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THE USE OF METABOLIC POOLS OF PURINE COMPOUNDS 

FOR NUCLEIC ACID SYNTHESIS IN YEAST 

DEAN B. COWIE AND ELLIS T. BOLTON 
Department o/ Terrestrial Magnetism, Carnegie Institution o/ Washington, D.C. (U.S.A.) 

INTRODUCTION 

The flow of exogenous carbon through a metabolic pool of amino acids has been shown 
to be a necessary step in the formation of protein in Candida utilis ~. Similar kinetic 
invest igat ions were carried out to ascertain whether pool formation is also essential 
for nucleic acid synthesis. The results reported here show that  purines are accumulated 
into two chemically and functionally distinct metabolic pools prior to nucleic acid 
incorporation. Some of the characteristics and interrelat ionships of these two pools 
are described and their significance for macromolecule synthesis discussed. 

PROCEDURES 

Previously described methods 1 were used to culture Candida utilis (ATCC No. 995o) in C medium'. 
The 14C- or 8zP-labeled compounds used as supplements were prepared from radioactive Chlorella 
or Escherichia coli 3. For the most part the kinetic studies were carried out with the membrane 
filter technique described by BRITTEN, ROBERTS AND FRENCH ~. V~'here further chemical fraction- 
ation was necessary this was done by a modification 3 of the SC}I~¢EXDER method*. Chromatographic 
identification of the purine compounds in C. utilis was carried out on two-dimensional paper 
chromatograms. The solvent pairs used for acid hydrolysates of nucleotides and nucleic acids 
were tert.-butyl alcohol/hydrochloric acid and sec.-butyl alcohol/water/formic acid (see ref. 3, p. 4 x) 
and for components of the cold TCA extracts were ethanol/ammonium acetate 5 /pH 3.8) and 
ammonium sulfatelisopropanol 6. 

EXPERIMENTAL RESULTS 

Pool [ormation with 14C-adenine 

Candida utilis grown exponent ia l ly  in C medium which contained nonradioact ive 
fructose incorporated radioact ivi ty  from ~sC-adenine. Fig. I shows the t ime course 
of incorporation of ~sC-adenine carbon obta ined in experiments  using the membrane  

filter technique 2. 
In i t ia l ly  the rate of incorporat ion of tsC into the cold TCA-soluble fraction was 

more rapid than  incorporation into the fraction containing the nucleic acids (TCA- 
precipitable fraction) which, after a slight lag, took up the adenine carbon at  a 
constant  rate unt i l  the supply in the medium approached exhaustion.  Even tua l ly  all 
of the incorporated 14C appeared in the TCA-precipitable fraction of the cell. These 
results suggest tha t  the exogenous adenine carbon is first incorporated into a cold 
TCA-soluble pool prior to incorporation into the nucleic acid fraction of the cells. 

Trans/er o] pool adenine to nucleic acid 

Immers ion of the yeast for 8 minutes  in C medium containing trace amounts  of high 
specific radioact iv i ty  14C-adenine-produced cells with more than  60% of the radio- 
ac t iv i ty  in the cold TCA-soluble fraction. After washing and  resuspending such a 

" c medium: 2 g NH,CI, 6 g Na2HPO 4, 3 g KH~POa, 3 g NaCI, o.oi g Mg as MgCl~, 0.026 g S 
as Na~SO t, ioo ml io% fructose and 90o ml of distilled HzO. 

References p. 298. 



voL 25 (1957) NU('I.I.;I(" ACID SYNTHESIS IN YI.:.\ST 2£(~ 

18, 

• CT,&L 

/ / /  , 

~ ,,~,. / / E~*LD 7 C A tz~ECIP'T~,BL- :'RAC T:ON 

/ I /  
 oo.I/ 

04 ] j r  Z / "  - ~COLD TCA SOLGBLE tRACTiON 

~' -r~- ~ -'~o ~ o  
M ~UTES 

Fig. r. Time course of incorporation of trace 
quantities of liC-adenine by Candida utilis. 
Initial concentration of o.~8 mctmoles adenine 

per ml medium. 

2OCt  . . . . . . . . . .  

, i TOTAL -~ 

GROWTH , 4 o. 

z 

I COLD 'i'C~, SOLUBLE FRACT'ON : 

,z ; °8  ~ 8  ~ o  60 so ;oo ;2o ~4o 
M,NUTES 

Fig. 2. Kinetics of transfer of pool carbon to 
nucleic acid during exponential growth. 

culture in nonradioactive culture medium it was found that the labeled material 
rapidly left the cold TCA-soluble fraction, and equally rapidly appeared in the hot 
TCA-soluble (nucleic acid) fraction (Fig. 2). Little, if any, of the incorporated carbon 
was lost from the cells during this transformation. Paper chromatography of nucleic 
acid hydrolysates of the prelabeled cells demonstrated l'tC-adenine as the principal 
labeled component. It may be concluded that the formation of nucleic acid adenine 
occurs via a metabolic pool of adenine carbon. 

Expansion o~ adenine pool size 

When trace amounts of ]aC-adenine are used to supplement the medium, there is 
insufficient exogenous adenine to supply the adenine needs of the growing cell. 
Consequently, endogenous carbon derived from the 12C-fructose furnishes most of the 
carbon necessary for nucleic acid adenine synthesis. Studies were therefore made 
of the incorporation of J4C-adenine carbon supplied at higher exogenous concen- 
trations. 

A series of kinetic experiments (c]. Fig. I) yielded data in which the maximum 
value of adenine pool size could be related to the initial adenine content of the 
medium. This relationship is shown in Fig. 3 (solid line). Since the cells accumulate 
adenine avidly, the exogenous concentration continually changes and a steady-state 
condition cannot be reached over the range of concentration extending to the limit 
of solubility of adenine in the culture medium. Accordingly, a pool size for a steady- 
state condition cannot be assigned and no upper limit to the amount of adenine 
accumulated in the pool could be d~monstrated. The maximum observed was 156/zM 
per g dry ceils, calculated as adenine, a value larger than the adenine content of all 
the nucleic acid in the cell. 

Conversion o/adenine carbon to guanine 

KERR, SERAIDARI.\N, AND BROWN 7 have shown that exogenous adenine is converted 
by C. utilis to adenine and guanine of the RNA. In the present kinetic studies chro- 
matograms of nucleic acid hydrolysates of yeast grown in the presence of 14C-adenine 
also showed radioactivity to be present in both adenine and guanine. However, the 
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rate of appearance of radioguanine in the nucleic acids was initially less than for 
radioadenine. Table I shows the time course of appearance of 14C from 14C-adenine 
into nucleic acid guanine. The results of chromatographic analysis of hydrolysates 
of the cold TCA-soluble fraction paralleled those for the nucleic acid fraction. It may 
be concluded that exogenous adenine is taken into the TCA-soluble pool and in part 
converted to guanine; both bases are subsequently incorporated into the nucleic acid. 

T A B L E  I 

C O N V W R S I O N  O F  1 4 C - A D E N I N E *  T O  1 4 C - G U A N I N E  B Y  E X P O N E N T I A L L Y  G R O W I N G  C a n d i d a  u t i l i s  

Time rng ~¢1 wt Total r a d ~  in Per cgrd o] total radioa~ivily 
cdtslna ha TCA.solubl¢ lraaion of mot TCA.sol~bla lraaion 

in mimaes medim (cotmts per ~ond) f~nd  as ~ s i n ~  

IO 1.27 I5 26.3 
3 ° 1.35 22 34.5 

1oo 1.76 15o 39.6 
I5O 2.37 31o 44-0 
240 3.4 ° 7Io 45.0 
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* In i t ia l  concen t ra t ion  of x~C-adenine was  0.27 p M  per  ml  med ium.  
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Fig. 3. E x p a n s i o n  of t he  size of pur ine  pools. 
The  d a t a  shown  represent  t he  m a x i m u m  
q u a n t i t y  of l*C-atlenine carbon incorpora ted  
into t he  cold TCA-soluble  f ract ion as  a funct ion  
of the  initial exogenous  concen t ra t ion  of 14C- 
adenine  (solid line). Calculat ions  a s s u m e  all t he  

Fig. 4. T ime  course of incorpora t ion of t race  
quan t i t i e s  of 14C-guanine dur ing  exponent ia l  
growth.  Ini t ia l  concen t ra t ion  of 0. 5 m p m o l e s  
guan ine  per  ml  m e d i u m  and 4.0 m g  wet  weight  

cells. 

incorporated rad iocarbon  r ema ined  adenine.  Similar  d a t a  are  shown  for the  expans ion  of the  
guan ine  pool wi th  increas ing concen t ra t ions  of exogenous  14C-guanine ¢dotted line). 

Pool/ormation with a'C-guanine 
The results of kinetic experiments with x*C-gua~ine are generally similar to those 
described above for the 14C-adenine. Figs. 4 and 5 show the course of uptake of radio- 
carbon from 14C-guanine. The uptake of x4C-guanine is rapid, x4C appearing first in 
the TCA-soluble fraction. The TCA-soluble fraction gains in radioactivity until the 
exogenous supply of x'C-guanine approaches exhaustion. This fraction then loses its 
radioactivity to the TCA-precipitable fraction, which continues to gain 1'C until the 
TCA-soluble pool is depleted. 

The maximum size of the guanine pool is proportional to the amount of guanine 
initially present in the medium, as observed for the case of adenine supplementation. 
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The data describing this observation are given in Fig. 3. The largest value observed 
was 4 t*M per g dry cells. Guanine is much less soluble than adenine and supplements 
exceeding its solubility in the medium were not used. 

Chromatographic analysis of hydrolysates of the cold TCA-soluble and -precipit- 
able fractions showed guanine as the sole radioactive constituent regardless of the 
external guanine concentration used. Guanine is not readily converted to adenine 
by exponentially growing C'. utilis. 
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Fig. 5. Short-term experiment showing earl}" 
kinetics of incorporation of trace quantities of 
14C-guanine. Initial guanine concentration of 
o.9 re#moles per ml medium and 3.5 mg wet 

weight cells. 
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Fig. 6. Kinetics of 14C-adenine incorporation in 
the presence of aaC-guanine. At t ~ 3o minutes 
the exogenous concentration of liC-adenine and 
x2C-guanine w,'uq o.o16 and o.o18/,moles per ml 
medium respectively. Initial cell concentration 
was o.5 mg wet weight ceils per ml medium. 

Additional support for the conclusion that pool adenine is converted in part to pool 
guanine and that guanine is not readily converted to adenine is given by the isotopic 
competition results shown in Fig. 6. Fig. 6 shows the results of adding a~C-guanine 
to a yeast culture growing in a medium containing 14C-adenine. At the time of ad- 
dition of the guanine, the concentration of the exogenous '4C-adenine was approxi- 
mately equal to the added guanine. Guanine immediately suppresses 14C-adenine 
uptake by the cell. Initially the effect is largely upon the uptake into the TCA- 
soluble fraction. After about io minutes the rate of incorporation of vtC into the 
TCA-precipitable fraction also decreases. On the other hand, there is no effect of 
]'-'C-adenine upon the uptake and utilization of a4C-guanine. 

The relationship between the phosphorus pool and the purine pool 

The kinetics of formation of a pool of phosphorus compounds in C. utilis and its 
utilization for nucleic acid synthesis has been previously described'. This pool contains 
one-third of the phosphorus of the cell. Chromatograms (ethanol/acetate: sulfate/iso- 
propanol system) of the cold TCA-soluble fraction from yeast ceils grown in C medium 
and radiophosphorus were very similar to those from E. coli 8. In each case 50% of 
the phosphorus is found as orthophosphate and most of the remainder is distributed 
among compounds having RF'S corresponding to those observed for the nucleoside 
mono-, di-, and triphosphates of adenine, guanine, cytosine and uracil. 

Since the purine pool of the yeast could be enormously expanded upon the ad- 
dition of exogenous adenine or guanine (Fig. 3), experiments were performed to 
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ascertain whether a corresponding increase in the phosphorus of the pool also oc- 
curred. Fig. 7 shows that the rate of incorporation of radiophosphorus was not altered 
by the addition of large amounts of adenine. Chromatograms (ethanol/acetate: 
sulfate/isopropanol system) of the cold TCA-soluble fraction obtained from cells 
removed just prior to and also 30 minutes after the addition of the adenine, showed 
no significant differences in the distribution of the radiophosphorus. No free adenine 
or guanine was observed on the chromatogram of the early sample; the later sample 
however contained a large quantity of free adenine which was readily detected by 
ultraviolet light absorption. Free guanine could not be detected. No increase in the 
amount of purine nucleotide was found. It is concluded that the adenine in the 
expanded pool was present as the purine base, and not as the nucleotide. 

Thus, the yeast cell can contain two kinds of purine pools: a purine nucleotide 
pool and a pool of purine bases. 

The nucleotide pool may be specifically labeled by adding trace quantities of 
14C-adenine to the culture medium. Under this condition the ~*C-adenine becomes 
a part of the nucleoside phosphates of adenine and guanine and no free base can 
be detected. The kinetics of transfer of 14C to nucleic acid from such a labeled nucleo- 
tide pool in the presence and absence of nonradioactive exogenous adenine or guanine 
is shown in Fig. 8. Even though the exogenous purine is accumulated within the cell 
(c[. Figs. 3 and 6), during the course of the experiment its presence as the free base 
has no effect upon the rate of transfer from the nucleotide pool to the nucleic acid 
fraction. Thus, rapid mixing of the two pools does not occur. On the other hand 
the purine base can compete with fructose carbon providing material for the formation 
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Fi~. 7. Kinet ics  of incorpora t ion  of rad iophos-  
phorus  (s=p-or thophosphate)  dur ing  expans ion  
of adenine  pool. lsC-adenine added  a t  a concen- 
t ra t ion  of i i tmole per  ml  m e d i u m  a t  t ime  indi- 
ca ted and  cell concen t ra t ion  was 1.o m g  wet  

weight  cells per  ml  med ium.  
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Fig. 8. Loss  of 14C-adenine carbon from the  cold 
TCA-soluble  fraction.  Da ta  obta ined  from cells 
briefly immersed  in m e d i u m  conta in ing  t4C- 
aden ine  (carrier-free) and  t ransfer red  af te r  
wash ing  to nonradioac t ive  m e d i u m  conta in ing  
s u p p l e m e n t s  ( × )  of 12C-adenine (0.74 umole  
per  ml  med ium) ;  (A)  xsC-g uan ine  (0.005 m g  

per  ml m e d i u m ) ;  and  (O) control  (unsupp lemen ted  C med ium) .  At  t = o, ,qo% of the  in- 
corpora ted  rad iocarbon was  in the  cold TCA-soluble  f rac t ion and  a t  t he  end  of the  expe r imen t  
the  ma jo r i t y  of the  rad iocarbon  was  conta ined  in the  h o t  TCA-soluble  fraction.  There  was little 

loss of pool radiocarbon to t he  med ium.  
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of the nucleotide; carhon of either source must flow through the nucleotide pool in 
order to he used for nucleic acid synthesis. Thus, the nucleotide pool serves as a 
preferred source of carbon for nucleic acid synthesis. From these considerations it is 
evident that at least two distinct processes are involved in the incorporation of 
purines into the nucleic acid of yeast. One involves the accumulation of purines 
within the cell and the other involves alteration and selection for furnishing the proper 
building blocks for the nucleic acids. 

Tests with other nucleic acid compounds 

When mixtures of the 3'- and 5'-isomers of 14C-cytidylic or 32p_ or ~4C-uridylic acids 
were used as supplements no radioactivity was incorporated by the cells. No di- 
minution was observed in the exponential growth rate upon the addition of the 
supplements. The specific radioactivity of these compounds was sufficiently high so 
that  trace levels of incorporation should have been observed were these compounds 
usable or degraded to usable products. In each case there was no detectable radio- 
activity in the cells even after several generations of cellular growth in the radio- 
active medium. Labeled nucleosides were not tested. 

DISCUSSION 

Fig. 9 summarizes the findings presented above in terms of the flow of purine carbon 
for synthesis of nucleic acid. Two metabolic pools of i)urine compounds serve as 
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Fig.  9. F l o w  of p u r i n e  c a r b o n  t h r o u g h  me-  
t a b o l i c  poo l s  in t h e  s y n t h e s i s  of nuc le i c  ac id .  

precursor material for nucleic acid synthesis. 

Pool o~ purine nucleotides 

In tile absence of purine supplementation 
a pool of purine nucleotides is formed 
deriving its carbon solely from the metabo- 
lism of fructose. In steady-state cells this 
pool remains fixed in size and comprises 
one or two per cent of the total carbon of 
tile cell. It  is in this pool that the conver- 
sion of one nucleotide to another occurs 
providing the proper materials for nucleic 
acid formation. The nucleotide pool is in 
the direct line of nucleic acid synthesis. The 
exponential rate of loss of 14C from this 
pool (Fig. 8) and its subsequent appearance 
in nucleic acid indicates that  there is com- 
plete mixing of the radioactive and non- 

radioactive nuclcotide pool material, whether the latter is derived solely from fructose 
or also from exogenous purines. 

Pool o/purine bases 

When the synthetic medium is supplemented by high concentrations of purine bases 
these materials are found concentrated within the cell at levels exceeding their 
external concentration. The quanti ty concentrated is dependent upon the exogenous 
concentration (Fig. 3). In the case of adenine supplementation the largest pool size 
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observed was 57 t ~M per ml wet cells (156 tzM per g d ry  weight) which is 7.5 t imes  
the  repor ted  solubi l i ty  of adenine in water  a t  25 ° C. In  the  case of guanine supple-  
menta t ion  the largest  pool size found was I tzM per ml of cells or abou t  30 t imes 
the  solubi l i ty  of guanine in water .  

The expandab le  pool m a y  compete  wi th  fructose in provid ing  carbon for the  
nucleot ide pool. A t  the  highest in ternal  concent ra t ions  a lmost  all of the  nucleotide 
carbon,  and  consequent ly  nucleic acid purine carbon is der ived from this pool r a the r  
than  the de novo  synthesis  from fructose. On the other  hand  t race levels of exogenous 
purines are quickly  incorpora ted  into the  nucleot ide pool wi thout  much a l te ra t ion  

of the  flow of fructose carbon.  
The mater ia l  concent ra ted  in the expandab le  pool is not  conver ted  to other  

re la ted  metabol ic  products .  For  example ,  adenine is concen t ra ted  as adenine and  
remains  so unti l  ass imi la ted  into the nucleot ide pool. Once incorpora ted  into the 
l a t t e r  pool, conversion to the guanine nucleotide is possible. 

Both pools are ex t rac tab le  with cold TCA, alcohol, or boil ing water.  Ene rgy  is 
required for pool format ion and for t ransfer  of carbon from the expandab le  pool to 
the nucleotide pool as well as for u l t imate  incorpora t ion  into nucleic acid. Li t t le  or 
no exchange is observed in the  nucleotide pool with exogenous purines. The mater ia l  
concent ra ted  in the expandab le  pool however has been observed to be les~ t igh t ly  
bound.  Some exchange with exogenous purines occurs when the pool is g rea t ly  
expanded .  

The mechanism for concent ra t ing  purines in the expandab le  pool is not  known 
nor is the  process of main ta in ing  these high concentra t ions  within the  cell unders tood.  
The fact tha t  purines are held within the  cell a t  levels exceeding their  so lubi l i ty  in 
wate r  suggests t ha t  some associat ion of the purine with other  cy top lasmic  molecules 
exists.  

I t  is concluded tha t  a t  least  two processes are involved in the incorpora t ion  of 
exogenous purine into nucleic acid. One is the  incorpora t ing  mechanism tha t  bui lds 
up mater ia l s  to concentra t ions  exceeding tha t  of the ex te rna l  environment .  The o ther  
is the process in which a l te ra t ion  and selection occur, furnishing the proper  compounds  
for the macromolecules.  

SUMMARY 

Exogenous purines arc incorporated first into metabolic pools and thence into nucleic acids by 
exponcntiMly growing Candida utilis. Kinetic studies show that a purine pool, whose size is 
determined by the amount of purine in the medium, forms first. This pool contributes material 
to a nucleotidc pool whose pool size is independen t  of the purine concentration in the medium. 
Conversion of adenine to guanine occurs in the nucleotide pool which serves as a preferred sourcc 
of purine for nucleic acid synthesis. 
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