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I t  h a s  been  conc luded :  
I. t h a t  t he  con t r ac t i on  of t he  Vorticella s ta lks  is due  to t he  blocking of the  nega t ive  excess  

c h a r g e s  of t he  cont rac t i le  p ro te in  by  Ca++; 
2. t h a t  th i s  change  is reversed  in t he  r e l axa t ion  phase  by  m e a n s  of ATP,  which  indica tes  

t h a t  r e laxa t ion  is t he  t h e r m o d y n a m i c a l l y  i nvo lun ta ry ,  and  con t rac t ion  t he  v o l u n t a r y  pa r t  of  t he  
m o v e m e n t  cycle;  

3. t h a t  t he  use  of A T P  is connec ted  wi th  t he  sp l i t t ing  of A T P ;  
4. t h a t  t he  m e c h a n i s m s  of vor t icel lar  and  muscu l a r  con t rac t ion  differ. 
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I N T R A C E L L U L A R  P R O T E I N  AND NUCLEIC ACID T U R N O V E R  

IN RESTING YEAST CELLS* 

H A R L Y N  H A L V O R S O N  

Department of Bacteriology, University of Wisconsin, Madison, Wis. (U.S.A.) 

INTRODUCTION 

In exponentially growing yeast, protein and nucleic acid are stable end products 1, 2. 
However, in resting yeast cells the situation appears to be quite different. Glucose 
utilization in resting cells leads to a loss of induced enzymes 3 and of an alphaglucoside 
permease 4. Under such conditions, induced enzyme-synthesizing capacity is retained 

* Th i s  i nves t i ga t i on  was  suppo r t ed  in pa r t  by  Resea rch  G r a n t  (E 1459 ) f rom the  Divis ion of 
Resea r ch  G r a n t s  of t h e  Na t iona l  I n s t i t u t e s  of  Hea l t h  and  in pa r t  b y  a Merck Fel lowship  f rom t h e  
N a t i o n a l  Sciences of t h e  Nat iona l  R esea r ch  Council.  

Re#fences p. ~66. 
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longer than one would expect, judging on the basis of the rapid disappearance of the 
free amino acid pool ~. Finally, in resting yeast cells, there is a mechanism for internally 
replenishing the free amino acid and nucleotide pools s. 

Although indicative, the experiments so far reported cannot be considered as 
providing conclusive evidence for protein and nucleic acid turnover. They leave in 
doubt the origin of the nitrogen and carbon of the replenished pools, and do not 
delineate the extent to which the phenomenon represents cell lysis and reutilization 
of degradation products by intact cells, rather than intracellular degradation and 
resynthesis 7. It  was the purpose of the work reported here to analyze this phenomenon 
by means of isotopically labeled cells. The results support previous suggestions ~ that 
both intracellular protein and nucleic acid turnover occur in non-growing yeast cells. 

MATERIALS AND METHODS 

Organism used and condition o/growth 
Saccharomyces cerevisiae s t ra in  L K 2 G  12 was  used  in th i s  expe r imen t .  The  condi t ions  of g rowth  h a v e  
been  descr ibed p rev ious ly  1. I n  all cases,  cells f rom exponen t i a l ly  growing cu l tu res  were employed  
as s t a r t i ng  mater ia l .  

Conditions o/incubation 
The  cells were cent r i fuged,  washed  twice  wi th  cold wa te r  and  r e suspended  to a final dens i ty  of  
2.84 m g  d ry  weight  per  ml  in e i ther  M / I  5 p h o s p h a t e  buffer  p H  4.5 or in a n i t rogen-  and  carbo-  
hydra t e - f r ee  buffer  p repa red  by  add i ng  t h e  following to one li ter of wa te r :  K H 2 P O  4, 8g; CaCI2, 
o.3g;  MgSO 4, o . sg ;  t race  e l emen t s  s, I.O ml ;  a n d  v i t a m i n  m i x t u r e  s, i .o m]. The  p H  was  a d j u s t e d  to  
4.5. The  cell suspens ions  were s h a k e n  a t  3o°C in E r l enmeye r  flasks on a r o t a ry  shaker .  

Fractionation o/ cells 
T h e  cell suspens ions  were centr i fuged,  washed  and  f rac t iona ted  as p rev ious ly  descr ibed 1. W h e n  
r a d i o a u t o g r a p h s  for ident i f ica t ion of labeled c o m p o n e n t s  were desired,  t he  p ro te ins  were hydro lyzed  
by  ref luxing t h e m  for 2o h wi th  6 N  HCI, following which  t he  HC1 was  r emoved  by  repea ted ly  
evapo ra t i ng  t he  samples  to dryness .  The  a m i n o  acids  were s epa ra t ed  by  two-d imens iona l  
c h r o m a t o g r a p h y  employ ing  a tert.-butanol-ethyl a c e t a t e - w a t e r  (4:4:2) and  tert .-butanol-methyl 
a l coho l -wa te r  (4:5:  i) so lven t  sys t ems .  Free  pu r ines  f rom the  pool and  nucleic  acid f rac t ions  
were l iberated by  au toc l av ing  t he  f rac t ions  wi th  i N HC1 for 2 hours ,  neu t ra l iz ing  t he  h y d r o l y z a t e s  
wi th  N H  v a n d  prec ip i ta t ing  t he  pur ines  wi th  si lver n i t ra te .  The  prec ip i ta tes  were washed ;  the  
free pur ines  were ex t r ac t ed  wi th  ho t  I N HC1, and  subsequen t l y  sepa ra ted  on Dowex-5o co lumns .  

Glycine was  reisolated f rom t he  pools by  t he  following procedure .  The  amino  acid c o m p o n e n t s  
of t he  pools were first s epa ra t ed  on Dowex-5  o c o l u m n s  by  t he  STEIN AND MOORE procedure  9. The  
glycine f ract ions ,  s l ight ly  c o n t a m i n a t e d  wi th  a lanine,  were combined  and  repea ted ly  evapora t ed  
to  r emove  t he  excess  HC1, The  glycine was  s epa ra t ed  f rom a lan ine  by  descending  p h e n o l - w a t e r  
c h r o m a t o g r a p h y .  The  glycine spo t  was  e lu ted  and  i ts  concen t r a t ion  m e a s u r e d  by  t he  MOORE AND 
STEIN n i n h y d r i n  reac t ion  1°. Al iquots  of t he  e luates  were employed  to m e a s u r e  i ts  rad ioac t iv i ty .  

MATERIALS 

U n i f o r m l y  14C-labeled adenine ,  guan ine  and  a m i n o  acids  were isolated f rom E. coli grown on  
un i fo rmly  labeled sucrose (i 4 mc/mmole ) .  3-1*C-phenylalanine (2.1 mc /mmole )  was  ob ta ined  f rom 
t h e  C o m m i s s a r i a t  ~ l 'Energ ie  A t o m i q u e  F rance  a n d  2-1*C-glycine (i .2i mc /mmole )  f rom the  Trace r  
Labora to ry .  15~H,NOs(32  a t o m  % 15N) was  ob ta ined  f rom E a s t m a n  Organic  Chemicals .  Since t h i s  
s t r a in  of E. coli d id  no t  uti l ize n i t r a t e  as a source  of N, cells were g rown  on IaNH,NO3 as  a sole 
source  of N. The  aden ine  a n d  guan i ne  were isolated f rom t h e  nucleic  acid fract ions,  a n d  crysta l l ized 
as t he  HCI a n d  H i S O  4 sa l t s  respect ively .  These  were b o t h  found  to  be spec t ra l ly  pu re  and  were used 
as such.  15N ana lyses  were conduc ted  by  t h e  Service de Chimie-Pl iys ique,  ~ l 'Energ ie  A t o m i q u e  
France .  

The  v iabi l i ty  of single cells was  m e a s u r e d  by  t h e  m e t h o d  of DE FONBRUNE n wi th  t h e  ass i s tance  
of Mr. ROBERT WRIGHT a t  t he  D e p a r t m e n t  of Genetics ,  Madison,  Wiscons in .  

Re/erences p. 266. 
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EXPERIMENTAL RESULTS 

I .  Dilution o/the/ree amino acid pool 

The cold TCA-soluble pool of yeast contains approximately lO% of the N of the cell, 
primarily in the form of amino acids which serve as precursors of protein synthesis e. 
During N-starvation in resting cells, each of the amino acid components of this pool is 
incorporated into protein in a parallel manner. If one restricts the supply of energy 
during this starvation period, one can observe an internal replenishment of this pool 
from the endogenous N-reserves n. Therefore, although the net result of N-starvation is 
a depletion from the free amino acid pool into the protein fraction, the processes may 
represent a balance between internal replenishment and protein synthesis. In order 
to test this possibility, ceils with preferentiaUy labeled pools were prepared. 

When cell densities of 2 mg dry wt./ml are employed, exogenous amino acids are 
rapidly incorporated both into the pool and into cell proteins 1~. However, with higher 
densities (12. 4 mg dry wt./ml) the immediate assimilation of 2-14C-glycine is primarily 
directed to the free amino acid pool (Fig. I). When such cells are washed and diluted 
into fresh buffer containing glucose, the radioactivity of the free amino acid pool is 
incorporated into protein and nucleic acids (Fig. 2). Although in growing yeast 43 % 
of the radioactivity from 2-14C-glycine under the conditions described above is in- 
corporated into nucleic acid purines 1, the nucleic acid fraction contains only 15 % of 
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Fig.  I. U p t a k e  of 2-x4C-glycine. Log phase  ceils 
were centr i fuged,  washed  and  r e suspended  in 
n i t rogen-  and  ca rbohydra t e - f r ee  m e d i u m  to a 
dens i ty  of  I2. 4 m g  d ry  wt . /ml .  Af te r  t h e r m a l  
equ i l ib ra t ion  i i o  ~ug 2-14C-glycine (1.21 mc/  
tamale)  were added.  A t  in te rva ls  2.0 ml  samples  
were r emoved  to  pre-chil led tubes ,  cent r i fuged,  
washed  twice wi th  cold wa t e r  and  ex t r ac t ed  
wi th  cold 5 ~o TCA. Al iquots  f rom t h e  original  
s u p e r n a t a n t  were r e t a ined  for analys is .  O 

supe rna t e .  • FAApool .  ~ Prote in .  
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Fig. 2. Ut i l iza t ion of 2-14C-glycine-labeled pools 
du r ing  N-s t a rva t ion .  Ceils were incuba ted  in 
t he  presence of 2-x4C-glycine for 2 m i n u t e s  (see 
Fig. i for details),  centr i fuged,  washed  and  
d i lu ted  into w a r m  N-free m e d i u m  to a dens i ty  
of 2.84 m g  d ry  wt . /ml .  The  suspens ion  was  
ae ra t ed  a t  3o°;  a t  in te rva l s  samples  were wi th -  

d r awn  and  f rac t iona ted  for rad ioac t iv i ty .  
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the radioactivity. Analysis of the nucleic acid fraction shows that only adenine and 
guanine are radioactive. Hydrolysis of the protein fraction from this experiment 
reveals that only glycine and, to a lesser extent, serine contain radioactivity. 

If the internal replenishment mechanisms were operative during N-starvation, 
the result would be a dilution of the specific activity of the labeled amino acid in the 
preferentially labeled pools described above. An analysis from 2-14C-glycine-labeled 
cells (Fig. 3) shows such a dilution indicating that active protein synthesis in resting 
yeast cells is accompanied by internal pool replenishment. 

2. Carbon source o/ the replenished amino acids 

There are at least two sources of N for internal replenishment of the cold TCA-soluble 
fraction: (a) protein and (b) nucleic acids. In the latter case N could be donated from 
nucleic acids and carbon from the carbohydrate reserves of the cell. If the proteins 
served as a source of N for amino acid replenishment, this should be demonstrable in 
cells grown in the presence of 14C amino acids. 

The distribution of radioactivity of cells during exponential growth in 3-14C - 
phenylalanine is shown in Table I. The majority of the isotope is found in the protein 
fraction, with little radioactivity in either the nucleic acid or polysaccharide fractions. 
When these cells are incubated in the absence of an exogenous source of nitrogen and 
energy, a dramatic increase in the radioactivity of the cold TCA-soluble fraction 
occurs. The radioactivity released (3.4% of the total) is in close agreement with the 
release of N to this fraction (4% of the total). Data of Table I indicate that the radio- 
activity must arise from the TCA-precipitable (protein) fraction. During the starva- 
tion period, the increase in radioactivity of the cold TCA-soluble fraction greatly 
exceeds that of the alcohol-soluble fraction, while the radioactivity of the hot TCA- 
soluble (nucleic acid) fraction remains constant. The decrease in the alcohol-soluble 
fraction may be a result of a utilization of endogenous carbohydrate reserves. For the 
following reasons we shall consider this release of radioactivity from the TCA-precipit- 
able fraction as protein breakdown: (I) the release of radioactivity is a general 

T A B L E  I 

DISTRIBUTION OF RADIOACTIVE CARBON AMONG THE CHEMICAL FRACTIONS OF CELLS GROWN 
IN 3-14 C-PHENYLALANINE 

F lasks  con ta in ing  IOO ml of s y n t h e t i c  m e d i u m  and  2 ktmole of 3-14C-phenylalanine (2.x mc/mmole)  
were inocu la ted  w i t h  yeas t .  Af ter  the  cells ha d  reached an  opt ica l  dens i ty  of I . I  mg d ry  wt . /ml  
t he  cells were resuspended  in  5oo ml  m e d i u m  and  i ncuba t ed  for 4 h to  d imin i sh  the  r a d i o a c t i v i t y  
of the  free amino  acid pool. The cells were  aga in  cent r i fuged,  washed,  and  divided.  One f ract ion 
was  resuspended  in  N and  ca rbohydra te - f ree  buffer to  a dens i ty  of 2.84 mg dry  w t . / m l  and  ae ra ted  
a t  3 °0 C for 30o rain on a p l a t f o r m  shaker .  Bo th  cell suspensions  were  then  chemica l ly  f rac t iona ted  1 

and  measu red  for r a d ioa c t i v i t y .  

Radioactivity o/ 

Fraction Control culture Starved culture 
c.p.m, c.p.m. 

Cold TCA-soluble  364 1250 
Alcohol-soluble  175 I o 5 
H o t  TCA-soluble  506 52o 
TCA-prec ip i tab le  26, 7o0 25, i oo 
M e d i u m  - -  21 o 

Tota l  27,745 27,I85 

R e # f e n c e s  p. 266.  
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T A B L E  I I  

REPLENISHMENT RATES OF FREE AMINO ACID POOL COMPONENTS FROM LABELED PROTEIN 

See Table I for details. After  5 h incubation,  the  ra tes  of internal  replenishment  for each amino 
acid (k=) was  calculated f rom the following equat ion : 

increase in free amino acid radioact ivi ty 

k* = total  radioact ivi ty x hours  of incubat ion 

Growth supplements Radioactivity 

a*C amino acid* '=C competitors** total c.p.m, released c.p.m, kj xo -'s 

2-14C-glycine serine, adenine lO.5" io* 3.15- IO s 6.0 
Arginine*** - -  6 . 9 "  lO  4 5.5" 10 3 6. 4 
Proline*** - -  6.55" lO 4 1.6. lO 3 5.0 
Threonine*** isoleucine 6.67 • io  4 2.51. lO g 7.6 
Aspart ic  acid*** lysine, homoser ine 4.o. lO 4 1.6o. lO s 8.o 

Average 6.6 

* 5 #moles / Ioo  ml. ** IO/~moles/Ioo ml. *** total ly 14C-labeled. 

phenomenon in cells grown in a variety of 14C amino acids (see Table II); (2) the 
radioactivity of this fraction is not released by repeated reprecipitation of the proteins 
in the presence of excess unlabeled phenylalanine; (3) an exchange incorporation 
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Fig. 5. Dilution of the 2-14C-glycine-1abeled 
pools during N-starvat ion.  Cells were preferen- 
tially labeled wi th  2-14C-glycine for 2 rain (see 
Fig. 1 for details) and then incubated in N-flee 
medium with  3 % glucose. At  intervals,  al iquots 
were removed, glycine was  isolated from the  
free amino acid pools, and its specific act ivi ty 

determined. 

Re]erences p. a66. 

Fig. 4, Kinetics of replenishment  of the free 
amino acid pool. (See Table I for details.) Cells 
were grown in the presence of either 5/~moles 
of 2-14C-phenylalanine or 5 / ,moles of total ly 
14C-labeled leucine (4.1 mc/mole). The % of the 
total  radioactivi ty present  in either the cold 
TCA-soluble fraction or in the supe rna tan t  is 

plot ted against  the t ime of incubation. 
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system, of the type reported by GALE AND FOLKES 13, is not observed when the above 
labeled cells or extracts are incubated in excess unlabeled phenylalanine. 

Fig. 4 shows the kinetics of internal replenishment from protein breakdown in 
cells grown in labeled phenylalanine and in leucine. In both cases most of the isotope 
released appears in the cold TCA-soluble fraction at a linear rate, while traces of radio- 
activity are released to the medium only after 200 minutes. The rate of accumulation 
in the cold TCA fraction (o.76%/h) is clearly a minimal estimate of protein break- 
down, since the limited energy supply from endogenous reserves permits some 
reincorporation of isotope into proteins from the free amino acid pool. 

One would expect general protein breakdown to release each amino acid in pro- 
portion to its distribution in the protein fraction. To test this hypothesis, cells were 
grown in the presence of various 14C-labeled amino acids and unlabeled isotopic 
competitors to restrict secondary metabolism of the added labeled precursor. The 
increase in the cold TCA-soluble fraction after 5 h starvation (Table II) indicates 
that  the amino acids are each released proportionally, thus supporting the conclusion 
that  protein breakdown is involved. From the data of Fig. 2, the average rate of 
protein breakdown (k2) is approximately 6.6-IO -3 in resting cells. 

3. Nucleic acid degradation 

In the growing cell, both protein and nucleic acid represent stable end products 1, 2. 
The release of nucleotides to the cold TCA-soluble fraction during N-starvation 6 or 

phosphorus_starvation14, is indicates the instability of nucleic acid in resting yeast. 
This breakdown is evident in cells in which the 
nucleic acid fraction is preferentially labeled 
with x4C adenine (Fig. 5). When such cells are 
incubated under conditions which permit 
protein degradation, isotope is released into 
the cold TCA fraction and to a lesser extent 
into the medium at rates which are linear 
with respect to time. The rate of breakdown 
of nucleic acid (o.i5%)/h) again represents 
a minimal figure, since cells under these con- 
ditions are capable of incorporating nucleo- 
tides into the nucleic acid fraction. 

Fig. 5, Dis t r ibut ion of radioact ivi ty in various cell 
:[factions from 14C adenine. Cells were grown in 25 
ml of medium containing 0-53 mg of total ly 14C- 
labeled adenine. At  intervals  5 ml al iquots were re- 

moved and fract ionated for radioactivity.  
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Examination of the purines from acid hydrolysates of the cold TCA fraction from 
the experiment illustrated in Fig. 5 showed that  the radioactivity resided in adenine, 
guanine, xanthine and hypoxanthine. The production of the latter two from adenine 
and guanine is not too surprising inasmuch as yeasts are known to contain purine 
deaminases le. The results, however, indicated the possibility that  the amino group of 
adenine and guanine may  be used for amino acid and subsequently protein synthesis. 
This conclusion is further supported by  the fact that  cells which had been subjected 
to a prolonged N-starvation could derive their N requirements for a-glucosidase 

Re/erences p. 266. 
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synthesis from NH3, adenine or guanine, but not from uracil, thymine, or xanthine 
(Fig. 7). 

In order to measure the N flow from nucleic acids to proteins, cells grown on 
totally InN-labeled adenine and guanine were subjected to N-starvation in the presence 
of exogenous glucose (Table III). The hot TCA-sohible fraction contains both the 
highest specific activity and the greatest quantity of InN. A small, but significant, 
quantity of inN is found in the hot TCA-precipitable fraction. During N-starvation, 
although the cold TCA-soluble fraction decreases 55 %, the % excess inN in this fraction 
actually increases 13o% at the expense of the hot TCA-soluble fraction. The % excess 
~SN in this latter fraction decreases 16.5 % while its total N content increases 19 %. The 
hot TCA-precipitable fraction (protein) increases its original ~nN content by 3o%. 
Although the nucleic acid fraction actually increases during N-starvation, based on 
the increased N and InN content of the protein fraction and assuming that the nucleic 
acid purines contain 32 % excess ~SN, approximately 1% of the N for protein synthesis 
was derived from nucleic acid purines. 

T A B L E  I I I  

NUCLEIC ACID TURNOVER DURING NITROGEN STARVATION 

To a flask containing izoo ml synthet ic  medium was added 34 mg 15N adenine (32 % excess), 44 mg 
15N guanine (32 % excess) and yeast  to a final O.D. of o.oo25. The flask was aerated at  3o°C until  
it had reached an O.D. of 0.920. The cells were then  centrifuged, washed and divided into 2 groups. 
The first group (A) was immediately frozen and the second (B) resuspended in 300 ml of N-free 
medium containing 3% glucose. Suspension B was aerated for 32o min at 3 °0 C, centrifuged, 
and washed. Cells A and B were extracted twice with cold 5 % TCA, centrifuged, and the residue 
extracted 3 t imes wi th  boiling 5 % TCA. Aliquots f rom each were removed and analyzed for N by 
the Kjeldahl procedure. The remainder  of the sample was oxidized to N H  s which was quant i ta t ively  
distilled into HzSO 4. The result ing (NH4)zSO 4 was crystallized and measured for 15N. The % 15N 

of the background was o.363 =k o.oo5 

Sample N I*g X6 N % Excess 16N % Excess 1~ N Itg 

A Cold TCA-soluble 6,5oo 4,73 • o.2 4.37 284 
Ho t  TCA-soluble 7,7oo 18.3 ~ o.5 17.94 1385 
Ho t  TCA-precipitable 23, 009 I. 14 ± o.o 5 o. 78 185 

Total  38,ooo 1854 

B Cold TCA-soluble 2,9oo lO.3 i o.5 9.94 288 
Hot  TCA-soluble 8,350° 15.4 Jz o.5 15.o4 I255 
Ho t  TCA-precipitable 26,000 1.29 i 0.05 0.93 242 

Total  37, 25 ° 1785 

4. Energy requirements o/protein and nuclei~ acid breakdown 

A net accumulation of protein and nucleic acid precursors in the cold TCA-soluble 
fraction is favored by restricting the energy supply. The known mechanisms of protein 
or nucleic acid degradation involve the hydrolysis of peptide or nucleotide bonds by 
proteolytic enzymes, ribonucleases or desoxyribonucleases. Although the physiological 
function of those enzymes remains to be demonstrated in vivo, in vitro they are exer- 
gonic processes. It is therefore suprising that the breakdown of protein (Table IV) and 
nucleic acid (Table V) in resting yeast cells is suppressed by agents which inhibit 
energy-yielding reactions. 
• e ] e r e n c e s  p .  2 6 6 .  



262 H. HALVORSON VOL. 27 (1958) 

The results reported here and elsewhere17, TM indicate that  the mechanism of 
nucleic acid and protein breakdown in vivo is not a direct hydrolysis, but is more 
complicated than is indicated by  direct hydrolysis. An energy requirement for 
degradation might be expected if the reaction involved a complex acceptor other than 
water, as in the case of glycogen breakdown TM, or if energy were required to release 
the degradation system from an inactive state, as in the case of yeast catalase 2°. 

5. Cellular integrity and viability during N-starvation 

At least two alternative mechanisms could lead to the observed pool replenishments 
from protein and nucleic acid: (a) intracellular turnover or (b) death and lysis of a 
fraction of the population with the internal accumulation of breakdown products by 
the remaining viable cells. In the case of hypothesis (b), one would expect the ap- 

T A B L E  I V  

INHIBITION OF PROTEIN BREAKDOWN IN LEUCIN•-LABELED CELLS* 

Hours o] Free amino acid Amino acid % Inkibition 
incubation pool c.p.m, released e.p.m, o] release 

Z e r o  t i m e  c o n t r o l  o 9 0 0  - -  
I n c u b a t e d  c o n t r o l  i 136o  460  - -  

2 2 0 6 0  116o  - -  
4 3050  2 1 5 o  - -  

I o - 4 M d i n i t r o p h e n o ]  i 12oo  30o  35 
2 153o  6 3 0  45 
4 20oo  IIOO 48 

4 .  I o - 4 M d i n i t r o p h e n o l  I 9 6 0  5 ° 89  
2 i o o o  IOO 91 
4 lO8O 18o 92 

I .  T o t a l  r a d i o a c t i v i t y  in  p r o t e i n  f r a c t i o n :  7 2 , 5 0 0  c . p . m . / i o  ml .  

* 1 4 C - l e u c i n e - l a b e l e d  cel ls  w e r e  p r e p a r e d  as  d e s c r i b e d  in  e x p e r i m e n t  of  F i g .  4. T h e  s u s p e n s i o n  
w a s  a e r a t e d  a t  3 o ° C  i n  N -  a n d  c a r b o h y d r a t e - f r e e  m e d i u m  a n d  a t  i n t e r v a l s ,  IO m l  a l i q u o t s  w e r e  
r e m o v e d  a n d  t h e i r  f r ee  a m i n o  a c i d  p o o l s  e x t r a c t e d .  

T A B L E  V 

EFFECT OF ENERGY INHIBITORS ON NUCLEIC ACID BREAKDOWN 

Cells  w e r e  g r o w n  i n  i o o  m l  of  m e d i a  c o n t a i n i n g  2. 3 / , m o l e s  o f  t o t a l l y  14C- l abe l ed  g u a n i n e  (7.3 
m c / m m o l e )  a n d  s u b s e q u e n t l y  t r e a t e d  as  d e s c r i b e d  i n  F i g .  4. T h e  cei ls  w e r e  a e r a t e d  a t  3 o ° C  f o r  
3 0 o  m i n  in  37- a n d  c a r b o h y d r a t e - f r e e  m e d i u m  c o n t a i n i n g  i n h i b i t o r s ,  a n d  f r a c t i o n a t e d  f o r  r a d i o -  
a c t i v i t y .  T h e  f i g u r e s  r e p r e s e n t  t h e  % r a d i o a c t i v i t y  p r e s e n t  in  t h e  s u p e r n a t a n t  (S) + co ld  T C A -  

s o l u b l e  f r a c t i o n  (P) .  

Incubation time 
Incubation conditions minutes S + P* Inhibition % 

C o n t r o l  0 2 .20  - -  
C o n t r o l  3 ° o  5 . ° I  o 
2 .  I o - 4 M  a z i d e  3oo  2 . I 2  i o o  
2 .  I o - 4 M  D N P  3 0 0  2 .24  98  
2 • I O- 2 M a r s e n a t e *  * 300  2 .15 i oo  

* P e r  c e n t  i n c r e a s e  i n  r a d i o a c t i v i t y  f r o m  o m i n  c o n t r o l  c o m p a r e d  t o  30o  r a i n  c o n t r o l .  

** I n  M / I  5 p h t h a l a t e  b u f f e r  p H  4.5 .  

Re/erences  p.  266.  
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pearance of labeled components in the pool fraction to be preceded by the appearance 
of protein, nucleic acid, and soluble precursors in the medium, from cells which have 
lysed or lost their osmotic barriers. From Fig. 4 it is clear that  products from labeled 
protein appear in the medium in detectable levels only after 200 min N-starvation. 
In the case of nucleic acid, although there appears to be no delay in the release of 
labeled purines to the medium (Fig. 6), its appearance does not precede the accumula- 
tion in the pool. The release of protein to the medium was further examined by measur- 
ing the appearance of a-glucosidase from fully induced cells during N-starvation. The 
kinetics of a-glucosidase release (Fig. 8) are in agreement with isotope experiments 
and indicate that approximately 0.5 % of the cell components are released after 300 
minutes. 

The cell walls and particulate fractions of yeast contain approximately half of the 

% Total c.p.rn. 
1.5 

f O  

1.C 

Cold TCA j 
soluble i o -  

/ 

S 
. J  

J 

I 
C . ._. ._~ . ~ -  "-" " °  

0 100 200 300 
Minutes 

0.5 

Fig. 6. Kine t i cs  of r ep l en i s hmen t  of t he  nucleot ide  
pool. Cells were g rown  in IOO ml  of med i a  con- 
t a in ing  2 / t m o l e s  of  to ta l ly  z4C-labeled aden ine  
(8 mc/mmole )  a n d  s u b s e q u e n t l y  t r ea t ed  as  de- 

scr ibed in Table  I, 

Fig. 7. I n d u c e d  a-glucos idase  syn t he s i s  in N-s t a rved  
cells. Log phase  cells were washed ,  su spended  N-free 
buffer  con ta in ing  4 %  glucose,  and  N- s t a rved  as 
p rev ious ly  descr ibed 5 for 12 h. The  cells were t h e n  
cent r i fuged,  washed  a n d  r e suspended  in N-free 
m e d i u m  con ta in ing  3 % mal tose .  To var ious  f lasks 
were added  N H  a, pu r ines  or pyr imid ines  a t  a final 
concen t r a t i on  of IO/zmoles/ml.  A t  in te rva l s  a l iquots  
were r e m o v e d  and  a s sayed  for a-g lucos idase  by  t he  

a -pheny lg lucos ide  a s s a y  4. 

Fig. 8. Kine t i cs  of a -g lucos idase  appea rance  in t he  
m e d i u m .  Mal tose-grown cells were su spended  in 
a n  N-  and  ca rbohydra t e - f r ee  m e d i u m  and  ae ra t ed  
a t  3o°C. ,At  in te rva l s  a l iquots  were removed ,  
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cen t r i fuged  and  t he  s u p e r n a t a n t s  a s s ayed  for a-g lucos idase  by  t he  ra te  of hydro lys i s  of p -n i t ro-  
phenyl -a -g lucos ide  a t  p H  6.8. The  % of t he  to ta l  u-g lucos idase  appea r ing  in t he  m e d i u m  is p lo t t ep  

aga ins t  t he  t i m e  of aera t ion .  

References p. 266. 
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total cell amino acid content. When the osmotic barrier of yeast is disrupted, either by 
mechanical means, TCA, boiling or autolysis, the outer structure of the cell micro- 
scopically appears intact. Therefore, if the entire pool replenishment is attributed to 
the internal accumulation of breakdown products in the viable cells, then approxi- 
mately lO% of the yeast structures isolated after 5 hours N-starvation would be non- 
viable. However, single cell isolates from a culture which had been subjected to N- 
starvation for 5 h showed only 2 out of 124 cells (1.6%) to be non-viable, and even 
these two were microscopically indistinguishable from their viable relatives. 

It  therefore seems obvious that the precursors in the pool fraction arise entirely 
or almost entirely from intracellular turnover. The accumulation of cellular materials 
in the medium at the rate of approximately o . I%/h may, on the other hand, arise 
from the lysis of a small fraction of the population. 

DISCUSSION 

In recent years, systems have been described in yeast ~ and mammalian cells17,1~ 
leading to internal replenishment of amino acid pools in resting cells. In yeast, and 
probably in E. coli ~1, it has been possible to ascribe this phenomenon to intraceUular 
events. 

The augmentation of the free amino acid pool in yeast is seen when a restriction 
is placed upon the energy supply to minimize the incorporation 5 or when yeast cells 
are incubated with acridine orange"L From the dilution (Fig. 3) and 15N (Table III) 
experiments, it seems clear that internal replenishment accompanies protein synthesis 
in resting cells when the energy Supply is not limited. However, since internal re- 
plenishment is also an energy-requiring reaction in this and other systems 17, ~s quanti- 
tative determinations of its magnitude permit only minimal estimates. If the dilution 
of the glycine pool during severe N-starvation is representative of the behavior of the 
free amino acid pool in general, then approximately 1% replenishment of the total 
cell N/h would be expected. This value is in close agreement with the data on isotope 
release under conditions of limited energy supply. 

Experiments with cells, grown on various isotopically labeled precursors, show 
clearly that the carbon of the replenished amino acid pool is derived from proteins and 
the carbon of the nucleotide pool is derived from nucleic acids. Judging from the net 
increase in pool contents and from the failure to demonstrate exchange reactions, 
one cannot escape the conclusion that the processes involve protein and nucleic acid 
degradation, Since these resting systems are capable of both protein and nucleic acid 
synthesis, intracellular turnover must occur. 

An interesting interrelationship was observed when 15N purine-grown cells were 
subjected to N-starvation. The net N-flow from the pool to the nucleic acid and 
protein fractions was paralleled by a dilution of the specific activity of the 15N of the 
nucleic acid fraction and an increase in the pool and protein l~N-specific activity. 
Such N redistributions are understandable since yeasts are known to carry out the 
following reactions: 

adenase  
aden ine  + H~O - -  > NH~ + h y p o x a n t h i n e  

guan ine  + HzO guanase__> N H  3 + x a n t h i n e  

When cells were grown on ~4C-purines, radioactive xanthine and bypoxanthine 

l~eJerences p. 266. 
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appeared in the replenished nucleotide pools. Furthermore, purines can support both 
the growth of yeast TM and the synthesis of a-glucosidase in N-starved cells (Fig. 7)- 
These results suggest the following N-interrelationship in yeast: 

nucleic acids 

% 
pool purines 

xanthine  
hypoxanth ine  

proteins 

pool amino acids 

7/ 
a-keto acids 

Nucleic acids, therefore, can serve to a limited extent as a source of N and as an 
energy reservoir 23 for protein synthesis in yeast. Although such flow does not quanti- 
tatively influence the replenishment of the free amino acid pool, the breakdown of 
nucleic acids furnishes a rich supply of the nucleotides that are utilized for the nucleic 
acid synthesis which accompanies protein synthesis e. PARDEE z4 has observed a similar 
slow nucleic acid breakdown and resynthesis of new nucleic acids when pyrimidine-less 
mutants of E.  coli are incubated in the absence of pyrimidines. 

In the absence of exogenous energy, the rates of protein and nucleic acid break- 
down in resting cells can therefore be estimated in the absence of exogenous energy, 
by the amount of isotopes released to the pool fractions. Using this criterion, the 
average breakdown rates are constant over a 5 h period and total o.0o66 h -1 for 
protein and o.ooi5 h -~ for nucleic acid. Higher values would be obtained if only a 
fraction of the protein or nucleic acids were subject to degradation. Employing cells 
subjected to prolonged N-starvation and using their ability to synthesize induced 
enzymes as a criterion of N-availability, HALVORSON, FRY AND SCHWEMMIN 5 concluded 
that proteins and probably nucleic acids are heterogeneous in their stability towards 
degradation. A similar process is found in the breakdown of the alcohol-soluble protein 
of E. coli ~5 and the different metabolic decay rates of antibodies 2.. It  is interesting to 
speculate that the loss of permeases and induced enzymes 4 during N-starvation rep- 
resents degradation of such labile systems. A direct measurement of decreasing 
turnover rates during prolonged N-starvation is difficult, however, since loss of cellular 
integrity and viability is magnified under such conditions. 

The present experiments do not confirm either of two theories concerning turn- 
over, i.e., the "wear and tear" hypothesis of partial replacement or the theory of 
complete degradation coupled with de novo synthesis. Nevertheless, the author is 
inclined to favor the latter. Experiments employing ~S-labeled cells failed to detect 
exchange of amino residues in fl-galactosidase in exponentially growing cells of E. coli 7. 
However, it is doubtful that turnover per se of E.  coli proteins occurs under these 
conditions. Also, on the basis of experiments employing amino acid antagonists and 
auxotrophic mutants, SPIEGELMAN, HALVORSON AND BEN-ISHAI 6 concluded that d~ 
novo synthesis was involved, at least for the induced enzyme, in resting yeast cells. 
Although exchange incorporation systems have been described for staphylococci TM, 

experiments designed to reveal their presence in yeast have been uniformly negative. 
The concept of intracellular turnover has been subject to considerable debate 

in recent years. The data presented here and elsewhere ~ indicate that such turnover 
is characteristic of resting ceils, but is absent or present to a much lesser extent in 

Re[erences p. 266. 
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growing cells. I t  is difficult to believe that such relationships are not generally distrib- 
uted in nature, since the development of a system for intracellular turnover would 
be of obvious selective advantage to a population faced with altering its enzymic 
constitution under conditions of limited nitrogen supply. 
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S U M M A R Y  

In  the absence of exogenous energy and nitrogen, resting yeast  cells are capable of replenishing both  
their  nucleotide and free amino acid pools. This replenishment  phenomenon  is the result  of intra-  
cellular protein  and nucleic acid breakdown ra ther  t h a n  of cell lysis. Isotopically labeled cells 
showed tu rnover  rates  of 6.6. lO -3 h -1 and 1.5" lO -3 h -1 for protein and nucleic acid respectively. 
Protein  and nucleic acid degradation, as well as their  synthesis,  are energy-requiring reactions. 

When  exogenous energy is available, the degradat ion products  are reutilized for protein and 
nucleic acid synthesis.  Employing  15N-purine-grown cells, i t  was found tha t  the amino groups of 
nucleic acid purines can serve as ni t rogen reservoirs for limited protein  synthesis.  
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