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P T E R I D I N E S  AS S U B S T R A T E S  OF 

MAMMALIAN X A N T H I N E  OXIDA'SE 

I. THE END-PRODUCT OF THE ENZYMIC OXIDATION 

OF PTERIDINES* 

F E L I X  B E R G M . \ N N  AND H A N N : \  K \ V I E T N Y  

Department o[ Pharmacology, 7"he Hebrew University, Hadassah Medical School, Jerusalem (Israel) 

The chemical and biochemical interrelationship of purines (I) and pteridines (II) 
has been recognised in the past. 
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For example, ALBERT 1 has shown that on incubation of 2-hydroxypurine with 
glyoxal ill aqueous solution, 2-hydroxypteridine is formed, and that similar trans- 
formations can be carried out with other purines. ZIE( ; I .EI¢- (~(~NI)ER,  SIMON AND 

• , . . o \ \  \~ kI:l¢- injected guanine, labelled at carl)on atom 2, intradernaally into Xcnopus 
larvae and isolated afterwards labelled pteridines from their skin. These observations 
make it probal~h, that in the cell certain metabolites are formed, such as e. 2. 4,5-di- 
anainopyrimidines, which may undergo cyclisation to a variety ?f hetcrocyclic systems 
(pteridines, alloxazinesa). 

All naturally )ccurring ptcridines carry substituents in the 2- and 4q)osition of 

* T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  by  a I't'sO~ll'ch ,~rg,/llt of  t l l O |  l a d a s s a h  Medica l  Organ i sa t i~m.  
T h e  resu l ts  r epo r t ed  fo rn l  pa r t  o f  a l 'h .  1). thesis o f  I I. I<V,II.:TN'~', to  t,e s u b m i t t e d  to the l "acu ! t y  
of  Sc ience ,  T h e  Heln-ew I ' n i \ ' c r s i t v ,  Jt ' l ' l lSa]Otll .  
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the pyrimidine ring, equivalent to position 2 and 6 in the purine skeleton. The 
coincidence of substitution suggests that purines and pteridines may be attacked by 
the  same enzymes.  Indeed,  th rough  the  work  of WIELAND AND LIEBIG 4, of KALCKAR 
AND KLENOW 5 and  of LOWRY, BESSEY AND CRAWFORD 6 i t  became clear t ha t  xan th ine  
oxidase  (XO) can a t t a c k  bo th  he terocycl ic  systems.  Thus,  xan thop t e r i ne  ( =  2-amino-  
4 ,6 -d ihydroxypte r id ine ,  I I I )  is conver ted  b y  this  enzyme to leucopter ine  (IV), b y  
in t roduc t ion  of a h y d r o x y l  group in posi t ion 7. However ,  2 -amino-4-hydroxy-  
p te r id ine  (V) is oxidized to i soxan thop te r ine  (VI), and  af ter  inser t ion of the  7-hydroxyl ,  
the  enzymic  reac t ion  stops. Compar ison of s t ruc tu re  I and  I I  does not  indica te ,  whe the r  
a 2,4,6- or a 2 ,4 ,7- t r i subs t i tu ted  p te r id ine  would  correspond to the  end-produc t  of 
pur ine  oxida t ion ,  viz. uric acid. 
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The  fact  t ha t  leucopter ine  can be ob ta ined  b y  enzymic  ox ida t ion  in  vitro 5, bu t  is 
also found as a t e rmina l  me tabo l i t e  in the  wings of butterfliesT, m a y  suggest  t ha t  IV is 
the  end-produc t  of ox ida t ion  and  thus  p lays  in p ter id ine  me tabo l i sm a role s imilar  to 
uric ac id  in pur ine  oxida t ion .  I n  this  connect ion  i t  should be recal led t h a t  uric ac id  
has  also been isola ted  from but terf l ies  8. 

Since ox ida t ion  of p te r id ine  and  i ts  m o n o - a n d  d ihyd roxy-de r iva t i ve s  b y  XO 
has  not  ye t  been inves t iga ted ,  we have  u n d e r t a k e n  an enzymic  s t u d y  to answer  the  
following quest ions : a) W h a t  is the  end-p roduc t  of in te rac t ion  of p ter id ines  wi th  XO ? 
b) W h a t  is the  p a t h w a y  of ox ida t ion  of ind iv idua l  der iva t ives?  c) Is the  subs t r a t e  
specif ici ty of X O  in the  p te r id ine  series comparab le  to tha t  of pur ine  der iva t ives?  
d) Does there  exist  a common reac t ion  mechanism for the  a t t a c k  of XO on purines  
and  pter id ines?  

The  present  pape r  is ma in ly  concerned wi th  the  first problem.  An  extens ion of 
our  exper iments  to the  more  general  p roblems  b - d  will be presented  in a fu ture  
publ ica t ion .  

MATERIALS AND METHODS 
Substrates 

Pteridine and its various oxy derivatives, used in this investigation, were all synthesised by 
ALBERT and coworkers *-n. They were analytically pure, as evidenced by their ultraviolet absorp- 
tion spectra. 

Re/erences p. 618. 
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Enzymes 
H i g h l y  purif ied mi lk  x a n t h i n e  ox idase  was  suppl ied  by  Prof.  F.  BERGI~L and  Dr.  R.  C. BRAY 

of t h e  Ches te r  B e a t t y  I n s t i t u t e  of Cancer  Research ,  London ,  Eng l and* .  Th i s  p repara t ion ,  w h e n  
d i lu t ed  I : 8oo, p r o d u c e d  i y ]ml  of uric acid per  rain w h e n  t h e  reac t ion  was  carr ied ou t  a t  p H  8.o 
w i t h  6.5" IO -~ M x a n t h i n e  as  subs t r a t e .  

Since ox ida t ion  of p te r id ines  proceeds  r a t h e r  slowly, i t  was  neces sa ry  to  add  ca ta lase  to  all 
runs ,  in order  to  p r e v e n t  i nac t i va t i on  of X O  b y  h y d r o g e n  peroxide.  The  e n z y m e  used  was  a com-  
merc ia l  p r o d u c t  of  W o r t h i n g t o n  Biochemica l  Corpora t ion,  con t a in ing  50oo un i t s /ml .  

Methods o] analysis 
T h e  p rog res s  o5 e n z y m i c  ox ida t ion  was  followed spec t ropho tomet r i ca l ly .  Since t h e  abso rp t ion  

m a x i m a  of m a n y  of t h e  p te r id ines  invo lved  are  v e r y  s imilar ,  it  was  n o t  ye t  poss ible  to  iden t i fy  in 
all cases  t h e  i n t e r m e d i a t e s  a n d  t h u s  to  e s t ab l i sh  t he  p a t h w a y  of t h e  enzymic  react ion.  

I so la t ion  of i n t e r m e d i a t e s  or  reac t ion  p r o d u c t s  p roved  to  be a m o s t  difficult t ask .  Because  t h e  
p t e r id ines  are  e x t r e m e l y  weak  bases ,  the i r  q u a n t i t a t i v e  adso rp t ion  on ca t ion  exchanger s ,  s imi lar  
to  t h e  m e t h o d  used  for pur i f ica t ion  of bas ic  pu r i ne s  (DII~STBI~, BERGMANN AND CHAIMOVITZl2), was  
n o t  feasible.  P a p e r - c h r o m a t o g r a p h i c  s epa ra t i on  of p te r id ine  m i x t u r e s  by  k n o w n  p rocedure s  h a s  
n o t  p r o v e d  s a t i s f a c t o r y  in our  h a n d s .  I n  all so lven t s  repor ted  in t h e  l i tera ture ,  wh ich  we h a v e  
tes ted ,  t h e  RF va lues  of va r ious  ox ida t ion  s t ages  were v e r y  similar .  I n  addi t ion,  m a n y  p te r id ine  
de r iva t i ve s  are  sens i t ive  to  a t m o s p h e r i c  ox ida t ion  or l ight,  so t h a t  the i r  recovery  a f te r  develop-  
m e n t  of  t h e  c h r o m a t o g r a m  of ten  fails. F u r t h e r m o r e ,  no s t a in ing  m e t h o d ,  appl icable  to all pte r id ine  
de r iva t ives ,  is known .  T he  bes t  m e t h o d  for t he  de tec t ion  of ind iv idua l  spo t s  is u l t rav io le t  fluor- 
escence,  u s ing  l igh t  of a b o u t  254 m/*. 

I n  t h e  p r e s e n t  s t u d y  we h a v e  confined ourse lves  to t h e  isola t ion a n d  ident i f ica t ion  of t he  final 
p r o d u c t s  of t h e  e n z y m i c  reac t ions .  

Experimental procedure 
All s u b s t r a t e s  t e s t e d  were i n c u b a t e d  a t  27 ° wi th  an  app rop r i a t e  d i lu t ion  of XO in IO -a M 

p h o s p h a t e  buffer ,  p H  8.o, a n d  t h e  spec t ra l  changes  recorded periodically.  Af ter  t h e  reac t ion  h a d  
s t opped ,  t h e  so lu t ion  was  concen t r a t ed  in vacuo and  t he  res idue  d issolved in a few drops  of wa t e r  
for  s p o t t i n g  on W h a t m a n  No. I paper .  T h e  descend ing  c h r o m a t o g r a m  was  developed  wi th  t he  
fol lowing m i x t u r e :  D i m e t h y l f o r m a m i d e ,  5 ° ml ;  glacial  acetic acid, 4 ° m l ;  water ,  i o m l .  Th i s  so lven t  
gave  an  exce l len t  s epa ra t i on  of e.g. 2,4-di- a n d  2 ,4 ,7 - t r ihydroxyp te r id ine  (see Fig. 3), b u t  was  
n o t  y e t  s a t i s f a c t o r y  for t h e  s epa ra t i on  of all p te r id ine  mix tu r e s .  I t  h ad  t he  a d v a n t a g e  of p ro t ec t i ng  
t h e  s u b s t a n c e s  t e s t e d - - a t  leas t  p a r t i a l l y - - a g a i n s t  a t m o s p h e r i c  ox ida t ion  du r ing  t he  d ry ing  
per iod.  I n  addi t ion ,  w i t h  th i s  solvent ,  all p te r id ines  were found  to give well-defined spots ,  w i t h o u t  
apprec iab le  t ra i l ing.  R ~  va lues  were d e t e r m i n e d  w i th  t h e  a id  of u l t rav io le t  f luorescence.  For  
m e a s u r i n g  t h e  sh i f t s  of  2max wi th  pH ,  t h e  m e t h o d  of BERGMANN AND DIKSTEIN la was  applied,  
u s ing  t h e  fol lowing buffers :  p H  - - 3  to  + 3 ,  su l fur ic  acid;  p H  4.0 to  6.5, o. i  M ace ta t e ;  pPI 6. 5 to 
8.o, o . i  M p h o s p h a t e ;  p H  8.o to  i i . o ,  o . i  M bora te ;  p H  ~ i i . o ,  s o d i u m  hydrox ide .  

I n  t h e  p resence  of ca ta lase  a lone  a n d  in t he  absence  of XO, none  of t he  s u b s t r a t e s  used  
u n d e r w e n t  a change .  

RESULTS 

It was found that with all susceptible substrates, the same end-product was obtained. 
As a representative example, we reproduce in Fig. I the spectral changes taking place 
during the oxidation of 2,4-dihydroxypteridine. The end-product has practically the 
same absorption spectrum as the original substrate, but a higher extinction. Since 
only 3 oxidation products are possible (viz. oxidation at position 6, 7 or both), it 
becomes probable at once that the enzymic reaction leads to 2,4,7-trihydroxy- 
pteridine (VII), which is the only derivative, possessing an absorption spectrum 
almost identical with that of the starting material, but exhibiting higher extinction H. 
The influence of pH on the long-wave absorption maximum of VII is shown in Fig. 2. 
It is apparent that 2,4,7-trihydroxypteridine possesses 3 dissociation constants: 
it forms a cation below pH - -  I, a mono-anion with a pK of 3.o and a bis-anion with a 

* W e  w i s h  t o  e x p r e s s  our  s incere  t h a n k s  t o  Prof .  BERGEL a n d  Dr.  BRAY for t h e  g e n e r o u s  gi f t  
o f  th i s  e n z y m e  p r e p a r a t i o n .  

Re]erences p. 618. 
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p K  of 9"7- T h e  o x i d a t i o n  p r o d u c t  of 2 , 4 - d i h y d r o x y p t e r i d i n e  gave  t h e  fo l lowing  v a l u e s  

for  ~max: p H  2.3 326 m # ;  p H  8 .o-328  m F ;  a n d  p H  lO.5-336 m/x. I n  add i t i on ,  t h e  

p a p e r  c h r o m a t o g r a m ,  r e p r o d u c e d  in Fig .  3, r evea l s  t h e  s imi l a r i t y  of t h e  o x i d a t i o n  

p r o d u c t  wi th  a u t h e n t i c  2 , 4 , 7 - t r i h y d r o x y p t e r i d i n e .  All p e r t i n e n t  d a t a  are  s u m m a r i s e d  

in Tabh ,  1. 

Fig. i .  Spectral changes during the enzymic oxida- 
tion of '2,4-dihydroxypteridine. Xanthine oxidase: 
i :4oo;  substrate: 6.1.1o 5 M; pH 8.o; t 27 °. 0 - - 0  
Zero time. A - - A  After ~5 min. O--C)  After 3 ° min. 
A A After 9o rnin (representing the final stage of 

the reaction). 
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Fig. 2. The long-wave absorption maximum of 
2,4,7-trihydroxypteridine as a flmction of pH. The 
dashed portion of the curve above pH 13 indicates, 
that  the small rise in ;tin&x, observed at pH 14, is 
unreliable, since the substance undergoes a slow 
decomposition. The curve indicates 3 dissociation 
steps : below pH ---1 ; between pH 2. 5 and 3.5 ; and 

between pH 9-1I. 

® 

r @  

lqg. 3. l~aperchromatograt )hic identification of the oxidation product of 2,4-dihydroxypteridine. 
Solvent front 37-5 cm (after I2 h) .  Tile spots were located by fluorescence in ultraviolet light. 

lCe/eremes p. 6~X. 
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T A B L E  1 

PHYSICAL PROPERTIES OF 2,4-DI- AND 2,4,7-TRIHYDROXYPTERIDINE 

617 

Compound Amax 8rnaxl R F 
at pH 8.0 emsx2 

Fluorescence 

2 , 4 - D i h y d r o x y p t e r i d i n e  328 1.2 o .7i  
270 

2,4, 7 - T r i h y d r o x y p t  er id ine  328 I. 4 o. 54 
275 

E n z y m i c  ox ida t ion  p r o d u c t  of  2 ,4 -d ihyd roxyp te r id ine  328 1.37 o.53 
275 

b lue-whi te  

b lue-viole t  

b lue-viole t  

Since only a single step is involved in the enzymic oxidation of 2,4-dihydroxy- 
pteridine, we can plot the increase of optical density at ~max = 329 m/~ as function of 
time. As shown in Fig. 4, the rate is linear for the first 15 min; from the slope of the 
straight line, the initial reaction velocity can be derived, which is about 14 times 
smaller than that  of xanthine under identical conditions. 

We have also found that pteridine itself and its 2-, 4- or 7-monohydroxy deriva- 
tives are ult imately converted into VII, whereas the 6-hydroxy compound is com- 
pletely refractory to enzymic attack. 

o . 5 0 0  - ; . .  
@ .g" 

~ 0 . 4 5 0 -  

t 
0 .400  

0.36C :)o I I t I .I 
5' 10' 15' 20 '  25' 

- Time (mln) 

Fig. 4- R a t e  of  e n z y m i c  ox ida t ion  of 2 ,4 -d ihydroxyp te r id ine .  Since ;tmax of 2,4-di- a n d  2,4, 7- 
t r i h y d r o x y p t e r i d i n e  a t  p H  8.0 a re  p rac t ica l ly  identical ,  t h e  o rd ina te  r ep r e sen t s  t h e  increase  in 
opt ica l  d e n s i t y  a t  329 mlt.  X a n t h i n e  ox idase :  1 :4oo;  s u b s t r a t e :  6 .1 .1o  -5 2]t; p H  8.0; t 27 °. 

DISCUSSION 

The present experiments show that the pteridine nucleus is attacked by mammalian 
XO in a manner, similar to purine oxidation. The end-product of this interaction is 
2,4,7-trihydroxypteridine (VII), which is related to isoxanthopterin. On the other 
hand, the 6-hydroxyl group in 6-hydroxypteridine prevents enzymic attack, but this 

Re/erences p. 6~8. 
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effect is overcome by  fur ther  subs t i tu t ion  in  the  pyr imidine  ring, as evidenced by  
the enzymic conversion of xan thop te r in  (III) in to  leucopterin (IV). These observat ions 
make  it  almost certain tha t  the 6-hydroxyl  in  I I I  does not  originate through inter-  
act ion of its precursor wi th  XO. 

I n  an earlier paper  14, we proposed a hypothesis  about  the mechanism of act ion of 
m a m m a l i a n  X 0 .  I t  was assumed tha t  the dehydrogenat ion  step involved essentially 
the ni t rogens in position 3 and  7 of the pur ine  skeleton (I). I n  analogy, one would 
expect the react ing en t i ty  in  U to comprise N 1 and  N 5, so tha t  a new hydroxyl  group 
in  the pyrazine r ing would become a t tached to carbon a tom 6. The fact tha t  the 
enzyme at tacks  posit ion 7 instead,  raises doubts  as to the va l id i ty  of our previous 
hypothesis,  unless oxidat ion of purines and  pteridines proceeds b y  different mecha- 
nisms. I n  order to clarify the s i tuat ion,  it now becomes very  impor t an t  to compare the 
pa thways  of oxidat ion of ind iv idua l  pteridines wi th  those of the corresponding purines. 
The results  of such studies will be reported in a future  paper. 
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SUMMARY 

I. The oxidation by mammalian xanthine oxidase of pteridine, its monohydroxy derivatives 
and of 2,4-dihydroxypteridine has been investigated. All these compounds, with the exception of 
6-hydroxypteridine, are attacked by the enzyme. 

2. In all cases the same end-product is obtained, which has been identified as 2,4,7-trihydroxy- 
pteridine. 

3. These observations indicate that the 6-hydroxyl group in xanthopterin can not originate 
through interaction of its precursor with xanthine oxidase. 
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