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The mechanisms of oxidation of reduced flavin enzymes are known with any degree 
of exactness in only a few cases. There is good evidence that  cytochrome c reductases 
(or diaphorascs) are linked to the cytochrome system in particles structurally organised 
with respect to the electron transferring chain. These flavin enzymes, in the crude or 
purified state, do not react at a significant rate with oxygen. Other flavin enzymes, 
however, such as D-amino acid oxidase, liver aldehyde oxidase (not requiring cozymase) 
and xanthine dehydrogenase (from milk and rat liver) react with oxygen at a significant 
rate. Of these enzymes only milk xanthine dehydrogenase has been shown ~ to be 
associated with cell particles. The others appear to be readily soluble and have been 
considered widely to react in rive directly with oxygen. With xanthine dehydrogenase 
in particular, however, there has been increasing evidence that  oxygen is not the direct 
hydrogen accepter i~z rive. 

I t  is well established 2, a,a that  cytochrome c is reduced in the presence of xanthine 
and milk xanthine dehydrogenase preparations. MORELIA has shown that  cytochrome c 
and oxygen are approximately equally efficient as electron receptors in the milk xanthine 
dehydrogenase system. Recently RICHt.;RT AND WESTERFEI D 5 have shown that  xanthine 
dehydrogenase of chicken liver homogenates reacts only very slowly with oxygen 
compared with methylene hlne. ]RZVKIEWICZ (private communication) has also found 
that  the xanthine dehydrogenases in homogenates of certain insect larvae (7"clz, ebrio 
~nolitor, Tineola bisselliella) react with methylene blue some twenty to fifty times faster 
than with oxygen. 

BERNHEIM AND }~ERNHFIM 6 have shown that  xanthine dehydrogenase in rat liver 
slices can also utilize pyruvate  as accepter. Although xanthine dehydrogenase in chicken 
liver is a readily sohlble enzyme (see later) it seems clear from the findings mentioned 
above that  oxygen is not the immediate electron accepter for this enzyme in ~'ivo. The 
purpose of the present work, therefore, has been to study the mechanism of re-oxidation 
of the reduced xanthine dehydrogenase in chicken liver slices and preparations. 

EXPERIMENTAL 

Method o/*~zeas~tring xa,~lhine dehydrogenase activity 
The s t a n d a r d  me thod  for e s t i m a t i o n  of enzyme  a c t i v i t y  ~ a s  by  uric acid p roduc t ion  in the 

presence of m e t h y l e n e  blue as hyd rogen  accepter .  The ox ida t ion  of x a n t h i n e  by l iver  slices or p repa -  

* This  work  was  suppor t ed  by  a g r a n t  from the N a t i o n a l  H e a l t h  and  51edical Research  Council  
of Aus t ra l ia .  
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rat ions in the presence of other  hydrogen accepters  and hydrogen accepter  sys tems has been compared 
using this method  for s t andard  reference. I:ric acid was measured by  the slightly modified method 
of FOLIN 7. For tuna te ly ,  methylene  blue did not  interfere in the eolorimetric method of determining 
uric acid concentrat ion because it was almost completely removed by adsorpt ion during the pre- 
l iminary tungs ta te  deproteinizat ion of aliquots. The specificity of the uric acid determinat ion was 
checked in several exper iments  using uricase to destroy uric acid. Colour development  due to com- 
pounds  other  than  uric acid was found to be negligible. 

Determina t ions  of xan th ine  dehydrogenase act ivi ty were made in 25 ml flat bo t tomed  conical 
flasks held in a rack a t tached to, and shaken by, two manomete r  frames of a convent ional  W a r bu r g  
appara tus .  \Vith this a r rangement  aliquots (o.1 o.2 nil) could be removed for uric acid analysis 
at any t ime during the experiment .  For  anaerot)ic exper iments  similar flasks were adapted  so t ha t  
n i t rogen could be passed th rough  them to remove oxygen. In  the rubbe r  s toppers  of these flasks 
a glass tube,  topped with rubber  tub ing  which was clamped during most  of the experiment ,  was 
used for the addit ion of the enzyme fraction or for the removal  of aliquots. A pressure of ni t rogen 
was mainta ined slightly greater than  a tmospher ic  during anaerobic experiments .  In all exper iments  
the incubat ion  t empera tu re  was approxiuaately 38 C, the volume of reaction medium 3.o-3.2 ml 
and the final concentra t ion of reagents  as follows: xanth ine  (Schwartz), 3" IO a 11,I; D I ' N  (cozymase}, 
5.1o a31;  methylene blue, 0. 7 . Jo  4 M ;  pyruvate ,  2.1o ~31; (,-ketoglutarate,  fumara te  and suc- 
cinate, 3' lo 2 3I. 1)yruvic, a-ketoglutaric,  fumaric and succinic acids were neutralized wi th  dilute 
ammonia .  Approximate ly  35 mg (dry weight) of slices and 8o mg (dry weight) of homogenates  were 
used. Aliquots of the reaction media for uric acid determinat ion were taken after to minutes  and 
4 ° minutes  where slices were used and at o minutes  aml 3 o mimltes  for homogenates  and superna tan ts .  
In  exper iments  wi th  methylene blue incubat ion periods were only 15 minutes.  

Chicken livers were obtained from a coinmereial s laughterhouse.  Slices were cut  by  hand  to 
a thickness of o.4o-o.45 m m  the suspending medium being isotonic phospha te  buffer, pH 7-4- All 
homogenates  were prepared  in a glass "Tc] ton"  homogenizer  using approx imate ly  1 g liver per  
2 ml isotonic phospha te  buffer, p i t  7.4 l ave r  supe rna tan t s  were prepared from homogenates  by  
centrifuging at  33,ooo g for 45 minutes  to remove all whole cells, nuclei, mitochondria  and most  
microsomes.  The par t ly  (three-fold) purified prepara t ion  referred to in Table I was made from super- 
n a t a n t  (No. 2, Table I) by  a m m o n i u m  sulphate  fractionation. Where applied, dialysis was performed 
overnight  at  4 ° C against  o.9 % sodium chloride or isotonic phospha te  buffer, p H  7.4. 

R E S U L T S  

Rates of production of uric acid from xanthine for chicken liver slices and prepara- 
tions, trader various conditions, are given in Tables I and II. In Table I the results are 
expressed as a percentage of the activity of the same amount of enzyme in the presence 
of 6. 7- IO -4 M methylene blue. These results confirm the finding by RICHERT AND WES- 
TERrELD 5 that methylene blue is much more efficient as hydrogen accepter, compared to 
oxygen, in the reaction with chicken liver xanthine dehydrogenase and xanthine, than 
when rat liver or milk xanthine dehydrogenases are the catalysts. With these mammal ian 
enzymes,  methylene blue (about 6-lO .4 M) increases xanthine oxidation by a factor of 
only 1.5-3.o, whereas from data in Table I this ratio is of the order of I5 to 18 for un- 
dialysed chicken liver homogenates  and supernatants. For the partly purified chicken 
liver preparation this ratio rose to 83. Thus, not only does xanthine dehydrogenase of 
chicken liver react slowly with oxygen compared to the similar xanthine dehydrogenases 
of rat liver and milk, but slight purification greatly reduces this rate. 

The low autoxidizability of the chicken liver xanthine dehydrogenase and the 
anaerobic production of uric acid in slices (see Table II) and homogenates  (Table I) 
suggested that oxidation of xanthine in chicken liver might be linked with the reduction 
of some other metabolite.  Following the work of BERNHEIM AND BERNHEIM 6 in which 
pyruvate was found to stimulate xanthine oxidation in rat liver slices it was thought 
that in intact chicken liver cells, the oxidation of xanthine might be coupled with the 
reduction of such a metabolite.  In fact, pyruvate,  a-ketoglutarate and fumarate were 
found to cause increased production of uric acid from xanthine in aerobic and anaerobic 
Relerences p. 263. 
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O X I D A T I O N  O F  

Pre25aralion 

'undialysed; 
undialysed; 

Homogenate 1 undialysed ; 
undialysed ; 

' undialysed ; 
undialysed 

Homogenate 2 dialysed 
dialysed 
dialysed ; 
dialysed ; 

Homogenate 3 dialysed ; 
dialysed ; 
dialysed 

' undialysed ; 
undialysed ; + 

Supernatant I dialysed; + 
dialysed ; + 

' undialysed ; + 
undialysed ; 

Supernatant 2 dialysed; + 
dialysed ; + 
dialysed ; + 

I undialysed; --' 
P.P. Preparatmn [ undialysed; -~ 

[ + Slices { + 
homogenate / undialysed ; -I- 

/ undialysed ; + 

TABI,I£ f 

X A N T H I N I d  BY P I { I ~ P A R A T I O 1 X ' S  F R O M  C H I C K E N  L I V E R  

Co~dit~.;zs* Percent activity" Ratio*** 

@ - -  2 . 2  

+ xanthine 6. 4 
+ - -  (anaerobic) i. 7 
+ xanthine (anaerobic) 2. 3 
+ xanthine 8. 4 
+ xanthine }- pyruvate io.o t.19 
+ xanthine 3.~ 
+ xanthine + pyruvate 5.4 1.5 ° 
-}- xanthine 4 
+ xanthine + pyruvate 5-3 1.29 
+ xanthine + pyruvate + DPN 8.6 2.1o 
+ xanthine + fumarate 5.3 1.29 

; + xanthine + DPN 7.2 
+ xanthine 5.6 

xanthine + pyruvate 5.6 i.oo 
xanthine 3.2 
xanthine + pyruvate 3.6 1.12 
xanthine 5.7 
xanthine + pyruvate 5.7 1.oo 
xanthine 3.o 
xanthine + pyruvate 3.o i.oo 
xanthine + pyruvate + DPN 16.o 5.33 
xanthine ~ .2 
xanthine -I- pyruvate + DPN 6.8 5.67 
xanthine I i .8 
xanthine + pyruvate 19.5 1.65 
xanthine 7.6 
xanthine + pyruvate lo.o 1.32 

* All experiments were aerobic unless otherwise designated. See text  under EXPERIMENTAL for 
details of preparations and reactants. Brackets indicate where identical preparations were used in 
the first six experiments or that  preparations in the last experiment were from the same liver. 

** As a percentage of activity of an equal amount of enzyme in the presence of 6. 7 • IO 4 M 
methylene blue. 

*** Ratio, activity in presence of xanthine plus pyruvate etc.]activity with xanthine only. 

e x p e r i m e n t s  us ing  ch i cken  l i ve r  sl ices,  h o m o g e n a t e s  a n d  o t h e r  p r e p a r a t i o n s  f r o m  ch icken  

l i ve r  (see T a b l e s  I a n d  I I ) .  L a c t a t e  (o.o2 3I) ,  s u c c i n a t e  (o.02 M)  or c y a n i d e  (10 4 M)  

d id  n o t  af fec t  t h e  p r o d u c t i o n  of u r ic  ac id  in  t h e  p r e sence  of x a n t h i n e  a n d  ch i cken  l ive r  

slices. W i t h  r a t  l i v e r  BERNHEIM .aND BERNHEIM 6 d id  no t  f ind a n y  a c t i v a t i o n  of  x a n t h i n e  

d e h y d r o g e n a s e  a c t i v i t y  w i t h  a d d e d  f u m a r a t e .  
R e s u l t s  g i v e n  in T a b l e  I s h o w  t h a t  p y r u v a t e  a n d  a - k e t o g l u t a r a t e  s t i m u l a t e  t h e  

p r o d u c t i o n  of ur ic  ac id  f r o m  x a n t h i n e  in d i a l y s e d  h o m o g e n a t e s  m o r e  t h a n  in u n d i a l y s e d  
p r e p a r a t i o n s .  I t  is a lso  d e m o n s t r a t e d  t h a t  D P N  is r e q u i r e d  for  ful l  a c t i v i t y .  D i a l y s e d  

s u p e r n a t a n t s  e a t a l y s e  v e r y  l i t t l e  i n c r e a s e d  ur ic  ac id  p r o d u c t i o n  w h e n  p y r u v a t e  is a d d e d  

o w i n g  to  t h e  absence  of D P N .  In  d i a l y s e d  h o m o g e n a t e s ,  h o w e v e r ,  D P N  m a y  be  r e l eased  
f r o m  t h e  f o r m  b o u n d  in t h e  m i t o c h o n d r i a ,  t h u s  a l l owing  s o m e  increase  in ur ic  ac id  
p r o d u c t i o n  in  t h e  p r e sence  of p y r u v a t e .  R e s u l t s  for s u p e r n a t a n t s  in T a b l e  I i n d i c a t e  t h a t  
d ia lys i s  p r o b a b l y  has  n o t  r e m o v e d  all  x a n t h i n e - r e d u c i b l e  s u b s t r a t e s .  

I n  t h e  las t  e x p e r i m e n t  r e c o r d e d  in T a b l e  I t h e  r a t e s  of p r o d u c t i o n  of ur ic  ac id  f r o m  
x a n t h i n e  for ch i cken  l i ve r  sl ices a n d  h o m o g e n a t e  are  c o m p a r e d .  Sl ices  a n d  h o m o g e n a t e  

Re/erences p. 26].  
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were prepared from the same liver and the values given are based on dry weight deter- 
minations for both slices (taken at end of experiment) and homogenate. Similar results 
have been obtained in a duplicate experiment and indicate that,  for a given weight of 
tissue, xanthine dehydrogenase in slices is approximately twice as active as in homo- 
genates. 

T A B L E  I I  

EFFECT OF PYRUVATE, a-KETOGLUTARATE, FUMARATE AND SUCCINATE ON KANTHINE OXIDATION 
BY CHICKEN LIVER SLICES 

Liver Conditions* I~M uric acid/xoo mg Ratio** 
dry wt/hour 

A e r o b i c  + x a n t h i n e  17.6  
A e r o b i c  + x a n t h i n e  + p y r u v a t e  37.2  2.11 
A e r o b i c  + x a n t h i n e  - -  7 .6  
A e r o b i c  + x a n t h i n e  q-- p y r u v a t e  lO. 5 1.38 
A e r o b i c  + x a n t h i n e  - -  lO.6  1.71 
A e r o b i c  + x a n t h i n e  q-. p y r u v a t e  18.1 
A e r o b i c  + x a n t h i n e  - -  11.3 

A n a e r o b i c  + x a n t h i n e  - -  6 .9  
A n a e r o b i c  + x a n t h i n e  2c- a - k e t o g l u t a r a t e  16.3  1.52 
A n a e r o b i c  + x a n t h i n e  -b p y r u v a t e  2 t . i  1 .87 

A e r o b i c  + x a n t h i n e  - -  12.6  
A e r o b i c  + x a n t h i n e  + p y r u v a t e  26 .8  2 .13 

A n a e r o b i c  + x a n t h i n e  - -  lO.2 
A n a e r o b i c  + x a n t h i n e  + p y r u v a t e  27.2  2 .66  

A e r o b i c  + x a n t h i n e  - -  6.1 
A e r o b i c  + x a n t h i n e  + a - k e t o g l u t a r a t e  I I . I  1 .82 
A e r o b i c  + x a n t h i n e  - -  8 .9  
A e r o b i c  + x a n t h i n e  q- a - k e t o g l u t a r a t e  11. 3 1.27 
A e r o b i c  + x a n t h i n e  - -  7.4 
A e r o b i c  + x a n t h i n e  q- a - k e t o g l u t a r a t e  IO.5 1.42 
A e r o b i c  + x a n t h i n e  q- s u c c i n a t e  6. 4 
A e r o b i c  -~- x a n t h i n e  4- f u m a r a t e  lO.6  1.43 

* F o r  d e t a i l s  of  r e a c t a n t s  see  t e x t  u n d e r  EXPERIMENTAL. 
** See  l e g e n d  T a b l e  I .  

D I S C U S S I O N  

The increase in uric acid production by adding DPN, pyruvate,  ~-ketoglutarate and 
fumarate to chicken liver slices or preparations strongly suggests that  xanthine de- 
hydrogenase is linked in some way to the DPNH oxidase system. BERNHEIM AND 
BERNHEIM 6 have previously recorded the stimulation of xanthine oxidation by added 
pyruvate  in rat  liver slices. They claimed, however, that  a coupled oxidation-reduction 
reaction between the xanthine dehydrogenase and lactic dehydrogenase systems could 
not exist because they found that  lactate did not reverse the effect of pyruvate in their 
experiments. However, the oxidation-reduction potentials of these systems are such that  
in the reaction 

x a n t h i n e  + p y r u v a t e  ~ u r i c  a c i d  a n d  l a c t a t e  

t h e  e q u i l i b r i u n l  c o n s t a n t ,  /'2 = [ u r i c  a c i d ]  × [ l a c t a t e ]  = ca. lO s 
[ x a n t h i n e ]  × [ p y r u v a t e ]  

for equimolar reactants. Hence, lactate would not be expected to reverse significantly 
the effect of pyruvate  in such a linked dehydrogenase system. 

R e / e r e n c e s  p .  263 .  
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In Table I DPN and pyruvate  have been shown to increase xanthine oxidation not 
only in chicken liver homogenates and supernatants but also in a supernatant  purified 
three-fold by ammonium sulphate fractionation. I t  seems, therefore, that  the linked 
dehydrogenase system is not easily inactivated by t reatment  with solutions of high 
osmotic strength. Comparison with tile supernatant  (No. 2, Table I) from which this 
preparation was derived does, however, indicate about 55-60°; loss of activity. This 
may, of course, be due to separation of components by fractionation. The rather  large 
variations shown for R a t i o  in Table I I  in experiments with dialysed preparations also 
suggest that,  in processing, the link between dehydrogenases in these preparations has 
been part ly  destroyed or inactivated. The higher activity of xanthine dehydrogenase 
in liver slices compared to homogenates also bears out this hypothesis. 

Details of the link between xanthine and lactic dehydrogenases in chicken liver 
(probably present in rat  liver and possibly also in cow m a m m a r y  tissue) are not yet 
known. Milk xanthine dehydrogenase preparations are known to reduce cytochrome c 
i n  vi tro 2, a, ~ but kinetic considerations rule out cytochrome c as a component in the direct 
link in this system because of its comparat ively very high oxidation-reduction potential. 
Moreover, these experiments suggest the possibility that  xanthine dehydrogenase may 
not directly reduce cytochrome c at a significant rate because the reduction of cyto- 
chrome c has only been accomplished with preparations known to contain, or probably 
containing, diaphorase (possibly DPN-cytochrome c reductase 4, 3). I t  is also relevant to 
consideration of the mechanism of this linked dehydrogenase system that  pyruvate  
increases the oxidation of xanthine in liver slices even under aerobic conditions (see 
Table II). I t  is suggested that  the following scheme best represents the link between the 
xanthine and lactic dehydrogenases using knowledge now available 

cyt. c-rcductase } 

DPN< ~id I or --~cyt. c - + . . . O  2 

"aphorase ~ F 

xanthine cyt. b 
dehydrogenasc ,~ 

~" succinic 
xanthine dehydrogenasc 

fumarate 

lactic 
Pyruvatc <- - -  , 

dehydrogen ase 

a-ketoglutaratc glutamic 
-~- NH~ dehydrogenasc 

In this scheme the direction of the arrows shows the possible paths of electrons from 
xanthine to pyruvate ,  a-ketoglutarate,  fumarate  or to oxygen via cytochrome c. " F "  
represents SEATER'S factor. Cytochrome b is sited in this scheme according to SLATSR 8 
although this position is disputed by CHANCE 9. 

As demonstrated in Table I a significant proportion of xanthine dehydrogenase 
linked to lactic dehydrogenase can be obtained in the supernatant  which does not con- 
tain any mitochondria. I t  was found that  virtually all ( >  85 %) of the xanthine dehy- 
drogenase of the tissue appears in the supernatant .  I t  seem likely, however, from con- 
sideration of the scheme postulated above that  xanthine dehydrogenase is structurally 
organized in the liver cell so that  it can react with the cytochrome-bearing particulate 
fraction. This is supported by the histological experiments of BOURNE 1° showing the 
reducing action of xanthine dehydrogenase in rat  liver to be sited at the periphery of 
certain cell particles. 

Re/erences p. 263. 
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Oxidation of xanthine according to the scheme postulated above suggests a con- 
siderable gain in efficiency to the liver compared to the wasteful production of hydrogen 
peroxide by direct reaction of the dehydrogenase with oxygen. 

Oxidation of xanthine via the cytochromes would enable energy expended in build- 
ing up ammonia to hypoxanthine to be recaptured to a large extent in oxidative phos- 
phorylation reactions. This work also indicates that the function of catalase in the liver 
is not the destruction of hydrogen peroxide formed by xanthine dehydrogenase. 
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S U M M A R Y  

I t  ha s  been  shown  t h a t  x a n t h i n e  dehyd rogenase  in chicken l iver slices or va r ious  p r epa ra t i ons  
f rom chicken  l iver is l inked to  a lact ic dehyd rogenase  s y s t e m  and  t h a t  D P N  is essent ia l  to th i s  l ink. 
E v i d e n c e  also indica tes  a l ink be tween  x a n t h i n e  dehydrogenase ,  g lu tamic  dehydrogenase  and  
succinic  dehyd rogenase .  I t  is sugges ted  on the  evidence  p resen ted  t h a t  x a n t h i n e  dehyd rogenase  is 
l inked wi th  t h e  DPNt-I  oxidase  s y s t e m  in ch icken  liver at,  or near,  D P N - c y t o c h r o m e  c reduc tase .  

R12SUMg 

D a n s  des  coupes  e t  d a n s  d iverses  p rdpa ra t ions  de Ioie du poulet ,  la x a n t h i n e  ddshydrog6nase  
es t  li6e au  sys t6me  de la lac t ique  d6shydrogdnase  pa r  l ' in te rm6dia i re  du D P N .  I1 y a 4ga l emen t  
une  l iaison en t r e  la x a n t h i n e  ddshydrog6nase ,  la g l u t a m i q u e  d6shydrog6nase  et  la succ in ique  dds- 
hydrog6nase .  Les  r6su l t a t s  o b t e n u s  p e r m e t t e n t  de sugg6rer  que  la x a n t h i n e  d6shydrog6nase  es t  li4e, 
d a n s  le toie du poule t ,  au  sys t6me  de la D P N H - o x y d a s e  au  n iveau ,  ou pr6s, de la D P N - c y t o c h r o n l e  
c-r6ductase .  

Z U S A M M E N F A S S U N G  

Es  wird gezeigt,  dass  die X a n t h i n - D e h y d r o g e n a s e  in Ht ihne r l ebe r -Schn i t t en  oder  - H o m o g e n a t e n  
mi t  e i nem M i l c h s g u r e d e h y d r o g e n a s e - S y s t e m  v e r b u n d e n  ist  u n d  dass  D P N  fiir diese B i n d u n g  not-  
wend ig  ist.  E in  Z u s a m m e n h a n g  zwischen  X a n t h i n - D e h y d r o g e n a s e ,  G l u t a m i n s g u r e - D e h y d r o g e n a s e  
u n d  B e r n s t e i n s g u r e - D e h y d r o g e n a s e  sche in t  ebenfal ls  zu bes tehen .  Aus  den E rgebn i s s en  wird ge- 
schlossen,  dass  die X a n t k i n - D e h y d r o g e n a s e  m i t  d e m  D P N H - O x y d a s e - S y s t e m  du rch  die D P N -  
C y t o c h r o m - c - R e d u k t a s e  oder in ihrer  Nghe  v e r b u n d e n  ist. 
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