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Summary 

1. Hypoxanthines,  bearing at position 8 aryl or pyridyl substituents, are con- 
verted by bovine milk xanthine oxidase (xanthine: oxygen oxidoreductase, EC 
1.2.3.2) into the corresponding xanthines at low rates. Oxidation is accelerated 
considerably when the 8-pyridyl substituents are quaternised. 

2. In the enzymic oxidation of quaternary 8-pyridylhypoxanthines a lag 
phase precedes the at tainment  of a constant, maximal reaction rate. It is as- 
sumed that  the delay is due to a relatively slow conformational change in the 
active enzymic center. 

3. In 8-(3'-N-methylpyridinio)xanthine betaine, also the pyridinium moiety 
is attacked at high pli  (9--11) to yield an N-methyl-2-pyridone. The analogous 
pyridone is the only oxidation product of  1-methyl-8-(3'-N-methylpyridinio)- 
hypoxanthine  betaine, which is not  attacked in the pyrimidine ring. 

4. The cationic substrates are attracted to the enzyme by an anionic group, 
which probably forms an ion pair with a protonated amino group in or near the 
active center. 

Introduct ion 

Recently we have studied the conversion of  hypoxanthine to xanthine and 
other, related reactions by bovine milk xanthine oxidase {xanthine:oxygen 
oxidoreductase, EC 1.2.3.2) [1]. Since at the enzymic pli  opt imum of 8, hypo- 
xanthine (pK 8.4) is present as a mixture of  neutral molecules and anions, 
Scheme 1 was proposed for the oxidation of these two forms of the substrate. 

An 8-phenyl substituent can exert two opposing effects on the enzymic 
oxidation of hypoxanthine  [2]: (a) The aryl group can increase the affinity by 
binding to a hydrophobic group in or near the active center of the enzyme. (b) 
If the conversion of  8-substituted hypoxanthines requires the activation pro- 
cesses of Scheme 1, then a bulky 8-aryl group can hinder tautomerisation in the 
imidazole ring. Similarly if one of  the imidazole nitrogens has to attach itself to 



276 

A 

O O H 0 H O H 

+ e n z y m e  + e n z y m e . _  w, 

'%'~N N N HO N 
H H H H 

A B 

0 0 0 0 H 

B + e n z y m e  " + e n z y m e  + H + 

H H H 
A' B' 

S c h e m e  1. E n z y m i c  o x i d a t i o n  o f  h y p o x a n t h i n e  t o  x a n t h i n e ,  (A)  as u n c h a r g e d  m o l e c u l e ,  (B)  as a n i o n .  

an appropriate group in the active center, such binding will be impeded by the 
bulky 8-phenyl substituent.  Consequently,  the rate of  oxidation should be re- 
duced. 

The benzene ring lends itself to a variety of  substitutions. Baker et al. [3] 
bave studied a number  of  8- and 9-arylhypoxanthines and -adenines as inhib- 
itors of  milk xanthine oxidase. Substi tution by a m-nitrophenyl group pro- 
duced more effective inhibition of xanthine oxidase than introduction of  a p- 
nitrophenyl substituent,  but  no clear relation with the electronic influence of  
the substituents in the benzene ring could be established. This may be due to 
the fact that polar substituents decrease the lipophilicity of the benzene ring; 
thus they reduce the affinity of  these substrates and counterbalance any in- 
crease in enzymic rates, caused by their electronic effects. 

In the present s tudy,  we have tested the conversion of  several 8-aryl- and 
8-pyridylhypoxanthines into the corresponding xanthines by  bovine milk 
xanthine oxidase (Scheme 2). Of special importance are out  observations on 

0 0 H 

H H 

S c h e m e  2.  1:  R = C 6 H s ;  2:  R = p - n i t r o p h e n y l ;  3:  R = p - a n i s y l ;  4 :  R = 2~-pyr idy l ;  5 :  R = 3 t - p y r i d y l ;  6 :  
R = 4 C p y r i d y l ;  7 :  R = 3 r - N - m e t h y l p y r i d i n i u m  c a t i o n ;  8 :  R = 4 ~ - N - m e t h y l p y r i d i n i u m  c a t i o n  

8-(N-methylpyridinio)purines, bearing a fixed positive charge in the pyridine 
ring. 

Materials and Methods 

Hypoxanthines 1--8 were synthesised according to ref. 4; the 1-(14) and 3- 
methyl  derivative 9 of  compound 7, and finally the 1-, 3- and 9-methyl 
homologs of  compound  8 according to ref. 5. 

The xanthines, resulting from oxidation of  compounds  4--8, were prepared 
according to ref. 4. The xanthines formed by oxidation of  compounds  2 and 3 
are new and will be described separately. Xanthine 13, obtained by reaction 
of  compound 9 with xanthine oxidase, closely resembles compound 10 in its 
physical properties (see Table IIA). 

Ultraviolet spectra were measured on a Cary 14 recording spectrophotome- 
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ter; pK values were derived from plots of Xma~ as function of pli.  
Bovine milh xanthine oxidase. Two enzyme preparations were used: (1) A 

highly purified xanthine oxidase (30 000 units/ml; 115 mg of protein/ml) was a 
gift of Professor R.C. Bray, Molecular Sciences, University of Sussex, England 
[6]; ratio of activity/E«s0 at 25°C about 120. (2) The commerical milk xan- 
thine oxidase of Sigma Co., Saint Louis, Mo., U.S.A., had 2000 units/ml (55.2 
mg of protein/ml) and a ratio of  activity/E«s 0 at 25°C of about 60. This prepara- 
tion exhibited essentially the same specificity as the enzyme of Dr. Bray. 

Definition of enzyme unit: At pli  8.0 and 29°C, one unit of xanthine oxi- 
dase converts 1 pmol/min of xanthine to uric acid, when the concentration of 
the substrate is 5 • 10-s M. 

Catalase (Worthington) had an activity of 50 000 units/ml and contained 
3 pg/ml protein. At a concentration of  0.06 M H202, one unit of catalase de- 
composes 1 pmol/min of H202 af 25°C and pli  7. In all enzymic assays, the 
final concentration of  catalase was 10 units/ml. 

Measurement of  enzymic rates. All components  for the reaction were dis- 
solved in 0.01 M phosphate buffer of pli  8. Substrate and catalase were in- 
cubated together for 3 min, and the enzymic reaction was started by adding 
xanthine oxidase at zero rime; total volume was 3 ml. The mixture was placed 
into the thermospacer of  a Cary 14 recording spectrophotometer  at 29 ° C. Con- 
trois were run wi thout  xanthine oxidase. Readings were taken at the wave- 
lengths, specified in Table I. Rates were derived from the initial linear portion 
of the curves, showing AA as function of  time. However, compounds 7--9 
made an exception, since they passed first through a latent period before at- 
taining maximal rates (see Fig. 4). Relative rates were calculated by assuming a 
linear relation between enzyme concentration and rate of oxidation and by 
assigning always to xanthine the value of  100 at any given concentration of 
xanthine oxidase. Values of V and Km were derived from Lineweaver-Burk 
plots (see Fig. 3). Values of V were also determined directly from a plot of 
rates versus substrate concentration (see Fig. 1 and Table I). 

The pli  dependence of enzymic reactions was measured with the following 
buffers: pli  5--7, 0.05 M citrate/phosphate; pli  8, 0.01 M phosphate; pli  9--10, 
0.05 M borate; pli  11, 0.05 M glycine. 

The enzymic oxidation products were purified by paper chromatography. 
The reaction mixture was brought to dryness in vacuo and the residue was 
extracted with warm dimethylformamide.  The extract was spotted on What- 
man paper No. 1. The following solvents were used for descending chromatog- 
raphy: A, n-butanol/5 M acetic acid (2 : 1, v/v); B, 95% ethanol/12.5% ammo- 
nia (4 : 1, v/v); C, isopropanol/dimethylformamide/water  (13 : 5 : 2, v/v); D, 
95% ethanol/acetic acid/5% HC1 (17 : 1 : 1, v/v}. 

Spots were detected by their fluorescence under a Desaga MinUvis ultravio- 
let lamp (X Æ 254 nm). 

For very low relative rates, it was not  always possible to determine the stan- 
dard deviation of the rate because of the large amount  of enzyme needed and 
the larger number of repetitions required (see Table I). 

Inhibition experiments. The enzyme underwent half an hour preincubation 
with the inhibitor, or substrate and inhibitor were added simultaneously at 
zero time to the enzyme (see Table IV). 
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R e s u l t s  

(1) Enzymic oxidation of 8-aryl- and 8-pyridylhypoxanthines 
Table I shows that introduction of  an electron-attracting (p-nitro-, com- 

pound 2) or eleetron-donating substi tuent (p-methoxy-, eompound 3) alters the 
rate of 8-phenylhypoxanthine 1 only little, but  compound 3 is attacked about  
three times slower than compound 2. Presumably the p-methoxy group de- 
creases the electrophilicity of C-2, when this position is attacked, e.g. by -SS- 
or OH- [ 7 ]. Similarly the rates of  the isomeric 8-pyridylhypoxanthines 4--6 are 
not  very different (Table I), but  the 2'-pyridyl derivative 4 is oxidised 2--5 
times slower than its isomers 5 or 6. Altogether the close range of rates for 
compounds 1--6 indicates that the main effect  of 8-aryl substituents on the en- 
zymie oxidation of hypoxanthines may be ascribed to their size, i.e. these sub- 
stituents may inhibit the activation process, delineated in Scheme 1. 

However, a profound change is observed when the pyridyl nitrogen is quater- 
nised. This conversion is possible only with the 3'- and 4'-derivatives, leading to 
compounds 7 and 8, but  in compound 4 it is prevented by steric interference 
of a substi tuent at the ortho nitrogen in the pyridine ring with positions 7 or 9 
in the imidazole moiety [5]. Pyridine is a typieal 7r-electron-deficient heterocy- 
cle [8] and quaternisation enhances its electron-attracting capacity still fur- 
ther. In addition, the 8-substituent in eompounds  7--9 no longer possesses lipo- 
philic character. 

Table I shows that quaternisation of  compounds  5 and 6 increases the en- 
zymic rates approx. 12- and 22-fold, respectively. Both eompounds 7 and 8 ex- 
hibit a typical bell-shaped pS vs. activity eurve (Fig. 1). 

At this point  we shall consider the dissociation constants (see Table I). For 
all hypoxanthines studied in the present experiments, it is assumed that mono- 
anion formation involves the imidazole ring, like in hypoxanthine itself [9]. 

10 

10 
.E 
E 

~u 
« 
OE s 

10-6 10 -5 10 -4 10 -3 

Concentration ( 14 ) 

õ 
a,, 

I I I J 
7 8 9 10 

p H  

Fig .  1. R a t e s  o f  o x i d a t i o n  b y  m i l k  x a n t h i n e  o x i d a s e  as f u n c t i o n  o f  s u b s t r a t e  c o n c e n t r a t i o n .  • • ,  
H y p o x a n t h i n e ;  • ~,  c o m p o u n d  7;  ~) (), c o m p o u n d  8. Ai l  e x p e r i m e n t s  a t p H  8, 2 9 ° C ; e n z y m e  

c o n c e n t r a t i o n :  3 .3  - 1 0  -3  u n i t s / m l .  

F ig .  2. R a t e  o f  o x i d a t i o n  o f  8 - ( 3 r - N - m e t h y l p y r i d i n i u m ) h y p o x a n t h i n e  b e t a i n e  7 as f u n c t i o n  o f  p l i .  S u b -  

s t r a t e ,  5 .3  • 10  -S M; x a n t h i n e  o x i d a s e ,  5 - 10  -3  u n i t s / m l ;  2 9 ° C .  
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For compound 8 this has been established by comparing the pK values of its 
N-methyl  derivatives (Table IIB). The pK of compound 8 is close to the value 
of its 1-methyl derivative, the latter undergoing dissociation exclusively in the 
imidazole ring; ionisation at N-1 in the 9-methyl isomer is characterised by a 
much higher dissociation constant. 

Both compounds 7 and 8 show a large increase in acidity (pK 5.5) relative to 
compounds 5 and 6, i.e. at their pli  opt imum of  8 (Fig. 2) they are present to 
more than 99% as zwitterions (e.g. compound 7a in Scheme 3). However, this 
fact cannot explain the large increase in rates. For example, at the enzymic pli 
opt imum of 8, compound 6 (pK 7) is present to 90% as anion, but  its rate is 
only 1/30 that of  compound 7. Furthermore,  we have shown previously that 
both anions and neutral molecules can serve as substrates for xanthine oxidase 
[10]. Therefore the high percentage of anions in the solution cannot be the 

T A B L E  II 

P H Y S I C A L  P R O P E R T I E S  O F  8 - S U B S T I T U T E D  X A N T H I N E S  A N D  H Y P O X A N T H I N E S  

F o r  so lven t s  see Mater ia ls  and Me thods ,  

(A)  8 - S u b s t i t u t e d  x a n t h i n e s  

S u b s t i t u e n t s  F o r m  * of  Àma x ( n m )  R F in sol- 
pur ine  ven t  

F l u o r e s c e n e e  

8 - p - N i t r o p h e n y l  N 285  (C) 0 . 6 3  Orange- red  
380  

8 - (3 ' -N - me t h y l -  C 320 (A) 0 .12  

p y r i d i n i u m  (10)  Z 330 (D) 0 .05  

8 - ( 4 ' - N - m e t h y l -  C 386 (A) 0 .09 
p y r i d i n i u m  (11 ) Z 362 (D) 0 .01 

3-Meth y 1-8 - (3 ' -N-  Z 239 

- m e t h y l p y r i d i n i u m  333 

(13)  

(B) 8 - ( 4 ' - N - M e t h y l p y r i d i n i o ) h v p o  x a n t h i n e s  

Yel low 

Yel low 

(D) 0 .10  Yel low 

S u b s t i t u e n t s  F o r m  * of  h m a  x ( n m )  pK 

a ***  b ***  

N o n e  (8) C 

Z 

1-Methyl  C 
Z 

3-Methyl  C 
Z 

9 -Methy l  C 
Z 

342 

366 

344  
369 

350  
372 

339 
368 

- - 1 . 2  8 . 8  

- -0 .5  5.5 

--4).3 5.7 

+ 2.0 5.0 

* N,  neu t r a l  f o r m ;  C, c a t i on ;  Z, z w i t t c r i o n .  

** F o r  c o n v e r s i o n  of  the  d i ca t i on  in to  the  " f i x e d "  m o n o c a t i o n .  
***  F o r  c o n v e r s i o n  of  the  " f i x e d "  m o n o c a t i o n  in to  the  zwi t t e r i on .  
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only factor responsible for the high rates of compounds 7 and 8, although the 
problem of tautomerisation in the imidazole ring (see Scheme 1) does not arise 
for anions. 

We are thus led to the conclusion that  the presence of a fixed positive charge 
may be responsible for the high rates of compounds 7 and 8, presumably by 
causing interaction with an anionic site in or near the active enzymic center. 
Thus the contribution of the pyridinium cation in these two substrates differs 
fundamentally from the effect of the lipophilic 8-aryl substituents in com- 
pounds 1--6. 

Compound 9, the 3-methyl derivative of compound 7, yields the xanthine 
13, at a rate about 1/12 of  that  of compound 7 (Table I). It should be recalled 
that  3-methylhypoxanthine is oxidised only at 1/180 of the rate of hypoxan- 
thine itself [1]. Thus here again the 8-pyridinium substituent has a marked ac- 
celerating effect. 

The 1-methyl isomer 14 is not  converted to the corresponding xanthine de- 
rivative, in analogy to the refractoriness of 1-methylhypoxanthine.  This is in 
accord with the reaction mechanism, proposed in Scheme 1. 

(2) Inhibition experiments 
If substrates 7--9 become attached to an anionic site in or near the active 

center of xanthine oxidase, then quaternary ammonium salts should be compe- 
titive inhibitors. However, neither te t ramethylammonium nor N-methylpyridi- 
nium ion (the latter representing the cationic portion of the quaternary hypo- 
xanthines), at concentrations exceeding 4--5 times those of the substrates, 
altered the rate of compound 7 or 8 at pli  8 (Table IVA). Furthermore, com- 
pound 7 as competitive substrate reduced the rate of xanthine only little (Table 
IVB), while xanthine inhibited the oxidation of compound 7 markedly. These 
results agree well with the difference in Km values for the substrates involved 
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(Table III). Likewise the quaternary xanthine 11, the oxidation product of  
compound 8, did not  inhibit the conversion of  xanthine to uric acid. Similar 
discrepancies between V and Km values have been reported recently for other 
substrates of  xanthine oxidase [ 11 ]. 

Table IVA also shows that  8-phenylhypoxanthine I and its p-methoxy deriv- 
ative 3 are highly efficient inhibitors of the oxidation of compound 7. Table 
IVB demonstrates that  both compound 1 and 3, as well as 8-phenylxanthine, 
are powerful inhibitors of the conversion of  xanthine to uric acid. 

The lack of inhibition by simple quaternary ammonium salts may indicate 
that the formation of  an electrostatic bond between these cationic substrates 
and an anionic site in the active center of the enzyme is not  sufficient to ex- 
plain their high rates. 

(3) Latency o f  the oxidation o f  quatemary substrates 
A most remarkable aspect of the enzymic reaction of compounds 7, 8 and 9 

is the appearance of  a lag phase (Fig. 4). The latter is shortened by increasing 
the temperature and is prolonged by increasing substrate concentration (Table 
V). The lag phase suggests that  these purines induce a relatively slow conforma- 
tional change in the enzyme molecule. If the oxidation is carried out at 10°C so 
that  the substrate is practically not  attacked during the first 20 min, small 
increases in absorbance are observed at 294 and 390 nm, which are characteristic 
regions in the spectrum of xanthine oxidase exhibiting decreased absorption, 
while the enzyme is being reduced [12]. 

The marked temperature dependence of the lag phase indicates that  for the 
quaternary substrates the conformational change is an integral part of  the over- 
all enzymic reaction, i.e. compounds 7, 8 and 9 can be oxidised only after this 
change has taken place. For reasons set out  below, we assume that  this involves 
association of the zwitterionic substrates with an ion pair in or near the active 
center of the enzyme. Probably as a consequence of the approach of these 
zwitterions, the electrostatic bond between the two partners of the ion pair is 
opened, removing a "barrier" and permitting proper at tachment  of the sub- 
strate to form an ES complex. The rate enhancement may then be ascribed to 
electron attraction by the pyridinium cation, which facilitates nucleophilic 
attack at C-2. 

T A B L E  Il l  

K I N E T I C  C O N S T A N T S  O F  V A R I O U S  S U B S T R A T E S  O F  X A N T H l N E  O X I D A S E  

Ail m e a s u r e m e n t s  at  p l i  8.0,  29°C.  

S u b s t r a t e  V * 

H y p o x a n t h i n «  117 
X a n t h i n e  100 
8- (3 ' -N-Me th yl-p y r id in io) -  64 
h y p o x a n t h i n e  b e t a i n e  (7) 

8 - (4 ' -N-Meth  ylp yr id in io) -  51 
h y p o x a n t h i n e  b e t a i n e  (8) 

9 

13 

5 

[ S I o p t ( × 1 0 5  M) V * *  K m (X106  M) 

Æ5 ***  121 3.3 
4.3 100 5 .25 
7.1 195 125 

4 250  167 

* Rela t ive  m a x i m a l  ra tes  at o p t i m a l  s u b s t r a t e  c o n c e n t r a t i o n  (see Fig.  1). 

** Re la t ive  m a x i m a l  ra tes ,  e x t r a p o l a t e d  f r o m  L i n e w e a v e r - B u r k  p lo ts  (sec Fig.  3). 
***  The  pS -vs. ae t iv  ty curve  o f  h y p o x a n t h i m ,  is eha r ac t e r i s e d  by  a b r o a d  m a x i m u m  (sec Fig.  1). 
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T A B L E  I V  

I N H I B I T I O N  E X P E R I M E N T S  

Ail  e x p e r i m e n t s  a t  p l i  8 . 0 ,  2 9 ° C ;  e n z y m e  c o n c e n t r a t i o n  3 .3  • 10  -3  u n i t s / m l ,  as  in  k i n e t i c  r u n s  w i t h o u t  
i n h i b i t o r .  

I n h i b i t o r  P r e i n c u b a t i o n  ( r e i n )  1S 0 (×  1 0 - 6  M)  

( A )  S u b s t r a t e  8 - ( 3 ' - N - m e t h y l p y r i d i n i u m ) h y p o -  

x a n t h i n e  7,  4 .5  • 10  -5 M 
T e t r a m e t h y l a m m o n i u m  i o n  0 - -  * 

N - M e t h y l p y r i d i n i u m  i o n  0 - -  * * 

8 - P h e n y l h y p o x a n t h i n e  (1 )  0 0 . 8  

8 - p - A n i s y l h y p o x a n t h i n e  (3 )  30  1 .0  
X a n t h i n e  0 16  

( B )  S u b s t r a t c  x a n t h i n e ,  6 .5  - 1 0 - 5  M 

C o m p o u n d  7 0 1 0 0  
8 - P h e n y l h y p o x a n t h i n e  ( I )  30  0 . 5  

8 - p - A n i s y l h  y p o x a n t h i n e  (3 )  30  0 . 5  
8 - P h e n y l x a n t h i n e  30  1 , 0  

* A t  a c o n c e n t r a t i o n  o f  1 .8  • 1 0  -4  M,  n o  i n h i b i t i o n  w a s  o b s e r v e d .  
**  I n e f f e c t i v e  a t  2 . 2 5  • 1 0 - 4  M. 

(4) pli  dependence of the enzymic oxidation of compound 7 
Oxidation of  compound 7 to the xanthine derivative 10 proceeds at its max- 

imal speed at pli  8 (Fig. 2). At pli 6 and 9, the rate is reduced to about one- 
third, although the substrate is still present to 80 and 99%, respectively, as 
zwitterion. 

When the oxidation of  compound 7 was followed under alkaline conditions, 
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F i g .  3.  L i n c w e a v e r - B u r k  p l o t s  f o r  h y p o x a n t h i n c  ( e  
( o .- 

1 
2O 

e ) ;  e o m p o u n d  7 (A 
(~). X a n t h i n e  o x i d a s e ,  5 - 10  -3  u n i t s / m ]  f o r  all s u b s t r a t e s ;  p l i  8 . 0 ;  2 9 ° C .  

A); a n d  c o m p o u n d  8,  
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Fig.  4. Lag phase  d u r i n g  the  e n z y m i c  o x i d a t i o n  o f  8 - ( 3 ~ - N - m e t h y l p y r i d i n i u m ) h y p o x a n t h i n e  be t a ine  7. In  

ail e x p e r i m e n t s ,  e n z y m e  c o n c e n t r a t i o n  was 5 • 10 -3 u n i t s / m l ;  p l i  8.0.  • $,  x a n t h i n e ,  5 • 10 -5 M, 

2 9 ° C  ( l e f t -hand  o r d i n a t e  s h o w s  a b s o r b a n c e  at  300  n m ) .  • ~ ,  c o m p o u n d  7, 4 . 7 5 . 1 0  -S M, 2 9 ° C  
( inner  r i g h t - h an d  o r d i n a t e  i n d i e a t e s  a b s o r b a n c e  at  355  n m ) .  o o, c o m p o u n d  7, 6.3 • 10 -5 M, 1 0 ° C  

( o u t e r  r i g h t - h an d  o r d i n a t e  for  a b s o r b a n c e  at  355  n m ) .  N o t e  tha t  x a n t h i n e  o x i d a t i o n  s t a r t s  i m m e d i a t e l y  at  
m a x i m a l  speed ;  o x i d a t i o n  o f  c o m p o u n d  7 inc reases  at 29°C p r o g r e s s i v e l y  d u r i n g  a p e r i o d  o f  a b o u t  6 re in  

and  at 1 0 ° C  over  a b o u t  30  m i n ,  b e f o r e  the  m a x i m a l  e n z y m i c  ra te  is a t t a lned .  

e.g. at pli  10, a new phenomenon was observed. The Xmax shifted initially from 
319 t •  330 nm and the absorbance at 315 nm (where the greatest changes were 
observed) decreased as expected. However, after 2 h, a hypsochromic displace- 
ment  of  Xmax started and the absorption at 315 nm increased again (Fig. 5). Af- 
ter approx. 30 h, the reaction ceased t •  progress any further. The maximum 
was now at 311 nm, and the absorbance at 315 nm had increased by about 70% 

T A B L E  V 

L A G  P H A S E  IN T H E  E N Z Y M A T I C  O X I D A T I O N  O F  8 - ( N - M E T H Y L P Y R I D I N I O ) H Y P O X A N T H I N E  

B E T A I N E  7. 

(A)  I n f l u e n c e  of  t e m p e r a t u r e  on  lage phase  * 

T ( ° C )  Lag  phase  (re in)  M a x i m a l  r a t e  of  

o x i d a t i o n  
(~zM/min ) 

4 - -  ** 0 . 0 4  

10 2 0 - - 3 0  O.39 

29 2- -  3 2 .26  

(B) C o n c e n t r a t i o n  d e p e n d e n c e  o f  lag phase  a t  2 9 ° C  

C o n c e n t r a t i o n  of  c o m p o u n d  7 (X 105 M) Lag  phase  ( re in)  M a x i m a l  ra te  o f  

o x i d a t i o n  
( ~ M / m i n )  

1 .05 0 1 .30 
5 .25 4 2 .26  

10.5 ***  13 1 .26 
52 .5  ***  30 0 .17  

* S u b s t r a t e  5 .25 • 10 -5 M, e n z y m e  (S igma)  5 • 10 -3 u n i t s / m l ;  p l i  8 .0 .  

** A t  4 ° C ,  the  ra te  o f  o x i d a t i o n  is t oo  s low t •  p e r m i t  a c lear  d i s t i n c t i o n  b e t w e e n  lag phase  and  l inear  
p rog re s s  of  the  r e a c t i o n .  

***  These  c o n c e n t r a t i o n s  r e p r e s e n t  p o i n t s  on  the  d e s c e n d i n g  b r a n c h  o f  the  eurve~ s h o w i n g  ra t e s  as 
f u n c t i o n  o f  log  ( subs t r a t e  c o n c e n t r a t i o n )  (see Fig .  1) .  
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F i g .  5.  T w o - s t e p  o x i d a t i o n  o f  c o m p o u n d  7 a t  p l i  10 .  X a n t h i n e  o x i d a s e ,  5 • 10  -3  u n i t s / m l ;  s u b s t r a t e ,  5 . 2 5  

• 10 -• M;  t e m p e r a t u r e ,  2 9 ° C .  • 0 ,  c h a n g e  o f  ~ r n a x  ( r i g h t - h a n d  s c a l e ) ;  o o,  c h a n g e  o f  a b s o r -  
b a n c e  at  3 1 5  n m  ( l e f t - h a n d  o r d i n a t e ) .  

(Fig. 5). Paper chromatography revealed the presence of  two oxidation prod- 
ucts (Table VI): The quaternary xanthine 10 and a new compound 12. The lat- 
ter derivative was also formed when compound 10 was exposed directly to en- 
zymic oxidation in the pli  range 9--11; however at pl i  8, compound 10 was 
refractory to further enzymic attack. It is evident that compound 12 must be a 
xanthine derivative and that the second oxidative step, discernible in Fig. 5, 
must involve the pyridine ring (see Scheme 3). 

Final proof of  structure 12 has to await synthesis of  this purine, but the 
formula assigned in Scheme 3 is supported by the following data (Table VI): 
(a) The Xm,x of  compound 12 is at a shorter wavelength than that of  com- 
pound 10, suggesting that the cationic group has been lost. (b) Even in strongly 

T A B L E  V I  

C O M P A R I S O N  O F  P U R I N E S ,  B E A R I N G  A N  8 - ( 3 L N - M E T H Y L P Y R I D I N I O )  O R  A N  8 - ( 3 t - N - M E T H Y L  - 

6 ' - O X O P Y R I D Y L )  S U B S T I T U E N T  

C o m p o u n d  N o .  C o m p o u n d  F o r m  * o f  X m a  x ( n m )  R F in  sol-  F l u o r e s -  
p u r i n e  v e n t  D e e n e e  

10 8 - ( 3 ' - N - M e t h y l p y r i d i n i o ) -  Z 3 3 0  0 . 0 5  Y e l l o w  
x a n t h i n e  2 4 9  sh  

12 8 - ( 3 ' - N - M e t h y l - 6 ' - o x o p y r i d y l ) -  A I  3 1 2  0 . 1 9  V i o l e t  
x a n t h i n e  

14 1 - M e t h y l - 8 - ( 3 ' - N - m e t h y l P y r i -  Z 3 2 0  0 . 1 0  B lue  
d i n i o ) - h y p o x a n t h i n e  2 3 6  

15  1 - M e t h y l - 8 - ( 3 ' - N - m e t h y l - 6 ' -  ( p l i  7 )  **  2 8 0  0 . 3 4  V i o l e t  
o x o p y r i d  y l ) - h y p o x a n t h i n e  

* Z ,  z w i t t e r i o n ;  A 1, m o n o a n i o n .  
**  A f t e r  e x t r a c t i o n  o f  p u r e  e o m p o u n d  15  f r o m  t he  p a p e r  e h r o m a t o g r a m ,  t h e  a m o u n t  o f  m a t e r i a l  w a s  

i n s u f f i e i e n t  for  d e t e r m i n a t i o n  o f  p K  v a l u e s .  
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acid media (solvent D), compound 12 exhibits a large RF, as indication that it 
does not  carry a fixed positive charge. (c) The quaternary xanthines 10, 11 and 
13 show intense yellow fluorescence, while that of  compound 12 is brilliant 
violet. 

We have also tested the behaviour of  compounds  11 and 13 at alkaline pli ,  
but  these xanthines were not  at tacked further by  the enzyme. Likewise the N- 
methylpyridinium cation itself proved refractory.  

On the other hand, 1-methyl-8-(3'-N-methylpyridinio)hypoxanthine betaine 
14, which is not  converted into the corresponding xanthine (see above), is oxi- 
dised to a new purine, assumed to be the corresponding a-pyridone 15 (Scheme 
4). While enzymic attack at position 2 of  an 8-substituted hypoxanthine is al- 

O O 

Me Me 

14 

Scherne  4 .  

ways accompanied by  a bathochromic shift of  Xmax, conversion of  compound 
14 to 15 causes a hypsochromic displacement of  about  40 nm (Table VI). 
Again final proof  of the structure of  compound 15 has to await independent  
synthesis. 

In view of the unusual pl i  dependence o f t h e  reaction of  compound 10 -+ com- 
pound 12, it is no tewor thy  that oxidation of  compound 14 at pli  8 (relative 
rate ~0 .3)  is approximately three times faster than at pl i  10. 

(5) Do the quaternary xanthines 10, 11 and 13 form pseudo-bases? 
In alkaline media, many heteroaromatic cations add hydroxyl  ion to give di- 

hydro derivatives, the so-called "pseudo-bases" (Scheme 5} [13].  This process 

i•• +014- ~ + ferricyanlde 
ira, H - 

0 
I 

Me Me Me 

S c h e m e  5 .  

finds its expression in a hypsochromic shift of  Xmax and in the appearance of  
signals of  non-aromatic protons (6 = 5--6 ppm) in the NMR spectrum [14].  
The pseudo-bases are easily oxidised by ferricyanide to the corresponding cy- 
clic amides (Scheme 5) [15].  

In contrast,  the absorption maximum of compounds  10 and 11 shows a 
steady displacement to longer wavelengths in the range of  pli  8--14 [4]. Like- 
wise the NMR spectrum of  these two purines at pl i  14 reveals only the pres- 
ence of  the aromatic protons of  the pyridinium moiety,  6 = 8.3--9.5 ppm. Thus 
we conclude that in aqueous solutions of  the quaternary derivatives tested here, 
no spontaneous pseudo-base formation takes place, but  these observations do 
not  exclude the possibility that  such a change may be promoted by the en- 
zyme. 
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Discussion 

The present study reveals several special features of the enzymic oxidation of 
purines, bearing a quaternary pyridyl substituent at position 8: 

(1) pli  dependence of enzymic oxidations 
Conversion of the hypoxanthines 7 and 8 into the corresponding xanthines 

exhibits an opt imum at pli 8. In the pli  range 8--9, ~he structure of the zwit- 
terions of  compounds 7 and 8 (pK 5.5} remains practically unchanged. There- 
fore the curve of Fig. 2 permits a more detailed interpretation. We have re- 
ported previously that  1,6,7-trimethylpteridin-4(3H)-one, a substrate that  can- 
not  form an anion, shows a sharp decrease of its rate from pli 8 to 9 [10]. For 
this part of the pli  vs. activity curve, a pK of about 8.6 was derived. A similar 
value (pK ~ 8.8) can be obtained from the right-hand portion of Fig. 2. It is 
thus concluded that  the decline of rates above pli  8, observed for compounds 
7 and 8, is essentially due to pH<lependent changes in the enzymic center. 

During 50 h observation, no attack of xanthine 10 by the enzyme could be 
detected at pli  8, but the reaction became measurable by raising the pli  to 
9--10.5. A similar behavior has been reported for quaternary substrates, derived 
from pyridine or quinoline [16,17]. It was concluded that  substrates like N- 
methylnicotinamide cation attach themselves to an anionic site in or near the 
enzymic center of  xanthine oxidase, characterised by an apparent pK of about 
10.7, and that  " the  effect of high pli  on the substrate specificity of xanthine 
oxidase appears to be due solely to a change at the substrate binding site" [16]. 
Murashige et al. [17] proposed that  a protonated group in the active center 
must lose its charge before cationic substrates can be bound to a nearby anionic 
site in the enzyme. This means that  in the enzymic center an ion pair is present. 
After the positively charged partner of the ion pair has been eliminated, it be- 
comes possible for a cationic substrate to approach in such a way that  its heter- 
ocyclic moiety,  bearing the charge, can be attacked. Presumably the group re- 
presenting the positive charge in the enzyme is an ammonium ion. Indeed it has 
been reported that  certain inhibitors like 2,4-dinitrofluorobenzene or benzalde- 
hyde react with a specific amino group of xanthine oxidase only at elevated pli  
(Æ 10.8), i.e. when the amino group has been deprotonated [18]. 

While the quaternary xanthine 10 behaves like the cationic substrates of  
Greenlee and Handler [16], conversion of the hypoxanthine 14 to the 2-pyri- 
done 15 is actually faster at pli  8 than at 10 or 11. This discrepancy may be 
explained by differences in ionisation. We assume that  the xanthine 10 fol- 
lows the same dissociation sequence as xanthine itself, i.e. N-3 ~ N-9(7) [19]. 
The zwitterion of compound 10 can be represented as compound 10 a,b, in 
which the negative charge is mainly located in the pyrimidine ring. The anion- 
zwitterion of compound 10, in which also the imidazole moiety bears a nega- 
tive charge, shows pK 10.4 [5]. I n  the hypoxanthine 14, however, the nega- 
tive charge of the zwitterion (pK 5.7) is concentrated mainly in the imidazole 
ring. It may be proposed tentatively that  the smaller distance between the op- 
posite charges in compound 14 permits smooth interaction with the ion pair 
in the enzymic center already at pli  8. On the other hand, attack at the pyridi- 
nium moiety of compound 10 requires both dissociation of the NH group in 
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the imidazole ring and progressive deprotonat ion of  the ammonium ion in the 
active center with increasing pli .  

(2) The lag phase in the oxidation o f  the quaternary hypoxanthines 7, 8 and 9 
Oxidation of  the hypoxanthines 7, 8 and 9 reaches a constant rate only after 

a lag phase. Such delays can be observed only for reactions which are sufficient- 
ly rapid. In all three cases, the enzymic oxidation is inhibited by excess sub- 
strate, i.e. by  formation of an ES2 complex.  We have no information whether 
such a complex prevents the required conformational  change or inhibits the ox- 
idative process itself. The interesting problem arises whether  in the ES2 com- 
plex each quaternary substrate molecule interacts with a separate anionic site. 

(3) Mechanism o f  oxidation o f  the N-methylpyridinium moiety 
According to Edmondson et al. [7],  the first step in the oxidative reactions 

of  xanthine oxidase consists in the nucleophilic at tack of  an RSS- group in the 
active center on a ring carbon in the substrate. If the same mechanism applies 
to all heterocyclic substrates, then the N-methylpyridinium moiety  in com- 
pound 10 and 14 is at tacked directly at a carbon atom, neighboring the posi- 
tively charged nitrogen. Such a process has been proposed previously in order 
to explain the enzymic oxidation of  8-methyllumazine at position 7 [ 10]. 

The refractoriness of the xanthine 11 to at tack at its pyridinium moiety is 
notewor thy .  Greenlee and Handler [16] observed that,  with one possible ex- 
ception, only heterocyclic cations with a free paraposition, relative to the ring 
nitrogen, and with a substi tuent  in metaposition, were oxidised to 2-pyridones 
or 2-quinolones. Our results with compounds  10 and 14 and with 8-methyl- 
lumazine are in accord with these observations. However, the resistance of  xan- 
thine 13 to further oxidation indicates that also position 3 in the purine ring 
must be available for formation of  the proper ES complex. 
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