t y  of cells 
was t en  t imes  as high as other exper iments  

reported in the  present  paper.  

Anaerobic treatments were carried out with and without the addition of o.o5 ml of 
o.o6 M/1 glucose solution to o.95 ml of cell suspensions in El, and EL. Among the four 
kinds of treatment, the one by E1~ supplemented with the small amount of glucose 
was effective, as shown in Fig. 8. 

Here the question arises whether a small amount of sugar, necessary for the anaerobic 
treatment, is required for providing some metabolic product or energy. SPIEGELMAN 
el aL Ia using yeast cells proved that esterification of inorganic phosphate was inhibited 
by a low concentration of NAN3, without fermentation being inhibited. LooMIs et a l )  4 
reported that a low concentration of DNP,  which did not inhibit oxidation, interfered 
with phosphorylation. Hence these agents were used to inhibit phosphorylation occurring 
during treatments with the extracts. 

Anaerobic fermentation of cells of the parent strain was inhibited very slightly 
by 32 mM/1 NAN3, and not at all by I6 mM/1. Hence, when the latter concentration of 
the inhibitor was added to cell extracts together with a small amount of glucose, 
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phosphorylation may be inhibited without fermentation being interfered with during 
the anaerobic treatment. 

The parent strain cells were anaerobically treated by E¢~ and E~,, supplemented with 
3 t t~'l] of glucose, with and without addition of 16 raM/1 NaN a. The anaerobic fermenta- 
tion of treated cells was measured in the presence of copper. In contrast to the cells 
treated by E/¢ without NaN a (Fig. 0 A), those treated by EI~ in the presenct~ of NaNa(B ) 
remained copper sensitive, just as those treated by Er  (C). Hencr it seems most rea- 
sonable to suppose that sugar is needed for the anaerobic treatment as the energy source 
to form high energy phosphate bond which is to be needed for the process II  in Fig. 2. 

In the aerobic treatment, on the other hand, sugar, the supplementary energy 
source, is not necessary. Since the cell extracts, as used for treatments, contained no 
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Fig .  8. S i g n i f i c a n c e  of a t r a c e  of s u g a r  in  t he  a n a e r o b i c  t r e a t m e n t  of cel ls .  F e r m e n t a t i o n  in  N 2, in  
t h e  p r e s e n c e  of c o p p e r ,  of t h e  p a r e n t  s t r a i n  w h i c h  h a s  b e e n  a n a e r o b i c a l l y  t r e a t e d  b y  : A : ER;  B : E R  

+ 3 ff 2~5r of g l u c o s e  ; C : Ep;  [) : Ep-}-  3 i f , I f  of g lucose .  

120 ~ - ~ * / ~  

/ . , - o ~ I - T - -  

40 

/ i  ...................... 
° o - - -  2'0 ~o 60 ob 

Time after copper addi#on (rain) 

Fig .  9. A z i d e  i n h i b i t i o n  of t h e  a c t i o n  o£ /Z R. l ; e r m e n t a ~ i o n  in N~, in  t he  p r e s e n c e  of c o p p e r ,  of t he  
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C: E p .  E a c h  e x t r a c t  c o n t a i n e d  3 f t M  of g lucose .  
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significant amount of substrates, energy must be obtained chiefly by endogenous 
respiration. The fact tha t  the anaerobic t reatment  is ineffectual when no exogenous 
energy source is given is understandable from 
this point. In order to confirm the importance of 
energy coupling during the aerobic t reatment ,  
DNP was added to treating extracts to which no 
sugar was added. Respiration of cells suspended 
in cell extracts was hardly inhibited by  o . I I  mM/l 
DNP, and not at all by o.55 mM/1. When the latter 
concentration of DNP was added, E R showed no 
effect which distinguishes it from Ep, which is in- 
active if the same amount  of DNP is either added 
or not. Fig. IO illustrates a typical case. Sometimes 
the effect of ER was not blocked so clearly by  this 
concentration of DNP. But the copper inhibition 
was always weaker with cells t reated by  En 
without DNP than those treated in the presence 
of the inhibitor. 

I t  may be concluded, therefore, that  the effect 
of RNAR can not be brought about unless sufficient 
phosphorylation takes place during the treatment.  
The alteration which is induced in the cell by 
RNA~ and makes the cell less sensitive to copper, 

~o 

j / / . / . ~ . A  

/ ~  .... o oB 

o~ , 2b ' , ~  ' 6b 
Time after copper addifion(min) 

Fig. io. Inhib i t ion  by  2,4-dinitrophenol 
of the action of E R. Fermen ta t ion  in N2, 
in the presence of copper,  of the pa ren t  
strain which has been t rea ted  under  
aerobic condition bv  A: ER; B: E R + 
5.5"1o 5 M/1 DNt~; C: Ep; and D: 

Ep  j- 5.5" re s M/I DNP.  

most probably involves reactions which require an energy-rich phosphate bond. 

DISCUSSION 

According to BERNHEIMER 1~, the individuality of RNA has so far been recognized 
only in two cases, namely the formation of streptolysin S and the inhibition of DNase. 
ODA l° found that  RNA was strain specific with respect to the effect on adaptive enzyme 
formation of Pseudomonas aeruginosa. He could not, however, observe differential 
activities between the RNA's  from adapted and non-adapted cells. I t  is found in the 
present case that  the RNA from the copper-trained substrain of yeast differs from that  
from the parent strain in the effect of decreasing the copper injury, as measured by  the 
survival ratio and the glucose fermentation. 

Since different kinds seem to be discriminated in the copper resistance, possible 
relations among them are represented in Fig. I I .  Let B 3 designate the state involved in 
the copper resistance of cells which have been acclimatized in copper medium, and B~ 
the state for another copper resistance with which parent strain cells are invested through 
the action of ER. State B~ can be determined by a weaker copper inhibition of fermenta- 
tion measured iust after the ER-treatment,  namely before the cells proliferate in the 
presence of copper. Fermentat ion even of the cells having B 3 was considerably inhibited 
by  copper, though not so strongly as of the parent strain cells. 

I t  is inferred from the experiments, c and d in Table IV, tha t  a certain intraceUular 
state related to copper resistance is already established by  the ER-treatment prior to the 
contact of the cells with copper. Cells must contain more nitrogen compounds at the 
end of t reatment  c than d. A high nitrogen content is favourable for ER to be effective 

Re[erences p. 552. 



55 ° r. MIX \(;=\W V VOL. 16 (I055) 

when much sugar is present, as seen in Table II. Therefore, if E~e reveals its effects only 
when it is coexistent with extraneous copper, the survival ratio should be higher in c 
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than in d, contrary to the results obtained. Hence an intracellular state is inferable 
which is induced by RNA~ without any cooperation by extraneous copper. The com- 
parison of experiment a with b in Table IV suggests the same circumstance. Hence 
an intracellular state, designated as B,, must be set up by the effect of RNAR, during 
the incubation period using nitrogenous matter,  without cells being put in contact with 
copper. Copper, however, does not seem to interfere with this process, for E~ was effective 
even when untreated cells were plated in the copper medium to which E2~ was supple- 
mented. 

For the detection of B2, ceils must be brought in contact with copper. Hence it is 
questionable whether B~ is produced (I) in the presence of extraneous copper by cells in 
which B, is already formed by the action of RNAle, or (2) solely by RNAR without the 
action of extraneous copper. B 2 may be identical with Bl in the latter case. The cell 
proliferation is not required in both cases, (I) and (2). 

The fact tha t  the formation of state B1 or B 2 is interfered with by a certain amount 
of sugar may be explained by  the spending of endogenous utilizable nitrogen compounds 
for the making of the fermentation system. In the anaerobic treatment,  however, a 
small amount  of sugar is indispensable for the action of R N A >  I t  is proved by using 
uncoupling agents that  energy is needed for the establishment of B 1 under the aerobic 
as well as anaerobic condition. The energy supplied by endogenous respiration during 
the aerobic treatment,  and that  furnished by glucose in the anaerobic t reatment  might 
be used either (I) in the uptake of RNAI~ by cells, (2) in the formation of B t under the 
influence of RNAIe, or (3) in both of (I) and (2). It  is surmised that  high energy phosphate 
bond may  be involved in the resistance raising ef[ect of RNA~e 

Through the proliferation in the presence of copper, B a is eventually established by 
progeny cells of the parent strain, regardless of whether these have been treated with 
E~ or Ep, the difference between the two cases being only in the degree of ability of 
making up B a. YANAGISHIMA et al. TM reported that  when the parent strain was spread 
on solid medium containing I mM/l CuS04, a thin white fihn grew at first, discontinued 
brown colonies then growing on it secondarily. When the parent strain treated by Ek or 
RNAR is spread on the copper medium, the growth usually proceeds in the former type. 
I ts  survival ratio in copper medium is also much lower than Rll~(0/. Hence the cells having 
Bx or B~ cannot grow in the copper medium so well as Rib(0; does. However, it may be 
that  the cells having /3, or /32 suffer copper inhibition less than Ep-treated cells, the 
residual growth thus being favoured. And when the residual growth in the copper 
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medium is be t te r ,  there  is a higher  poss ib i l i ty  t ha t  B a is bui l t  up in ind iv idua l  cells, 
or there  is a g rea te r  chance of Ba-cells being produced.  Such will be p roved  before long. 
ASHIDA 17, b y  t rac ing  microscopical ly  the  growth  of ind iv idua l  clones s t a r t ing  from 
sensi t ive cells sp read  on the  copper -agar  medium,  has shown tha t  fas t -growing cells 
arise even tua l ly  while cells of the  sensi t ive type  grow with  much  t rouble.  

The copper  res is tance induced  b y  Eu is not  lowered by  a subsequent  t r e a t m e n t  by  
Ep (Table IV e). In  o ther  words, the  induc t ion  is possible only  in the one direct ion.  
Whi le ,  however,  the  p roper t ies  t r ans fo rmed  by  D N A  are r epo r t ed  to be inher i tab le ,  the  
copper  resis tance induced  by  RNA~e is lowered b y  a few hours '  prol i fera t ion (without  
copper) in the  absence of ER (Table I V / ) .  And  the resis tance induced by  ER even tua l ly  
d i sappears  af ter  fur ther  prol i ferat ion.  Hence the  in t race l lu la r  s ta te  induced  by  RNA~e 
can be t r a n s m i t t e d  only pa r t l y  to  daugh te r  cells. 
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S U M M A R Y  

A cell e x t r a c t  of a coppe r - r e s i s t an t  subs t r a in ,  which  has  been o b t a i n e d  by  t r a in ing  a pa ren t  
s t r a in  of S'accharomyces ellipsoideus on a coppe r - con ta in ing  medium,  can a l t e r  the  p a r e n t  s t r a in  cells 
to  be more v iab le  in the  copper  m e d ium .  I t  was  f u r t he r  found t h a t  t i le  cells of the  p a r e n t  s t ra in ,  
t r e a t e d  by  the  e x t r a c t  of the  r e s i s t a n t  subs t r a in ,  are  less sens i t ive  to  the  inh ib i t i on  of f e r m e n t a t i o n  
by  copper  t h a n  those  t r e a t e d  by  the  e x t r a c t  of the p a r e n t  s t ra in .  

The  fac tor  respons ib le  for the  above  m e n t i o n e d  a l t e r a t i o n  is the  r ibonucle ic  acid, which  differs 
in ac t ion  from t h a t  con t a ined  in the  e x t r a c t  f rom the  p a r e n t  s t ra in .  

The p a r e n t  s t r a in  cells which  h a v e  been ac ted  upon by  the  r ibonucle ic  ac id  of r e s i s t a n t  cells 
have  become less sens i t ive  to  copper  i nh ib i t i on  before a n y  s ign i f ican t  cell d iv i s ions  occur, and  
p r o b a b l y  before cells come in c o n t a c t  w i t h  copper .  

The a l t e r a t i on  in copper  s e n s i t i v i t y  of cells by  r ibonucle ic  acid does not  occur  when  much  
sugar  is added  to  the  t r e a t i n g  ex t rac t ,  if n i t rogen  source is insufficient.  Bu t  a v e r y  smal l  a m o u n t  
of sugar  is necessary  as ene rgy  source in case of the  anaerobic  t r e a t m e n t .  

The  r ibonucle ic  ac id  of the  r e s i s t a n t  s u b s t r a i n  is ineffect ive  in the  presence  of NaN a or 2,4- 
d in i t rophcno l ,  which  m a y  i nh ib i t  the  syn thes i s  of ene rgy  r ich p h o s p h a t e  bond.  

R~'SUME 

L'extrait de cellules d'une souche r~sistante au cuivre obtenue en cultivant nne souche more 
dc Saccharomyces ellipsoideus dans un milieu renfermant du cuivre, peut rendre les cellules de la 
souche m~re plus aptes A vivre dans le milieu au cuivre. Nous avons trouv6, de plus, que les cellules 
de la souehe m~re trait6es par l 'extrait de la sonehe r6sistante sent moins sensibles A l'inhibition 
de la fermentation par le cuivre que celles, traitdes par l 'extrait de la souche m~re. 

L'agent de la modification ci-dessus est l'aeide ribonucl6ique, qui diff~re par son action de 
l'acide ribonucl6ique contenu dans l 'extrait de la souche m~re. 
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Les cellules de la souche u16re, traiteds par  l 'acide ribonucldique des cellules r6sistantes, sont 
devenues moins  sensibles ~ l ' inhibit ion par  le cuivre avan t  que des divisions de cellule eussent  lieu, 
et p robab lemen t  avan t  que les cellules fussent  en contact  avee le cuivre. 

Le changement  de sensibilitd au cuivre provoqu6 par  l 'acide ribonucldiquc n ' a  jamais  lieu 
lorsque beaucoup de sucre est  ajout6 ~ l ' ext ra i t  de t ra i tement ,  "& nloins qu 'une  quant i t6  suffisante 
de source d 'azote ne soit ajout6e. Mais une tr6s petite quant i t6  de sucre est n6cessaire comme source 
d'6nergie en cas du t r a i t ement  ana4robique.  

L'acide r ibonucl4ique de la souche r6sistante est inefiicace en pr6sence de NaN 3 ou de 2, 4- 
dinitroph4nol,  qui pour ra i t  inhiber  la synth6se du compos6 phospha te  fiche d'6nergie. 

Z USAMMENFASSUNG 

Ein Zellextrakt  eines kupferwiders tandsf ih igen ,  durch Zficlltung des Mut t e r s t ammes  yon 
Saccharomyces ellipsoideus in kupferh~l t igem Ntihrboden erhal tenen S tammes  kann  dm Zellen des 
Mu t t e r s t ammes  so verS, ndern, dass sic in einem kupferh~lt igen Mediunl lebensf~ihiger werden. Es 
wurde %rner gefunden, dass die nlit dem E x t r a k t  aus dem widers tandsf ih igen  Sta lnm behandel ten  
Zellen des Mut t e r s t ammes  gegentiber der H e i nm ung  der G~trung durch Kupfer  weniger empfindlich 
sind, als die mit  dem E x t r a k t  aus den1 M u t t e r s t a m m  behandel ten  Zellen. 

Der fiir die oben erwXhnte Ver;inderung verantwort l iehe  Fak to r  ist die Ribouucleins~iure, die 
sich von der, im E x t r a k t  aus dem M u t t e r s t a m m  erhaltcnen, in ihrer Wirkung unterscheidet .  

Die Zellen des Mut te r s tammes ,  die mit  der Ribonucleins~ure des widers tandsf ih igen  S tamms  
behandel t  worden waren, sind gegenflber der Hemnlung  durch Kupfer  weniger empfindlich geworden, 
bevor  die Zellteilung stat t f indet ,  und wahrscheinlich bevor  die Zellen mi t  dem Kupfe r  in Berfihrung 
kommen.  

Wenn  viol Zucker zu der zu behandelnden L6sung hinzugesetzt  wird, findet keiue Ve r inde rung  
der Empfindlichkeit  gegen Kupfer  durch  die Ribonucleins~ure s tat t ,  wenn nicht  eine gentigende 
Menge yon  St ickstoffverbindung zugesetzt  wird. Abet  bei der anaeroben Behandlung ist eine kleine 
Menge Zucker als Energiequelle notwendig.  

Die RibonucleinsS, ure des widerstandsf~higen S tammes  ist im Beisein yon NaN 3 oder 2, 4- 
dinitrophenol,  das die Synthese der energiereichen Phospha tve rb indung  hemmen  k6nnte,  inaktiv. 
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