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.~n ~,u: prev~ou_- papers we desc~bed :he prepaza:~on a and some bioc.,~en:ica] W,~t~1- 
~}e -'~ ~ ~:i se ' ,er~ 4-a.m~Jo analoffaes oi ",he fl)lic acid ct~,az3m~t~, e~pocially lhe  flnrmvl 
arid rrie:bvlene denva:i',-es <d letrahydroa.~jnoptemn, t~e~dt% the strong inhihit i ,m 
,.d ff/.~,~e reducta_~e, xhe m<,dera~r non-competi t ive inhibit ion o~ N~_\'l~-n~ethy}e,~e- 
~<rahv~-~.,~o]a~e dehydrogenase and o~ ~ormiminc.~za~s~erase was obser~md. To cs- 
~ab]isL *~ht mechanism o; ~he biochemical action of these antime~.abolit,~, we studied 
th-. ~tJon o:[ ".he 4-a.mano analogues on some enzxmfic reactions involving tra~sfomnv- 
ia~i,.,n ~ and ~ranshydrox-)-mexhylafion* by tetrahvch-o~olate eoenzvnles. 

This paper describes zhe influence o~ the  te t rahydroaminopterm derival ivt~ on 
the trans~ormv]ation reaction part icipating in purine biosxn~thesis. 

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

Aminopterin (Lepetit) and folic acid (Light) ~vert- purified me their  crystall ine mag- 
nesium salts. The 4-amino analogues and te t rahydroiola te  derivat ives wel~, prepalx, d 
Jn our !aboratory 1. The pur i ty  of all substances used was checked by claromatohwaphy 
and ultraviolet  absorption. 

The enz)Tne was prepared by extract ing acetone t~)wder of pigeon liver with 
xo vol. of o.o5M Verona] buffer (pH 7.6) at 0% After  20 rain at o" the ins,fluble parl  
was removed by centrifugation and the clear supernatant  was used for the ex- 
periments  ~. 
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INFLUENCE OF AMINO AN.~I~OGUES ON PURINE BIOSYNTHESIS 605 

The  pur ine  biosynthesis  was de te rmined  bv  the  incorporat ion of ~t4Ciformate 
in to  inosinic acid isolated by  paper  chromatography .  

I n c u b a t i o n  m i x t u r e :  19. 9 ttmoles of ATP, 19.2 ttmoles of homocysteine,  27. 3/~moles 
of g lu tamine ,  19.o/ ,moles  of glycine, IO.O/,moles of ribose 5-phosphate ,  7-3/zmoles 
of b a r i u m  2-phosphoglycerate ,  47.0 ttmoies of MgSOa.7H20,  1.3 ttmoles of sodium 
[t~C]formate (act iv i ty  2.0/ ,C),  2.0 ttmoles of te t rahydrofola te ,  2.0 ml of enzymic 
p repa ra t ion  a n d  0.05 M Veronal  buffer (pH 7.6) in a to ta l  volume of 4.4 mi. The 
sample  was i ncuba t ed  a t  37 °. Samples  of 1.8 inl each were wi thd rawn  immedia te ly  
af te r  the  addi t ion  of the  enzyme and  af ter  incuba t ion  for 45 rain;  bo th  samples were 
deprote in ized  wi th  I.O ml of io  % tr ichioroacet ic  acid. To each sample 2.0 mg of 
h y p o x a n t h i n e  was added  as a carr ier .Trichloroacet ic  acid and  Veronal  were removed 
b y  3-fold ex t rac t ion  wi th  5.o-ml por t ions  of ether .  For  hydrolysis  of the  nucleotides 
a n d  des t ruc t ion  of the  radioac t ive  coenzymes,  0. 5 ml of 2 % FeCI 3 dissolved in 2 N 
HCI was added  a n d  the  samples  were hea t ed  at  IOO: for 3 ° min.  After  cooling, tho 
solut ions were dr ied under  an  inf rared  lamp. The  residues were dissolved in o. 5 ml 
of wate r  a n d  appl ied to p repara t ive  ch romatograms  ( W h a t m a n  No. 3). The chromato-  
g rams  were developed wi th  wa te r - sa tu ra t ed  bu tano l  and  the  b a n d  of hypoxan th ine  
was t h e n  cut  out  a n d  e lu ted  di rec t ly  on to  an  a lumin ium planche t te .  The eluates were 
t a k e n  to dryness  a~d  counted  by  a t h in  end-window tube  using an appa ra tus  (,f 
F r i e s e k e - H o e p f n e r .  

RESULTS 

Dur ing  inves t iga t ions  on the  inh ib i t ion  of pur ine biosynthesis  by  some aminopte r in  
der iva t ives ,  no  inh ib i to ry  effects were observed (Table I). However,  aminopter in  
der iva t ives  wi th  a hyd rogena t ed  pyraz ine  r ing  showed an  appreciable ac t iva t ing  
effect. In  fu r the r  exper iments ,  t e t r a h y d r o a m i n o p t e r i n  and  i ts  der iva t ives  were used 
ins t ead  of t e t r ahydro fo la t e  as possible coenzymes.  I t  was found tha t ,  to  a cer ta in  
ex t en t ,  t hey  are able to  subs t i t u t e  for te t rahydrofol ic  acid in i ts coenzyme function.  
Fig. I demons t r a t e s  the  ac t iva t ion  effect of te t rahydroan-dnopter in  compared  wi th  
t h a t  of t e t r ahydro fo la t e  a n d  i ts  d ig lu tamyl  conjugate.  

TABLE I 

THE EFFECT OF SOME AMINOPTERIN DERIVATIVES ON THE INCORPORATION 
OF [IICjFORMATE INTO I~OSINIC ACID IN TH]~ PRESENCE OF TETRAH~ZDROFOLATE 

The antimetabolite was added in a concentration equal to that of tetrahydrofolate, e.g. 2.0/*mole.~ 
for each sample. 

Radioactivity in Activity of 
Antimetabolite added hypoxanthine isolated the sample without 

(counts~rain) antimetabolite ( % ) 

None i9oo ioo 
NtO-Formylaminopterin i ~9o 88 
NX0-Methylaminopterin 149t~ 7 s 
NlO-Hydroxymethylaminopterin z 245 I 18 
Aminopterin 2o8o t to 
Tetrahydroaminopterin 2840 x 49 
N~-Formyltetrahydroaminopterin 3090 I68.5 
Trimethyloltetrahydroaminopterin 298 z 157 
Nl°-Formyltetrahydroaminopt e tin 4579 240 
N ~, Nl°-Methylenetetrahydroaminopterin 5413 287 
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606 v. SLAVIKOVA, K. SLAVIK 

The act ivat ion effect of te t rahydroaminopter in  is even more pronounced than  
the effect of the diglutamyl conjugate of tetrahydrofolic  acid. Several aminopter in  
derivatives (Table II) showed an analogous act ivat ion effect on purine biosi:nthesis. 

BOO0 l , 

o 
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u~200C 

i 1 _ _  
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/,4 

Fig. I. Effect of coenzymes on inosinate biosynthesis. O- -O ,  tetrahydrofolate; A - - A ,  tetra- 
hydroaminopterin; D - - n ,  tetrahydroteropterin. 

NS-Formyl and Ns,Xl°-methylene derivat ives of d ib romote t rahydroaminopte r in  
showed higher coenzymic activit ies than  the analogous non-bromina ted  4-amino 
analogues. The possible deaminat ion  of the  ant imetabol i te  to  the  te t rahydrofo la te  
compound act ing as the  actual  coenzyme could be supposed as an explanat ion  of 
the coenz3anic act ivi ty  of te t rahydroaln inopter in .  Therefore, the  formylat ing co- 
enzymes were isolated from the  incubat ion mixture  by  means  of paper  chromatog-  
r aphy  in o.I N formic acid using non-radioact ive synthet ic  compounds  as carriers. 
Using the te t rahvdrofola te  coenzyme the  radioact iv i ty  could be de tec ted  in both  
.Vl°-formvltetrahvdrofolate and N S , N ~ ° - m e t h e n y l t e t r a h y d r o f o l a t e  bands.  With  te t ra-  
hyd7 .)aminopterin as coenz3Tne, radioact ivi ty  could be detected in one band  only, 

TABLE II 

THE EFFECT OF SOME AMINOPTERI.~ DERIVATIV]~S ON THE INCORPORATION 
OF "I4C'FOR.MATE INTO INOS1NIC ACID IN THE ABSE.NCE OF TETRAHYD]ROFOLATE 

CofaC4or ad~d 
Counts/rain in kypoxantkine synthesized 

u'~mg varVms c~rg~tra2ums o/gntimetabolit¢ 

z pmolcs ~ pmo/¢s 4/~mo~s 

Tetrahydrofolic acid 117 ° 
Terrahydroaminopterin 1157 
3 ', 5 '- Dibrom otetrahydroammop%erin 49o 
.\'s- Formyltetrah ydroaminopterin 
.\'~-Formyl-3 ', 5",-dibromotetrahydroamainopterin I ] i o 
Trimet h yloltetrahydroaminopterin 694 
Dimethylol- 3 '. 5 "-dibrom otetrahydromminopterin 35 ° 
-VS,-Xn°- Methyl enetetrah ydroamin°P terin 3 i 7 
Ns,-~U°-Methylene-3', 5"-dibromotetrahydroaminopteri n 478 

15o6 I9x 7 
545 676 
6o I 6zo 

Io7o *o3* 
6Iz 668 
26o 238 
4zo 
700 
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w h i c h  b y  c o m p a r i s o n  w i t h  a s y n t h e t i c  s a m p l e  w a s  i d e n t i f i e d  t o  b e  N l ° - f o r m y l t e t r a  - 

h y d r o a m i n o p t e r i n .  N o  r a d i o a c t i v i t y  c o u l d  b e  d e t e c t e d  in  t h e  b a n d  o f  N ~ , N l ° - m e t h e  - 

n y l t e t r a h y d r o f o l a t e  a d d e d  a s  c a r r i e r  ( T a b l e  I I I ) .  F r o m  t h e s e  e x p e r i m e n t s  i t  c a n  b e  

c o n c l u d e d  t h a t  t h e  d e a m i n a t i o n  o f  t e t r a h y d r o a m i n o p t e r i n  t o  t e t r a h y d r o f o l a t e  d o e s  

n o t  r e p r e s e n t  t i l e  r e a l  m e c h a n i s m  o f  t h e  c o e n z y m i c  f u n k ' i o n  o f  t e t r a h y d r o a m i n o p t e r i n .  

I n  f u r t h e r  e x p e r i m e n t s  t h e  d i s t r i b u t i o n  o f  taC b e t w e e n  C - 2  a n d  C - 8  o f  t h e  p u r i n e  

s k e l e t o n  i n  t h e  i n o s i n a t e  s y n t h e s i z e d  w a s  f o l l o w e d  u s i n g  e i t h e r  t e t r a h y d r o f o l a t e  o r  

t e t r a h y d r o a m i n o p t e r i n  a s  t h e  c o e n z y m e .  T h e  r a d i o a c t i v e  h y p o x a n t h i n e  w a s  o x i d i z e d  

b y  m e a n s  o f  c b l o r a t e  t o  a l l o x a n  c o n t a i n i n g  C-2  a n d  t o  u r e a  c o n t a i n i n g  C-SS.  

T A B L E  D I  

THE DISTRIBUTION OF 14C ACTIVITY IN THE SUPPOSED COENZYMICALLY 
ACTIVE COMPOUNDS (COUNTS/MIN/~MOLE) 

The  c o m p o s i t i o n  of t he  i n c u b a t i o n  m i x t u r e  was  the  s ame  as in t he  usua l  exper imen t s .  Af te r  
i n c u b a t i o n ,  t h e  s a m p l e s  were  depro te in ized  wi th  io °/o t r i ch lo roace t i c  ac id  a n d  I . i  t tmoles of 
a n h y d r o l e u c o v o r i n  w a s  a d d e d  as  a car r ie r .  ~Ir ichloroacetic  ac id  a n d  Verona l  were  e x t r a c t e d  b y  
th ree  p o r t i o n s  of e the r  a n d  the  s amp le s  were  e v a p o r a t e d  to  d rynes s  in a v a c u u m  des i cca to r  over  
K O H .  T h e  c h r o m a t o g r a p h y  was  ca r r i ed  ou t  on  W h a t m a n  No. 3 p a p e r  wi th  o . i  M a q u e o u s  formic  
ac id .  T h e  b a n d s  of t h e  c o e n z y m e  were  d e t e c t e d  u n d e r  Minera l igb t  a n d  t hen  cu t  ou t .  T h e y  were 

e lu t ed  w i th  w a t e r  d i r ec t ly  on  to  p l a n c h e t t e s  for  coun t i ng .  

coenzymc added 
Substance isolated 

Tetrahydvofolate Tetmhydroaminopterin 

N S , N t O - M e t l : e n y l t e t r a h y d r o f o l a t e  i 27 5 
N t O - F o r m y l t e t r a h y d r o f o l a t e  481 - -  
N i 0 . F o r m y l t e , ~ r a h y d r o a m i n o p t c r i n  - -  365 

T A B L E  Ix," 

THE PERCENTAGE DISTRIBUTION OF THE ACTIVITY IT C-2 AND C-8 OF 
THE INOSINATE SYNTHESIZED USING EITItER TETRAHYDROFO~ATE 

OR TETRAHYDROAMINOPTERIN AS COENZYME 

H y p o x a n t h i n e  w a s  i so la ted  f rom the  dep ro te in i zed  i n c u b a t i o n  m i x t u r e  b y  p a p e r  c h r o m a t o g r a p h y ,  
u s ing  w a t e r - s a t u r a t e d  b u t a n o l ,  a n d  was  t h e n  oxid ized  b y  x a n t h i n e  ox idase  7 in a t o t a l  vo lume  of 
5 ml.  T h e  o x i d a t i o n  w a s  ca r r i ed  ou t  u n d e r  v igorous  s t i r r i ng  un t i l  d i ch lo ropheno l indopheno l  
so lu t i on  a d d e d  d ropwise  to  t h e  s a m p l e  was  d i sco loured  no more .  The  s a m p l e  was  depro te in ized  
b y  h e a t i n g  a t  l oo  ° for  a br ief  per iod  a n d  cen t r i fuged .  Af te r  the  ac id i f ica t ion  of t h e  s u p e r n a t a n t  
f r ac t i on  w i t h  conc .  HCI t o  p H  2-  3, uric  ac id  c rys ta l l i zed  on s t a n d i n g  o v e r n i g h t  in a cold box. 
T h e  u r i c  ac id  c r y s t a l s  were  i so la ted  an t '  t he i r  specific a c t i v i t y  w a s  de t e rmined ,  T h e y  were then 
used  for  c h e m i c a l  d e g r a d a t i o n :  ur ic  ac id  (3 ° rag) was  su_~pended i n to  t .o  m l  of 5-5 N HCI in a 
c e n t r i f u g a t i o n  tube ,  3 ° m g  of KCIO a in 0. 5 ml  w a t e r  were  added ,  a n d  the  so lu t ion  was  hea ted  
for  severa l  m i n u t e s  in a bo i l i ng -wa te r  b a t h .  Af te r  cool ing,  the  c r y s t a l s  of a l l oxan  were  cen t r i fuged  
d o w n  a n d  w a s h e d  w i th  i . o  ml  of wa te r .  Tlle w a s h i n g  was  a d d e d  t o  t he  a l l oxan  m o t h e r  l iquor.  
A l loxan  w a s  s u s p e n d e d  in  w a t e r  a n d  e v a p o r a t e d  on  the  p l a n c h e t t e  for  coun t i ng .  To the  combined  
m o t h e r  l iquors ,  neu t r a l i z ed  t o  p H  7 wi th  25 °/o a m m o n i a ,  a n  equa l  vo lume  of glacial  ace t ic  acid  
a n d  i . o  m l  ot a s a t u r a t e d  me thano l i c  so lu t ion  of x a n t h y d r o l  were  added .  Af te r  s t a n d i n g  o v e r n i g h t  
t h e  d i x a n t h y l u r e a  was  c e n t r i f u g e d  down,  w a s h e d  5 t imes  wi th  me thano l ,  a n d  su spended  in i .o  ml  
of d i m e t h y l f o r m a m i d e .  The  d i m e t h y l f o r m a m i d e  so lu t ion  was  e v a p o r a t e d  to  d rynes s  on a p l an -  

che t t e  for  c o u n t i n g .  

% imorporation of HI'COONs 
Coenzyme 

C-8 (urea) C-2 (alloxan) 

T e t r a h y d r o f o l a t e  5o.6 49.4 
T e t r a h y d r o a m i n o p t e r i n  53.3 46-7 
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Table IV shows the distr ibution of the radioact ivi ty  between C-2 and C-8 of 
inosinate synthesized with either the tetrahydrofolate  or the te t rahydroaminopter in  
coenz3ane. The distr ibution of ac t iv i ty  between both carbon atoms did not differ 
significantly when tetrahydrofolate ,  or te t rahydroaminopter in ,  was used as the 
coenz)ane. Therefore, i t  may  be supposed tha t  in the course of purine biosynthesis 
te t rahydroaminopter in  can part icipate in both  glycinamide ribotide and amino- 
imidazolecarboxamide ribotide transformylations.  

DISCUSSION 

The act ivat ion effect of some 4-amino analogues with a hydrogenated pyrazine ring 
on the biosynthesis of purine can be most probably explained by the fact that  they 
substi tute for the natural  te t rahydrofolate  coenzymes in t ransformylat ion reactions. 
All hydrogenated 4-amino analogues show an act ivat ion effect both in the presence, 
and in the absence, of te trahydrofolate ,  but  a comparison of Tables I and I I  shows 
a difference in the degree of act ivat ion observed. This effect could be explained by 
several more complicated mechanisms, e.g. the  abil i ty of the hydrogenated 4-amino 
analogues to prevent  the oxidat ion of te t rahydrofolate  derivatives,  or the uti l ization 
of the formyl or methylene  groups of the ant imetaboli tes  themselves for the bio- 
synthesis of purine. 

Considering these findings the  biochemical action of the 4-amino analogues with 
the hydrogenated pyrazine ring might  differ, to some extent ,  from tha t  of the non- 
hydrogenated 4-amino analogues of folic acid. I t  can be supposed tha t  these substances 
might effect the synthesis of thymidyla te  ei ther directly 9 or indirect ly 10 via inhibit ion 
of folate reductase. The lack of te trahydrofolate  coenzymes for purine biosynthesis 
due to the inhibition of the folate reductase might  be el iminated by the coenzymic 
action of the antimetaboli tes  themselves. 

REFERENCES 

x K. SLAViK, V. SLAVfKOVA AND Z. KOLMAN, Collection Czech. Chem. Commun., z 5 (196o) 1929. 
2 V. SLAVIKOVA AND K. SLAVIK, Experientia, 17 (x961) I. 
a S. C. HART,~IAN AND J. M. BUCHANAN, J .  Biol. Chem., 234 (1959) 1812. 
4 G. K. HU.~tPHREYS AND D. M. GRE~'NBERG, Arch. Biochem. Biophys., 78 (t958) 275. 
5 D. A. Gt;LDTWAITH AND G. R. GREENBERG, in S. P. COLOWICK AND N. O. KAPLAN, 3lethods 

in Enzymology, Vol. 2, Academic Press, New York, x955, p. 5o4 . 
6 K. SLAVIK, H. To,~lkgovk AND V. SLAVfKOVA, Collection Cz2ch. Chem. Commu~,., 23 (I958) 1378. 

H. M. KALCKAR, J. Biol. Chem., I67 (1947) 46I. 
s j .  C. SONNE, J. M. BUCHA~XN AND A. M. DELt.UVA, J. Biol. Chem., t73 (1948) 69. 
9 K. SLaVIK A.'~D V. SLaVfKOVA, Abstr. 5th Intern. Congr. Biochem. Moscow ~96x, p. 82. 

Jo M. J. OsBORN, M. FREEMAN AND F. M. HU~NNEKm~S, Proc. Soc. Exptl. Biol. Med., 97 (t958) 429. 

Biochim. Biophys. Acta, 71 (1963) 604-608 


