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The origin of thymine and cytosine in Tetrahymena* 
The ciliated pr~,t<~zt,an Tctrahvme;m p.vr@.,mis \V requires a pyrimidine for growth. The pyrimidine 
requirement  is met by uracil, uridine, uridvlic acid, cvtidine or cytidylic acid. On the other hand. 
cytosine, orb,tic acid, thymine ,,r thymidine clc) not suppor t  growth of the organism in a pyrimi(line- 
deficient mc(liun0,~-. The failure ~,f thvnaine and thvmidine even to spare the pyrimidine require- 
ment  was interpreted e as inclicating thitt thymine  xv;ts synthesized from mm-pyrimidine precursors,  
rather  than lay utilization of the pref,~rmed ring. Subsequent  nucleic acid analyses of the organisms 
showed the concentrat ion of deoxvrib~mucleic acid (DNA) to be very low, apprc~xinmtely to",, 
of the concentrat ion of ribonucleic acid (RN.\)  (1)N:\ I - l l g ,  RN.\  ,~2 t*g per mg lipid-free dry 
weight in organisms grown on synthetic medium).  The amount  of thy'mine which wouhl be required 
in the synthesis  of this DNA is so small that  the sparing effect on the total pyrimidine requirement  
might  not be detectable. 

The proble.m has now been studied by the use of labeled uracil and thymine.  In the experi- 
ments  described below it was found tha t  {hvmine is synthesized from uracil wi thout  dilution of 
the isotope, when uracil is the onh" pyr imidme supplied, l.abeled thymine itself is utilized to 
only a slight extent  as a precursor ~f I)N.\  tht 'mine. 

Labeled uracil. I I of medium .\a was prepared, but  wit lmut "l'ween or p_vrimidines. _, g casein 
was added for its apparen t  growth-s t imulat ing effect. (Casein was omit ted in later exper iments  
because it accumulated in the organisms and complicated the iscflations.) To the medium were 
added 5 nag unlabeled uracil and 5 mg uracil--3"z(" (Bio-le, ad l.aboratories, 0.42 mc/mmole).  The 
medium was autoclaved in a x 2-1 Pyrex bottle, inoculated with Telrahvmena pyri/armis strain W, 
and incubated in the dark at  room tempera ture  with the bottle rotai:ed can its side at  io  r.p.m. 
Sterile air was supplied lay an aquar ium pump,  and outgoing air was passed through bar ium 
hydroxide-bar ium chloride solution to collect carbc, n d ioxide . .ks  has been found with several 
compounds,  a small amoun t  of labeled uracil decomposed during autoclaving, leading to slight 
radinactivitv in the early carl)on dioxide samples. Tiffs activity decreased in samples collected 
up to about  6o h, then increased, perhaps indicating a small amoun t  of catabolism. "['he activities 
of "infinitely thick" bar ium carbonate  plates, expressed as counts/rain/rag C, were: 39 h -  16o, 
5 o h .56 , 6t h -42 , 7 2 h.-49, g5 h I l l .  

After 31~ clays growth,  the organisms were centrifuged off and washed twice with water. 
Acid-soluble nucleotides and lipids were removed essentially as previously described 4. Combined 
nucleic acids were extracted with three port ions o[ hot 1o% Na('l at  pH 7. Ex t rac t s  were chilled, 
precipitated with 3 volumes of ethanol, and the precipitate washed with ethanol and ether, and 
dried. The nucleates were hydrolyzed to free purines and pyrimidines with 7" '% perchloric acid s 
fffllowed by neutralization of the acid with KOI-I and removal of K('lO a. The superna tan t  was 
chromatographed  in bands on \Vha tman  No. i paper in ~5"" is,)propyl alcohol-- N H('I 6. The 
five bands, containing thymine,  tlracil, cytosine, adenine, and guanine, were cut out, eluted, and 
the eluate evaporated to dryness, l'.'ach compound was then rechromatographed three times in 
86% aqueous n-butanol.  Radioactivity was determined by cutt ing live 14-ram discs from the 
band of the chromatogram,  and counting both sides of eact'a disc in a windowless (;eiger counter  
to obtain an average count. The five. discs were then eluted in 4.o ml o.ot N I"l('l and the solution 
read ill the Beckman I)1" spec t ropho t om e t e r . . \ den i ne  and guanine contained no activity;  the 
specitic activity of the t)yrimidines is shown in Table I. I t  is evident tha t  all the pyrimidines of 
the organism are derived exclusively from the adminis tered uracil. The specific aetivitv of cytosine 
is approximate ly  3 % below tha t  of the other  two pyrimidines.  This is probably due to a trace 
of impuri ty ,  a l though the possibility exists that  some cytosine fraction (e.~'. DNA) is synthesized 
from precursors other  than uracil. 

Labeged thymine. Although thymine  may be .%,nthesized from uracil in Telrahymena, as shown 
in the above experiment,  exogenous thymine  is also utilized. This is shown by the sparing of the 
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Administered 
uracil-.,-14C before di lut ion 1o0,7oo 

Nucleic acid uracil 59,8oo 
Nucleic acid cytos ine  57,400 
Nucleic acid t h y m i n e  59,20o 

° Supported  by ( 'ontract  No. AT (3o- i ) - i  351 with  the  U.S. Atomic  Energy Commission. 
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folic acid r equ i r emen t  by t h y m i n e  or t h y m i d i n e  2. The  incorpora t ion  was conf i rmed by  use of  
a por t ion  of the  thymine-2-~4C ob ta ined  from the  prev ious  exper imen t .  Organ i sms  were grown 
in 1oo ml  of m e d i u m  A s w i thou t  Tween,  with o . i2  m g  of labeled t h y m i n e  added.  Af ter  4 days  
growth ,  pyr imid ines  and  pur ines  were isolated from the  combined  nucleic ac ids  as described above.  
Of these,  t h y m i n e  was  the  only  c o m p o u n d  with de tec tab le  ac t iv i ty ,  ~oo counts /min/ /~mole ,  as  
compared  with a s t a r t i ng  ac t iv i ty  of 59,200. The smal l  degree of incorporat ion of t h y m i n e  is in 
a g r e e m e n t  with the  resul ts  of FRIEDKIN AND WOOD ? in this  o rgan i sm and others .  They  h a v e  
found t h a t  t h y m i d i n e  incorporat ion is 27 t imes  t ha t  of t h y m i n e  in Tetrahymena. 
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Quantitative aspects of CO 2 fixation during protein 
synthesis from ammonium acetate 

Micro-organisms,  growing on syn the t i c  med ia  con ta in ing  a m m o n i u m  ace ta te  as sole carbon source,  
rap id ly  incorpora te  isotope from added  14CHaCOONH 4 into protein: ,  2. In the  presence of un-  
labelled NaHCOs,  th is  syn thes i sed  protein  is less rad ioac t ive  t h a n  in its absence.  Shor t - t e rm 
exper iments*  indicated t h a t  the  prote in  init ial ly svn thes i sed  unde r  such  condi t ions  m a y  derive 
as m u c h  as 7 ° % of its carbon from the  unlabel led if icarbonate.  

These  resul ts  could be explained e i ther  by  the  occurrence  of a CO,-f ixat ion react ion of 
h i the r to  unsuspec ted  magn i tude ,  or by an increase in the  s t e ady - s t a t e  concent ra t ion ,  due  to the  
addi t ion  of b icarbonate ,  of a c o m p o u n d  in ready  equi l ibr ium with CO s ly ing on one of the  earl iest  
s tages  of  the  p a t h w a y  from ace ta te  to protein.  The  following expe r imen t s  suppo r t  the  la t t e r  
exp lana t ion .  

Growing cul tures  of ace ta te -grown Pseudomonas KBI  s were suspended  a t  pH  7.0 in z 5 ml  
of m e d i u m  con ta in ing  25 m M  a m m o n i u m  ace ta te  (Flask A) or 25 m M  a m m o n i u m  ace t a t e  + 
IO m M  N a H C O  s (Flask B) as carbon source. The  500 ml  flask A was gassed wi th  zoo°/o O t and  
s toppered  t ight ly ,  whi ls t  5 %  CO2195% O8 was con t inuous ly  bubbled  th rough  the  m e d i u m  in 
the  s imilar  flask B. At  zero t ime,  0.75 ml of a solut ion of 14CHsCOONa, con ta in ing  3 ° /~moles  
of ace ta te  and  g iv ing i .  lo ~ c o u n t s / m i n  under  the  condi t ions  of rad ioassay  used, was added  to 
each flask. Samples  (2 ml) were removed  every  3 ° rain and  the  protein,  prec ipi ta ted  with tr ichloro- 
acetic acid, was hydro lysed  in sealed tubes  a t  t lO ° for 18 hours .  The  amino  acid ni t rogen concen-  
t ra t ion  was e s t ima ted  colorimetr ical ly 4 and  the  rad ioac t iv i ty  of the  amino  acids  was de te rmined  
by direct  a s say  on paper  a f te r  au to rad iog raphy .  

At  both  22 ° and  3 °0 (Table I), t he  specific act iv i t ies  of the  protein syn thes i sed  in the  presence 
of lzCO~ were 83-85 % of t h a t  syn thes i sed  in its absence.  This  shows t h a t  COs-fixat ion accoun t s  
for only  15--i 7 % of the  carbon incorpora t ion in the  syn thes i s  of protein from a m m o n i u m  acetate ,  
and  is of an  order  cons i s ten t  with the  known C s + C l condensat ionsS,  6. 

Recen t  e x p e r i m e n t s  with ace ta te -grown PseudomonasT, 8 have  shown  t h a t  ace ta te  en te rs  the  
t r icarboxyl ic  acid cycle a t  two sites, to form ci t ra te  a t  one and  ma la t e  a t  the  other .  The  p re sen t  
resul ts  and  those  obta ined  previous ly  2 are cons i s ten t  with these  findings. Cell-free ex t r ac t s  of 
Pseudomonas K B I  conta in  malic e n z y m e  10 and  can form ma la t e  f rom p y r u v a t e  and  CO s. I t  is 
therefore  likely t h a t  the  addi t ion  of NaHI~CO 3 t empora r i ly  raises the  s t e ady - s t a t e  concen t r a t ion  
of ma la t e  or oxa loace ta te  (Fig. I), caus ing  the  prote in  syn thes i sed  in the  earl iest  s tages  of  the  
sho r t - t e rm  expe r imen t s  to be derived from a "pool" of Ca-compounds  of low radioact iv i ty .  


