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SUMMARY 

The increase in paramaguetism upon reaction is, under certain conditions, greater 
than can be explained on the basis of changes in the electronic configurations of the 
prosthetic groups. The difference is attributed to the formation of substrate free radi- 
cals. 

The effects of pH, temperature, and concentration of substrate and product on 
the rate of production of uric acid were studied. The kinetic data at pH 8.3 and 25 ° 
were described in terms of true Michaelis constants for xanthine and oxygen of 36 • 
IO -e M and 24 ° • IO -e M, respectively. 

The degree of anaerobic reduction by  xanthine of enzyme flavin, as estimated 
spectrophotometrically, depends upon the concentration of enzyme. 

A mechanism is presented that embraces the manifold properties of this reaction. 

INTRODUCTION 

Xanthine oxidase is a widely distributed metalloflavoprotein enzyme. I t  is found 
in mammalian liver and skin, and in cream 1. I t  catalyzes a wide variety of different 
oxidations; the oxidation of xanthine to uric acid in the presence of molecular oxygen 
is the most rapid. This reaction has been investigated both spectrophotometrically~ 
and magnetically 3, but the details of the steps have not definitely been established. 
The data in the present paper were obtained in order to apply the instrumentation 
available to us toward the identification of the intermediate steps in this reaction. 

Xanthine oxidase is a large protein, and its reactions are complicated by the 
presence of more than one possible prosthetic group. The xanthine oxidase from cow's 
milk 1 has been shown to have a molecular weight of about 3oo ooo and to contain one 
or two molybdenum atoms, two FAD groups, and eight iron atoms per molecule. 
Changes in the optical absorption spectra due to the FA~D'groups are observed during 
the reaction. I t  is not certain whether the molybdenum and iron are also active. If 
the iron atoms enter the reaction, sizable changes in magnetic susceptibility could 
occur. Our experiments were initiated with this in mind. However, free-radical in- 
termediates are possible in two parts of the reaction. The conversion of xanthine to 

Abbreviations: APR, "activity-protein"; AFR, "activity-flavin". 
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uric acid could occur in two one-electron steps. I t  is also possible that  hydrogen per- 
oxide, a product of the reaction, is formed from free-radical intermediates. Therefore 
we had to consider that  magnetic changes within the enzyme might be masked by the 
magnetic susceptibility of such external free-radical intermediates. This situation 
does in fact occur. The magnetic evidence and supporting spectrophotometric meas- 
urements are described below. 

MATERIALS AND APPARATUS 

Xanthine oxidase was prepared from cow's milk by  the method of Avis et al. 1, 
with the following modifications. Instead of using pressure filtration to bring the 
enzyme into contact with a calcium phosphate gel column, we suspended the gel in 
enzyme solution, allowed the mixture to stand 30 min, and centrifuged it to bring 
down the gel (with adsorbed enzyme). The gel was then washed twice by suspending 
it in the appropriate buffer and centrifuging it. Three elutions were performed in the 
same way. The enzyme preparations were carried to the stage of puri ty designated 
M6 by  Avis et al. 1, at which time the APR and AFR ratios defined by  these authors 
were in the ranges 2 to 8 and 20 to 80. In most  of the experiments to be described, 
preparations with APR's  from 6 to 8 were used. The preparations were not anatyzed 
for iron, molybdenum, or flavinadenine dinucleotide, and it is assumed that  these were 
present as found previously 4. When the enzyme was stored, sodium salicylate was 
used as preservative. Prior to the experiments the enzyme was dialyzed against 0.033 
M sodium pyrophosphate adjusted to the appropriate p H  with hydrochloric acid, and 
dilutions were made with like buffer. 

The catalase used was of bacterial origin (Micrococcus lysodeikticus), from a 
preparation of a puri ty value (which is defined as A 406 mla/A 28o In#) exceeding 0.7. 

Solutions of xanthine and uric acid were analyzed spectrophotometrically. At 
292 m~t we measured an extinction coefficient for uric acid of I I .5  • Io 3 M -1 cm -~ at 
pH 8.3. The maximal difference between the extinction coefficient for xanthine and 
that  for uric acid at pH 8.3 was 9.5 " Io3 M-~ cm-~ at 295 m#. 

The magnetic susceptometer, combined with a flow system, has been described 
previously in this journal 5 and, in more detail, elsewhere 6, 7. 

A split-beam recording spectrophotometer s,9 was employed to measure over-all 
rates of production of uric acid and disappearance of xanthine. For the rapid-reaction 
measurements, a double-beam recording spectrophotometer 1° in conjuction with 
rapid-flow apparatus n was used. 

MAGNETIC EXPERIMENTS 

The flow system used with the susceptometer is shown schematically in Fig. I. 
In these experiments the main solution was buffered xanthine oxidase, and the second- 
ary solution was buffered xanthine that  had been equilibrated with oxygen at a total 
pressure (gas plus water vapor) of I atmosphere. Fig. 2 is the record of one such exper- 
iment. At I, the secondary solution begins to be injected continuously into the flowing 
main solution, and a steady-state reaction mixture is set up in half cell 2. At O, both 
flows are brought to a stop; a transient artifact follows, and then the remainder of the 
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Fig. I. Schematic representation of flow experiment  after  BRILL et al. e 

~Fig. 2. Recording of changes in magnetic susceptibility when buffered xanthine  equilibrated with 
oxygen a t  a to ta l  pressure of I arm. is injected into buffered xanthine  oxidase, 1.6 units/l, a t  2o.5 °. 
Increased magnetic susceptibility is shown by an upward deflection, while t ime increases from 
left to r ight  along the  abscissa. At  I , injection is s tar ted into flowing solution; a t  O, flows are brought  

to a stop. 

reaction is recorded. I t  is also possible to make several measurements of the steady- 
state deflection by  alternately starting and stopping the injection of secondary solu- 
tion, as at I, S, and I in Fig. 3. 

Fig. 3. Steady-state change in magnetic 
susceptibility resulting from al ternately 
s tar t ing (I) and stopping (S) injection of 
buffered xanthine  solution, oxygenated as 
in Fig. 2, into a flowing buffered solution 
of xanthine  oxidase, 1.6 units/l, a t  2o.5 °. 

The steady states set up in the experiments shown in Fig. 2 and 3 correspond to 
reaction mixtures o.i  sec after the initiation of the reaction. A large part of the de- 
flection arises from the paramagnetism of the injected oxygen, of which a negligible 
amount has been used up in the o.I sec. The component produced by  oxygen is readi- 
ly recorded by  injecting xanthine-free secondary solution, as shown in Fig. 4. This 
measurement also permits calculation of the concentration of oxygen in the main 
solution, with the following considerations. 

Oxygen in the gaseous state has a molar susceptibility, %o,, of 338o" IO -e emu 
at 2o °, corresponding to two unpaired electrons. THEORELL AND EHRENBERG 12 

measured water saturated with oxygen against evacuated water and found that the 
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Fig. 4. Change in magnetic susceptibility 
due to injection of buffer, oxygenated as in 
Fig. 2, in toxanthine oxidase, 1.6 units/l, 
at 20 °. This is a control experiment tha t  
permits elimination of component of deflec- 
tion in records of Fig. 2 and 3 that  is due 
to oxygen. I 

contribution of physically dissolved oxygen is the same as that  of the gas at the same 
concentration. We have found this relationship to hold at the low concentrations 
used in our experiments, and this circumstance has proved useful in computing the 
oxygen content of the main solution. If  the main solution were oxygen-free, the volume 
magnetic susceptibility in half cell 2 would increase upon injection of the secondary 
solution by  

QsQu [O,]s, A ~o = x o- '  Xo, Qs + 

in which Qs is the flow rate, [0~] s is the concentration of oxygen of the secondary 
solution, and QM is the flow rate of the main solution. The presence of oxygen at a 
concentration [ 03] M in the main solution reduces the change in magnetic susceptibility to 

(i_ A K = A ~ 0 \  [O2]s 1" 

In the runs depicted in Fig. 2, 3 and 4, for example, Q~t/Qs =23.o, and the tem- 
perature was 2o.5 °, at which Sot = 337 ° " x°-~ emu and [O,] s = x.34. xo -~ M, so 
that  A K0 = L88 • IO -l° emu. The sensitivity was set at L76 • xo - n  emu per scale 
division (on the basis of xo scale divisions between heavy lines), and the deflection 
corresponding to A K0 was xo. 7 scale divisions. Fig. 4 shows an average deflection ot 
9.5 scale divisions, so that  [O2]M = I5o " xo -6 M. In all experiments the concentra- 
tion of xanthine in the secondary solution, [X]s,  was adjusted to make it about equal 
to [0,] s. In this way all of the injected xanthine was used up in each run, while [O,] M 
remained nearly constant. 

The contribution of hydrogen peroxide, a product of the reaction, to the observed 
changes in magnetic susceptibility was found to be negligible. Other control ex- 
periments showed that  in the absence of the enzyme neither xanthine nor uric acid 
caused any appreciable change in the measured magnetic susceptibility at the concen- 
trations we used. 

The data from magnetic experiments are summarized in Table I;  activities re- 
corded there and throughout this paper were determined by the method of Avxs et al. a. 
The changes in magnetic susceptibility were obtained by  substracting the deflections 
observed for injecting oxygen alone from the deflections observed for the reaction 
mixtures. At o.o7 and o.Io see the amount  of oxygen that  had reacted was small. 
However, at o.43 see and for the higher activities, there was a magnetically detecta- 
ble diminution of the concentration of molecular oxygen. This change served to make 
the values listed at o.43 see less than the true increase in paramagnetism above oxygen. 
The effect was greatest for the last entry in the column, which was then estimated to 
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T A B L E  I 

CHANGES IN  MAGNETIC SUSCEPTIBILITY D U E  TO I N J E C T I O N  OF X A N T H I N E  (X) I N T O  AEROBIC SOLU-  
TIONS OF X A N T H I N E  OXIDASE* 

[a] Concentrations at Increase in obsarosd vol,m¢ raagnztic susceptibility 
(Avsrage Temper- initiation ot reaction abo~e tkat dtJe to injected ozygen, a¢ following times: 
activity, ature 

units per 
liter) z O| o.o 7 see o.~ro sec 0.43 sec 

0 . 6 5  23  ° x 5 / ~ M  2 i  5 / ~ M  - - 0 . 8  • x o  - n  e m u  o + 0 .  7 " IO  -11 e m u  

0 . 4 3  22 ° 4 9 / ~ M  3 3 o / ~ M  - -  3 -7  " IO-lX e m u  - - I . r  • IO - n  e m u  
1 .5  2 0 . 5  ° 4 6 p M  2 0 5  p M  - -  6 . 0  • IO  - n  e m u  + 2 . 3  • IO - t t  e m u  
3 .1  22 ° 4 9 / ~ M  3 3 5 / ~ M  - -  3 . 0 -  I O  - t l  e m u  - -  
9 . 3  2 0 . 5  ° 4 6 / ~ M  3 3 5 / ~ M  + 4 . 6  • xo  - n  e m u  4 . 4  " I O - n  e m u  + 3 . 3  " IO-XX e m u  

* S o l u t i o n s  b u f f e r e d  w i t h  0 . 0 3 3  M s o d i u m  p y r o p h o s p l ~ t e ,  p H  8 .2 .  

be 4.3 to 4.8" Io - n  emu, a correction of I.O to I. 5 " IO ~11 emu. The correction decreases 
to less than 0.35 • xo -Ix emu for the other entries in this column. For times greater 
than 0.43 sec we were not able to separate the magnetic change due to oxygen from 
that  of the other constituents of the reaction mixture, and are therefore not able to 
comment quantitatively upon the susceptibility of the reaction mixture beyond this 
time. 

Several conclusions can be drawn from the data of Table I, the primary one being 
that  under many conditions the reaction mixture is paramagnetic compared with the 
"resting oxidized enzyme." At concentrations of oxygen of about 300 • IO -6 M and 
concentrations of xanthine of about 50" xo -s M, this increase in magnetic suscepti- 
bility, measured during the first few tenths of a second, varies by  a factor of only 2. 
when the concentration of enzyme is varied 2o-fold. At low concentrations of xan- 
thine (less than x5 • IO -6 M), the magnetic increase is small. 

At lower concentrations of enzyme no increase in magnetic susceptibility was 
detected. In a set of experiments at pH 7 (not shown in Table I) there was no detect- 
able change in magnetic susceptibility. The average activity of the enzyme in the 
experiments at pH 7, as measured at pH 8.3, was 0. 7 unit/1. At pH 7.0 the maximal 
rate of reaction was almost three times slower. 

There are several possible sources of the observed increase in magnetic suscep- 
tibility of the reacting system above that  of the nonreacting enzyme. Xanthine oxi- 
dase contains iron (Fe), rav in  (fl), and molybdenum (Mo) in the ratio of about 8 : 
I. 9 : x.4, as shown by Avis et al. 4. These authors found that 

[ F e ]  = x . 4 i  • xo  - e  [ a ] ,  

in which ra] is the number of activity units/1 of solution. The theoretical maximum 
change in susceptibility of the enzyme can be calculated by assuming (we do not 
propose that each of these changes is occurring) that  all the iron goes from the low- 
spin ferrous form (diamagnetic) to the high-spin ferric form (five unpaired electrons), 
that all the ravin  goes to a semiquinone free radical, and that  all the molybdenum 
goes from a diamagnetic form (such as hexavalent or covalent tetravalent) to the tri- 
valent form (three unpaired electrons). (Monovalent molybdenum could have the 
greatest magnetic susceptibility of all molybdenum valence states, but no mono- 
valent compounds have been found. We are also excluding intramolecular co-operative 
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T A B L E  I I  

C O M P A R I S O N  O F  O B S E R V E D  M A X I M A L  P A R A M A G N E T I C  I N C R E A S E S  W I T H  T H E O R E T I C A L L Y  C O M P U T E D  

V A L U E S  

[a] 
(A clivify, m a x  units per A A m a x  A K m a x  A lnax  - - A  m a x  

K obs K Fe, fl, Mo* fl, Mo K obs K fl, Mo 
liter) 

0-43 3-7 " I O - - 1 1  e m u  0 . 9  " I o - l l  e m u  o . i  • i o  - 1 1  e m u  3.6 " I O  - 1 1  e m u  

I .  5 6 . 0  • l O  -11  e m u  3 - 3  " l ° - 1 1  e m u  0 .  3 • IO  - n  e m u  5 - 7  " I O - n  e m u  

3 . I  3 . o  • IO  -11 e m u  6 . 8  • l O  - n  e m u  0 . 6  • i o  - n  e m u  2 .  4 - I O  - n  e m u  

9 . 3  4 . 6  • I O  -11  e m u  2 . 0  • IO  - 1 °  e m u  1 . 8  • i o  -11  e m u  2 . 8  " I O  - u  e m u  

* F e  = i r o n ;  f l  = f l a v i n ;  M o  = m o l y b d e n u m .  

effects among the iron atoms.) The paramagnetic increase is then given, at 20 °, by  

A m a x  
KFe, fl ,  Mo = 2 . 2  [-tl] • IO - u .  

In Table I I  are listed values of A Kre .maxn, No, calculated from the experimental activi- 
ties per liter, and the greatest observed values of A K, A K m"x At the act ivi ty con- 

obs " 

centrations of 0.43 and 1.5, the paramagnetic increase exceeds that  theoretically 
possible from the enzyme constituents. We attr ibute the excess to free radicals out- 
side the enzyme, such as might arise from the xanthine and in the production of hy- 
drogen peroxide. Less likely is the existence of triplet state intermediates along the 
paths from substrates to products. 

Because of the complexity of the system it is not apparent  how to separate the 
various contributions to the magnetic susceptibility. BRAY et al.  a have stated that  
the iron remains in a diamagnetic ferrous state and that  only the molybdenum and 
flavin undergo cycling. In the 4th column of Table I I  are given the magnetic changes 
associated with this scheme, in which we have once again taken all the molybde- 
num from a diamagnetic even-valent state to the spin 3/2 trivalent state, and all 
the flavin to free radical. The fifth column lists the contributions above the reduced 
molybdenum and semireduced flavin necessary to account for the observed values. 
The concentration of free radical corresponding to the average of the figures in column 
five is 30 • IO ~ M; this is so large a fraction of the initial concentration of xanthine 
as to suggest either that  the changes in electronic configuration of all the metal  atoms 
have not been properly described or that  additional free radicals arise in the production 
of hydrogen peroxide, or both. In any case, there is a substantial  free-radical concen- 
tration varying nonlinearly with the concentration of enzyme, and a possible mecha- 
nism predicting this circumstance is presented in the discussion. 

S P E C T R O P H O T O M E T R I C  O B S E R V A T I O N S  O N  S U B S T R A T E  A N D  P R O D U C T  

These observations were made in the ultraviolet region of the spectrum, from 
350 In/* to 250 m/~. Most measurements were performed at 295 m/z, at which uric 
acid has a pealSat pH 8 to IO. However, in studies of the effect of pH on the reaction, 
for observations of the disappearance of xanthine, and in the search for possible 
intermediates it was necessary to carry out measurements throughout the entire re- 
gion from 350 to 250 m/* as well as time measurements at individual wavelengths. 
For the observations of uric acid at pH 8, 295 m/t was not completely satisfactory, 
because Beer's law was found to be no longer valid above absorbancies of about I.O. 
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At these high concentrations the measurements were then made at 305 to 315 m/u, 
at which the much smaller absorbancies are linearly related to the concentration of 
uric acid. 

pH dependence o/ the rate o/ /ormation o~ uric acid: Recordings were made, in the 
split-beam spectrophotometer, of the uric acid formed and of the xanthine consumed 
as a function of time for a concentration of oxygen of 240 • lO -6 M and for various 
pH's. With the low concentrations of enzyme used, the protein absorption did not 
block the spectrophotometer. To permit interpretation of the spectrophotometric 
recordings at varying pH it was necessary to have spectra for xanthine and uric acid. 
These are approximately constant above pH 8, but shift continuously toward shorter 
wavelengths as the pH is decreased to pH 5. Spectra at pH 8 and pH 5 are shown 
in Fig 5. 

7 

6 

~ \  \\\ Uric acid 
t~  e'-- .~ \ \ pH e-to(average) 

\ x: ............ \ ' ,  
Xan)'hine \ \, ~ \,~ p, 5 \ \ : ~ , ,  

. . . . . . . . .  ~ . : : : : s - - .  

265 270 275 280 265 290 295 300 305 310 "3t5 320 325 

Wove lenglh,  m,u 

Fig. 5. Absorption spectra of xanthine and uric acid. 

Typical spectrophotometric traces are shown in Fig. 6. These were analyzed by 
computing the rate (v) for various concentrations of xanthine (x). A Lineweaver- 
Burke plot was then made of x/v against x, and, provided the initial concentration 
of xanthine was not too high (see page 406 for quantitative description of in- 
hibition by  xanthine), the points fell along a straight line. From the slope and the 
intercept were obtained v'max, the maximum rate at the fixed concentration of oxygen, 
and K'~, the concentration of xanthine at which the rate is half of v'msx. The relation- 
ships between v'max and Vmsx, the latter being the rate when neither xanthine nor 
oxygen is limiting, and between K'~ and Kx, the true Michaelis constant for xanthine, 
will be developed in the discussion. However, we emphasize here that the parameters 
obtained from these Lineweaver-Burke plots are functions of the concentration of 
oxygen, and are comparable only because this concentration is the same in all the 
plots. 
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Fig. 6. Spec t ropho tome t r i c  t r aces  a t  p H  7 and  pI-I 
IO of reac t ion  of x a n t h i n e  a n d  Oxygen  ca ta lyzed  
b y  x a n t h i n e  oxidase .  Lower  ra te  a t  p H  IO and  
comparab l e  Vrmax va lues  a t  b o t h  p H ' s  t oge t he r  

ind ica te  a h ighe r  K '  x a t  p H  io .  

on ~ 
2 9 5 m J J  Z O ' C  

Air saturaled Lid 

a ~ i  i i i i i i i , , t i J i ¢ i , , , i 

Time 

Fig. 7 summarizes these data, showing v'max and K'~ from the Lineweaver-Burke 
plot. The values for V'max were confirmed by  direct measurement.  With 24 ° • lO  -6  M 

oxygen at  pH 8.3 and 25 °, the value for K'~ was 15+3  • IO -e M. The p H  dependence 
suggests that  the form of the xanthine probably limits the reaction rate below pH 8 
and that  changes in the enzyme itself limit the rate above this pH. At p H  8 the rates 
in pyrophosphate-HC1 and "Sorensen" phosphate buffer were compared. No differ- 
ence was observed. Similar results were obtained at p H  7. Pyrophosphate-HC1 was 
used for all other measurements reported herein. 

Temperature studies: Measurements of the rate of formation of uric acid at pH 8. 3, 
pO~ = 0.2 atm,* and IOO • IO -s M xanthine, from 2 ° to 35 °, emphasize the complexity 
of the mechanisms involved. The rates do not lie on a straight line in an Arrhenius 
plot; the Q:0 changes continuously, At 5 ° the Qz0 was 2.5, at 15 ° it had decreased to 
1.4, and at 20 ° it was I . I .  The rate  at 35 ° was identical with that  at 3 o°. These data  
should not be represented in terms of an energy of activation. Rather  they indicate 
that  several different effects are entering into the temperature dependence of the 
ra te  of formation of uric acid. 

Wavdength studies: Since the magnetic data  indicate free-radical intermediates, 
it appeared possible that  spectrophotometric studies might also show an intermediate 
between xanthine and uric acid. Unfortunately,  at the concentrations of enzyme at 
which the greatest magnetic changes occurred, it was impossible to measure the changes 
of xanthine and uric acid because of the high protein light absorption. On the possi- 
bility that  such a free-radical intermediate could be detected spectrophotometrically 
at  lower concentrations of enzyme, t ime studies at 290, 295, 280, and 268 m/~ were 
made. These showed only smooth variations and gave no hint of an intermediate 

* T h e  so lubi l i ty  of o x y g e n  in wa t e r  decreases  by  a fac tor  of 2 f rom 2 ° to 35 °. For  the  Michaelis  
c o n s t a n t s  a t  25 °, th i s  change  in c o n c e n t r a t i o n  decreases  t he  ra te  b y  on ly  25 %.  
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between xanthine and uric acid. To test this further, a series of I2 scans of 26o-300 m# 
were recorded, one every 20 sec. The curves showed a constant isobestic point and a 
continuous change from all xanthine to all uric acid. These negative results at low 
concentrations of enzyme do not rule out the possibility of appreciable concentrations 
of an intermediate between xanthine and uric acid, since there may be small differ- 
ences or none at all between the absorption spectrum of xanthine and that of the inter- 
mediate in this region. 

Measurements at varying oxygen concentrations: Buffered (pH8 .2+o . I )  
xanthine solutions at 25 4- 2 ° were saturated with oxygen at a pressure of I atmosphere 
to give a concentration of 12oo • lO -6 M. Small amounts of enzyme were then added, 
and the formation of uric acid was measured spectrophotometrically at 295 m/~. A 
comparison of the rate data at this concentration of oxygen with that at 240 • lO -6 M 
showed a doubling of K'~, while v'rr~x increased by only about 50 %. The rates of for- 
mation of uric acid at concentrations of oxygen less than 240 • io -s M were also de- 
termined; they were found to be linearly proportional to the concentration of oxygen. 
These experiments are in accord with a true Michaelis constant for oxygen of about 
240 • IO -s M at 25 °, as will appear from the discussion. 

Production o~ hydrogen peroxide: For the purpose of examining the production 
of hydrogen peroxide during the reaction, catalase was added to various reaction 
mixtures. In several experiments thereaction of 500. Io -eM xanthine and 240" lO -6 M 
oxygen was catalyzed by xanthine oxidase at concentrations of about 0.03 activity 
units/1. The reaction was carried out in stoppered Beckman cuvettes, and it proceeded 
until 240 • IO -s Mof  the xanthine was converted to uric acid. When the catalase was 
stirred into the cuvette, the reaction started again. Since a small amount of oxygen 
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was u n a v o i d a b l y  s t i r red  in wi th  the  cata lase ,  one would expect  a sl ight  fur ther  oxida-  
t ion to occur,  even if no hydrogen  perox ide  were present .  The  observed  convers ion  
of xan th ine  to  uric  acid  a m o u n t e d  to be tween  12o.  lO -6 M and  18o.  lO -6 M, far 
in excess of t h a t  expec ted  from the  s t i r red- in  oxygen.  Whi le  this  amoun t  of conver-  
sion conf i rmed the  presence of hydrogen  peroxide,  i t  was less than  the  240 • lO -6 M 
tha t  would  have  been conver ted  if the  concent ra t ion  of hydrogen  perox ide  had  been 
equal  to the  oxygen  used up  in the  first  pa r t  of this  exper iment .  E i t he r  hydrogen  perox-  
ide was not  formed in s to ichiometr ic  amoun t s  or else coupled pe rox ida t ions  were 
ca t a lyzed  b y  the  catalase .  

Inhibition studies: HOFSTEE la and  earl ier  workers  found t ha t  xan th ine  at  h igh 
concen t ra t ions  inhib i t s  the  react ion.  W e  have  ex tended  these exper iments  in a series 
of s tudies  at  240 • lO -6 M oxygen  and  in i t ia l  concent ra t ions  of xan th ine  from I.O to 
IOOO. lO -6 M,  wi th  the  following conclusions. In  the  range  i .o  to i o .  lO -6 M of 
x a n t h i n e  and  over  a wide range  of concent ra t ions  of enzyme,  the  d i sappearance  of 
x a n t h i n e  and  the  fo rmat ion  of uric ac id  s t r i c t ly  followed Michael is-Menten kinet ics .  
F r o m  25 to abou t  500-  lO -6 M the  reac t ion  was of zero order  in xan th ine .  F ina l ly ,  
a b o v e  500 • lO -6 M the  in i t ia l  reac t ion  ra tes  were no t i ceab ly  decreased.  

B y  cont ras t ,  ne i ther  IOOO • lO -6 M uric acid  nor 500 • lO -6 M hydrogen  perox ide  
had  a n y  not iceable  effect on the  measu red  ra te  of fo rmat ion  of uric acid  when the ini-  
t i a l  concen t ra t ion  of xan th ine  was 50 • lO -6 M and  t ha t  of oxygen  was 24 ° • lO -6 M.  

SPECTROPHOTOMETRIC OBSERVATIONS ON THE ENZYME 

The enzyme was s tud ied  f rom 750 m #  to 35 ° m #  in the  sp l i t -beam and  double-  
beam spec t ropho tomete r s  in a search for in t e rmed ia t e s  in add i t ion  to reduced  flavin.  
Whi l e  no consis tent  changes could  be found  of the  na tu re  discussed b y  BEINERT 14, 15 
for o the r  meta l lo- f lavopro te ins ,  pe r t inen t  resul ts  were ob ta ined  on the  kinet ics  and  
a m o u n t  of r educ t ion  of f lavin under  var ious  condi t ions.  

Rate olreduction o[enzymeflavin: GUTFREUND AND STURTEVANT 2 found t ha t  for 
concen t ra t ions  of xan th ine  of 50 to 500 • lO -6 M the anaerobic  reduct ion  of xan th ine  
ox idase  is a f i r s t -order  reac t ion  wi th  a r a t e  of lO.5 sec -1. Fo r  aerobic  reduct ions  to the  
s t e a d y  s ta te ,  t h e y  found, for an in i t ia l  concent ra t ion  of xan th ine  of 250 • lO -6 M and  
concen t ra t ions  of oxygen  exceeding 200. lO -6 M, a f i rs t -order  reac t ion  ra te  of 32 sec -1. 
Our  measurement s ,  which, l ike theirs,  were made  wi th  a s topped-f low technic  bu t  
w i t h  a doub le -beam spec t ropho tomete r ,  suppor t  the  l a t t e r  da ta .  F o r  an enzyme solu- 
t ion of 6 a c t i v i t y  units/1 in the  presence of 9 " 1°-6 M xan th ine  and  24 ° • IO -e M 
oxygen ,  a t  2 5 ~ 2  ° and  p H  8.3, the  t ime for ha l f -comple t ion  of the  reduc t ion  of the  
F A D  to the  s t e a d y  s t a t e  was o.o4~zo.o2 sec (max imum dev ia t ion  in 20 de te rmi -  
na t ions) .  The  cor responding  f i rs t -order  ra te  cons tan t  is I2-35/sec. ,  with a most  p rob-  
ab le  va lue  of 17 sec -1. A lower ra te  for 0 " IO-~ M as compared  wi th  25 ° • lO -6 M 
xan th ine  would  be expected ,  since the  former falls below the  K'~ va lue  of 15 • lO -6 M.  
L imi t a t i ons  of equ ipment  p roh ib i t ed  an accura te  exp lora t ion  of the  dependence  of 
of the  r a t e  upon  the  concent ra t ion  of xanth ine .  

Amount o[ flavin reduction: MORELL 16 observed  a r ap id  reac t ion  followed b y  a 
s low one when xan th ine  oxidase  was reduced  b y  xan th ine  under  anaerobic  condi t ions .  
The  f inal  decrease  in abso rbancy  was nea r ly  as  grea t  as t ha t  ob ta ined  wi th  d i th ioni te ,  
whi le  the  r a p i d  phase  accoun ted  for a th i rd  to  a half  of the  t o t a l  change. GUTFREUND 
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AND STURTEVANT ~, in their anaerobic experiments, confirmed the work of MORELL, 

and. in their aerobic experiments found that  for initial concentrations of 600 • lO -8  M 

oxygen and 25 ° • lO -8 M xanthine, at 25 ° and p H  8.0, the steady-state reduction of 
flavin was about a third that  of the rapid anaerobic reduction or about 15 % that  ob- 
tained with dithionite. 

We measured the changes in absorbancy accompanying the reduction of the 
enzyme to the steady state for an initial concentration of oxygen of 270" IO - s  M ,  

a t  2o4- I ° and p H  8. 3. For ty  determinations at different concentrations of enzyme and 
initial concentrations of xanthine in excess of 25 • lO -8 M but less than IOO • IO -8 M 
gave  changes in absorbancy ranging from 25 to 50 % of the maximal  change due to 
dithionite, the precise average and standard error of the mean being 374-3 %. The 
increase over the value of GUTFREUND AND STURTEVANT is somewhat greater than 
.can be explained by  the difference in concentration of oxygen, indicating that  the tem- 
perature dependence of the reduction and oxidation reactions should be investigated 
:separately. 

In the experiments described in the preceding paragraph an excess of oxygen 
was present, and the absorbancy always returned to the value corresponding to oxi- 
.dized enzyme. When, however, an excess of xanthine was present (300" IO -8 M or 
higher initial concentration), so that  the solution became anaerobic, pronounced dif- 
ferences in the absorbancy were noted, depending upon the concentration of enzyme, 
as the system approached equilibrium. When the activity exceeded 3.5 units/l 
(enzyme concentration greater than 0.55 " IO -~ M), the change in absorbancy at the 
termination of the slow reduction was within 20 % of the total change with dithionite. 
This result is in agreement with MORELL'S measurements, referred to earlier, which 
were made at high concentrations of enzyme. But at activities of 1-1.5 units/l, the 
long-term change in absorbancy with 300 • io -a M initial xanthine was not more 
than 2o % greater than the steady-state change with 7 ° • IO -8 M xanthine. Between 
1.5 and 3.5 units/1 there was a transition in the observed absorbancy of the anaerobic 
solutions between the two levels. These comparisons were made in cuvettes in the 
dual "~eam spectrophotometer. Identical results were obtained at 438, 450, 530 and 
550 m/z. 

DISCUSSION 

The experiments reported in this paper define more clearly than before the re- 
quirements of a reaction mechanism for xanthine oxidase activity. For example, the 
kinetic scheme proposed by  GUTFREUND AND STURTEVANT 2 and shown below does 
not  include an explanation of the magnetic data presented above. 

E-FAD + XH~ ~ E-FAD-XH z 
Oxidized enzyme Xanthine  

E-FAD-XH,  + H,O • E-FADH,  + XH,O 
Reduced enzyme Uric acid 

E-FADH,  + O 3 • O,-E-FADH, 

O,-E-FADH, • E-FAD + H,O,. 

Nor does this scheme provide for the well-confirmed observation that  under anaero- 
bic conditions xanthine rapidly reduces, at most, half of the flavin reduced by  dithio- 
n i t e .  MORELLxeand GUTFREUND AND STURTEVANT 2 have taken the immediate 
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reduction as a measure of the active enzyme, and they attributed theslow subsequent 
decrease in absorbancy to reduction of flavin bound to inactive enzyme. This explana- 
tion would mean that in spite of refined purification the best xanthine oxidase prep- 
arations have been at least 50 % inactive. Additionally, it accounts neither for our 
observation that the fraction of the dithionite change reached by the slowly decreasing 
absorbancy depends upon the enzyme concentration, nor for thein hibition at high 
concentrations of xanthine. 

We propose the following mechanism: 

FAD FADH'  
/ k, / 

E + X H ,  ~" E + XH" (I) 
\ \ 

FAD FAD 

e-(Pl+Ps+P3+P4) x Pl (x') 

FADH" FADH'  
/ k, / 

E + XH~ • E + XH" (z) 
\ "-., 

FAD FADH'  
p t  x p,  (x') 

FADH'  FAD 
/ k3 / 

E • E (3) 
\ \ 

FADH'  FADH2 

P, P~ 
FAD FAD 

/ k, / 
E + O, • (03) E (4)' 

\ \ 
F A D H  2 FADH,  

P3 Y P* 

FAD FAD 
/ k~ / 

(O,) E • E  + H,O, (5} 
\ \ 

FADH,  ~FAD 

p, e-(pl +p,  +P3 +Pt) 

2XH • 
k 6 

> X H , + X H 2 0  
HzO 

(X')  X U 

FAD FADH" 
/ / 

E + XH~ > E + XH" (7) 

FADH,  FADH,  

slow 

*( E'XFADH, ADH, 

FADH" FADH" 
/ / 

E + E  

FADH,  FADH,  

(8> 
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I 
FAD FAo  

but cannot dissociate to d + E In 
\ \ 

A D H  t A D H  t F A D H  t F A D H  8 

these 
concentrations. 

The pertinent kinetic equations are: 

d P t l d t  = k l x ( e  -y, p ~ ) - - k , x p t  
i 

dp t ]d t  = k 2 x p t - - k , p  s 

dP3ldt  = ks  P2--k*  YP8 

d p d d t  = k ,  yp8 - -  knp  ~ 

,~]dt = - - x  [k,Ie-X. P,) + kspt] + ksIx')' 

d ( x . ) / d t  = x [ kx (e -Y .p ,  ) + k , p x ]  - -  2k ,  (x .)8. 
- i 

equations XH2 is xanthine and XH20 is uric acid. The second lines give the 

(9) 

(io) 

(ii) 

(I3) 

(i4) 

Features of the rapid reduction phase (Eqns. 1-3) are as follows. (a) Xanthine 
reacts with the two flavins independently to form both enzyme and substrate free 
radicals. (b) A Michaelis-Menten type of intermediate--that  is, one which "dissocia- 
tes" at a rate that  is limiting when the concentration of substrate is high--is included, 
as required by  the kinetic data of GUTFREUND AND STURTEVANT z. This intermediate, 
quite different from the enzyme--xanthine complex of these authors, is the biradical 

F A D H  • F A D  
/ / 

E , the rearrangement of which to form E is a first-order reaction with 
\ \ 

F A D H .  F A D H  2 

a time constant of about o.I sec. (c) Only half of the total flavin can be reduced 
by  xanthine in these three fast steps. (Dithionite will, of course, reduce all the flavin.) 
(d) D20 will not affect the rate of anaerobic reduction, as required by the data of 
GUTFREUND AND STURTEVANT. (e) The free-radical enzyme intermediates are assumed 
to have the same absorption spectra (in the regions investigated) as the resting oxi- 
dized enzyme. 

The oxidative phase is shown in Eqns. 4 and 5. By Eqn. 4 we do not wish to imply 
F A D  

/ 
that  oxygen can be bound to the enzyme only when it is in the form E 

\ 
F A D H  I 

There are no data that indicate what fraction of the cycle oxygen remains bound to 
the enzyme. However, there is just one Michaelis-Menten intermediate in the oxida- 

F A D  
/ 

t ive phase, namely (O~) E . I t  is of the usual enzyme-substrate complex 
\ 

F A D F I  z 

type. Free radicals may be involved in the dissociation of this complex, but there 
is no evidence that  bears directly upon the reaction. The experiments in which ca- 
talase was used to indicate the amount of hydrogen peroxide (H202) produced would 

B ioch im .  B i o p h y s .  Ac ta ,  56  (1962)  3 9 7 - 4 1 2  



410 E.  A C K E R M A N ,  A. S. B R I L L  

be explained if free hydroxyl radicals were formed but not converted stoichiometrical- 
ly to hydrogen peroxide. On the other hand the extreme reactivity of hydroxyl radi- 
cals makes them unlikely to be intermediates. 

The production of uric acid from xanthine radicals is shown in Eqn. 6. We assume 
that  this is the only mechanism for the disappearance of xanthine free radicals, and 
we find from steady-state analysis in a manner analogous to that  of YAMAZAKI et al. 17 

for the peroxidase system that  the concentration of xanthine radicals is proportional 
to the square root of the concentration of enzyme. This is in accord with the nonlinear 
nature of the dependence of tile changes in magnetic susceptibility on concentration 
of enzyme. 

Eqns. 1-6 represent the mechanism by  which xanthine oxidase catalyzes the 
production of uric acid from xanthine under aerobic conditions, such as in activity 
tests. Only when the concentration of xanthine is high is reaction 7 operative under 
aerobic conditions. The enzyme free radical formed in this reaction is catalytically in- 
active, and it is responsible for the inhibition observed when the concentration of 
xanthine exceeds 500" lO -6 M. We suppose that  the oxidation of the fully reduced 
flavin group is somehow hindered by the semireduction of the other group. In the 

F A D  
/ 

/ 
absence of oxygen, xanthine rapidly converts all of the oxidized enzyme to E 

\ 
F A D H  2 

and then reacts with the latter to form the enzyme free radical just mentioned, 
F A D H -  

, /  
g . There is evidence for reaction 7 in the work of BRAY el al 3, in which they ob- 

\ 
F A I ) H  2 

rained a g = 2.o electron spin resonance signal after adding xanthine to the enzyme anaer- 
obically. Since rapid-flow apparatus was not used in the Bray group's experiments, the 
system on which the measurement was made was beyond the rapid-reduction phase. 
The xanthine free radicals produced in Eqn. 7 can react as before to form uric acid. 

Eqn. 8 represents the slow formation of a nonmagnetic bimolecular enzyme com- 
plex in which three fourths of the flavin groups are reduced. The equilibrium degree 
of association of this complex would increase with the initial concentration of enzyme. 
The light absorption of a reduced fiavin group in this complex is probably not the 
same as that  in free xanthine oxidase, since the flavin groups are implicated in the 
binding. If the extinction were not much different, we would predict that  at high 
concentrations of enzyme the final decrease in absorbancy upon anaerobic reduction 
with xanthine would be three fourths of that  obtained with dithionite. In support of 
this viewpoint, our data and those of MORELL 16 give higher values than this, but they 
are certainly less than those for dithionite reduction. A troublesome point is the appar- 
ent transition from dissociated to associated enzyme with only a threefold increase 
in concentration of enzyme. The well-known dilution law calls for a much smaller 
dependence of association upon concentration. This question may  have its answer 
in the kinetics of the process and the problems of measurement, for, at the lowest 
concentrations of enzyme, the terminal reduction phase is a very slow second-order 
reaction, and the final readings are subject to cumulative errors. The reaction 
(after Eqn. 8) that is not allowed would otherwise permit the reduction of all the 
flavin at any concentration of enzyme. 
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From steady-state analysis of the kinetic Eqns..9-14 we find for the rate of appear- 
ance of uric acid, 

v = - (dx/dt),, = flmax/(I -~- Kx/x "Jr Ko,/y) 

in which the rate with neither xanthine nor oxygen limiting is 

Um~ = el(zlka + I/ks), 

and the true Michaelis constants for xanthine and oxygen are 

Key = ( I ik t  + I/k2)l(z[k3 + z/ks) 
and 

.Ko2 = Ilk4(I]k . + I]ks). 

A Lineweaver-Burke plot for varying xanthine is the function 

xlv = K,  Ivra,~ + x(I + Ko~lY)lvm,,:. 

The inverse slope is not the absolute maximum rate, Vmax, but the greatest rate possi- 
ble when the oxygen concentration is y. This rate we call V'max. 

v'm~x = Vmlx[(I + KoJy). 

Similarly, the Michaelis "constant," K '  x, calculated from the quotient of the inter- 
cept and the slope, is not the true Michaelis constant, Kx, but the following function 
of the concentration of oxygen: 

K ' ,  = K®/(I + Kos/y ). 

I t  is apparent that K'~ is the concentration of xanthine such that the rate is half of V'm~. 
At pH 8.3 and 25 ° the true Michaelis constants that best fit the data mentioned 

above are K~ -~ 36 • IO -6 M and K0, = 24o- IO -s M. (It is coincidental that K0, 
is the solubility of oxygen in water for Pos ----- o.2 atm at 25°.) In confirmation of this 
analysis is the Michaelis "constant" for xanthine of 2o • lO -6 M that GOTFREUND AND 
STUaTEVANT 2 obtained for a concentration of oxygen of 6oo • lO -6 M at 25 ° and pH 
8.o. Our studies of pH dependence indicate that the latter decrease in pH reduces K~ 
by about 15 %, to 31 • lO -6 M. Using the following formula derived from the condi- 
tion v/v'msx = 1/2, 

I + Ko2/y I 

I + K , / K ' ,  + Kos/y = 2" 

we obtain K ' ,  ~ 22 • I0 -e M, in excellent agreement with the experimental value of 
GUTFREOND AND STURTEVANT. These authors have also "estimated" a Michaelis 
"constant" for oxygen, but this has been done under experimental conditions 
so unfavorable to its evaluation as to produce a result that is misleading, as reflected 
in the following discussion. 

In our kinetic scheme and that of GUTFREUND AND STURTEVANT, the maximum 
turnover is related to the rates of "dissociation" of the Michaelis-Menten intermedi- 
ates by 

max.  turnover  = vmax/e = 1~(l/ks+ 1~ks). 

For this equation to hold, the concentrations of xanthine and oxygen must be well 
above the true Michaelis constants. Because the concentration of oxygen (600- lO -6 M)  
at which GUTFREUND ANn STORTEVANT obtained the turnover of 8 (±0.5) sec -1 is 
closer to Ko, than they expected, their rate is lower than the maximum turnover by 
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about 4 ° %. Furthermore, the apparent agreement that  these authors have found 
between the observed turnover and that  computed as above from observed rates is 
the result of an error in that  calculation. In fact, a calculation based on their data 
yields 7-o5 sec -1, not 7.88 sec-l.While we are concerned about the disparity between the 
turnover numbers evaluated in different ways, we at tr ibute it to the inaccuracies 
involved in estimating the concentration of enzyme used in calculating the turnover 
from the rate of production of uric acid, and not to an error in the relationship given 
above. 

With respect to our estimations of concentration of enzyme, a few points should 
be mentioned briefly. As the preparations of xanthine oxidase aged they became less 
active, and both the activity-to-protein and activity-to-flavin ratios decreased. How- 
ever, for reactions lasting only a few minutes, the rate determinations were not af- 
fected, provided that  the changes in flavin absorption were computed in terms of 
the absorption changes that  occurred with dithionite rather than in terms of total  
absorbancy at 450 m#. Likewise, in measuring production of uric acid and utilization 
of xanthine, solutions were always compared on the basis of their enzymic activity, 
as assayed at pH 8.3 in dilute solutions of enzyme. Finally, it should be recalled that  
since no assays for flavin, molybdenum, and iron were conducted, we did not meas- 
sure an independent turnover number; rather the one obtained by  Avis 
et aP. was used by  us to determine the concentration of active enzyme. 
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