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bonds to oxygen at C-6 and nitrogen 
atom No. 7 (N-7) by analogy with sim- 
ilar heterocyclic systems ( I I )  . 

The kinetics of the enzyme-cataiyzpd 
reaction have been studied extensively, 
and some of the characteristic constants 
are summarized in Table I. Additional 
linkage sites on the enzyme have been 
suggested from an examination of the 
pH dependence of the Michaelis con-
stant and the maximal velocity (14) of 
the enzyme-catalyzed disappearance of 
urate. The two sites, one acidic and one 
basic, have ~ K A ' s  of 7.5 and 9.2, respec-
tively, and have been tentatively identi- 
fied as an a-amino and an €-amino (or 
phenolic hydroxy) group of the protein 
(12, I f j ) .  Confirmation of this postulate 
and additional information have been 
derived from a study of the inhibition of 
rnqmatic action excrted by a large 
number of 2,G,X-trisubstituted purines. 
This inhibition was found to be competi- 
tive to urate in all cases where it occurred 
at a11 (see Table 2) and thus permitted 
us to draw conriusions with respect to 
the sir~tctural parameters necessary for 
the formation of an effective enzyme-in- 
hibitor complex. 

Thus two binding sites, one cationic 
and linking the protein to the substituent 
at  C-2, and one neutral, providing the 
link between protein and the substituent 
a t  C-8, have been identified. It is tempt- 
ing to equate these two binding sites 
with the €-amino (or phenolic hydroxyl) 
and a-amino group that we referred to in 
the previous paragraph. 

Products and Intermediates 

The availability of the highly purificd 
enzyme has permitted us to establish 
the stoichiometry of the over-all reaction 
carried out by the enzyme. In phosphate 
or tris(hydroxymethy1)aminomethane 
buffers in the pH range between 7.0 an4 
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Although the t5nzyme uricase jurico-
oxidase) has now been known for some 
50 years ( I )  and numerous extensive 
purification procedures have been de-
scribed in the literature (2, 31, its mode 
of action and even the exact nature of 
the reaction it catalyzes has remained 
somewhat obscure until fairly recently. 
Investigations concerning the mechanis I 

may be said to have had their inception 
with the demonstration by Schuler ( 4 )  
that oxidation of mate (U-) may occur 
without the simultaneous liberation of 
carbon dioxide. Praetorius (5) provided 
evidence that in nonborate buffers at  
least two short-lived but spectroscopically 
distinct complexes intrrvened between 
urate and allantoin, while a different 
path was followrd in borate buffer. Bent- 
ley and Neuberger (6) showed conclu- 
sively by means of isotopic tracers that 
all the carbon dioxide had its origin in 
carbon atom No. 6 (C-6) of the uric 
acid ~nolecule and that the enzyme func- 
tioned as an aerobic dehydrogenase, in- 
asrnucll as none of the oxygen used in 
the reaction was incorporated into the 
product allantoin. Thus, the reaction 
catalyzed by the cn7yme was formulated 
as follo.c\~s (6)  : 

1 borate 

X 
Oa + 2e- t 2Hf -+H10, 

(1) 

The enzyme has now been obtained in 
good yield from pig-liver particles and 
purified to a state approaching homoge- 
neity (7). Thus it has been possible to 
investigate scvcral of the outstan4ing 

19 OCTOBER 1956 

Enzymatic Oxidation 

of Urate 
H. R. Mahler, Harold M. Baurn, Georg Hiibscher 

problems concerning its mode of action 
(8). This report is a summary and ex-
tension of some of these findings (9) .  

Active Site on the Enzyme 

L'ricase was identified as a cupro-
protein containing 0.05 percent copper, 
corresponding to 1 gram atom of the 
metal per mole of enzyme (4120,000 
grams). The metal is bonded very tena- 
ciously by the enzyme protein and cannot 
be dissociated even in 5 percent tri-
chloroacetic acid or by dialysis against 
strong copper-chelatinq agents (10). 
Thus it has not been possible to conduct 
experiments on the reversible dissocia- 
tion of the holoenzyme and reactivation 
of the apoenzynie. Nevertheless, copper 
has been assigned as one of the sites 
binding the substrate to the enzyme on 
the basis of the following evidence. ( i )  
There is parallelism of increase in copper 
content and specific en~ymatic activity 
during purification (7) .  (ii) Urate, like 
other purines, is capable of chelation with 
metals ( I  I ); among these chelates, those 
of copper are among the most tightly 
bound (12, 13). (iii) The enzyme is 
inhibited by cyanide (2) and by other 
metal-complexing agents, which, like 
cyanide, are also capable of acting as 
reducing agents (7 ) .  (iv) These inhibi- 
tions are either completely or partially 
overcome in the presence of *rate at  10w 
concentration (7 ) .  (v)  The spectroscopi- 
cally identifiable cornplex of diethyl,di- 
thiocarbamate, copper, and enzyme, 
which is formed by dialysis of the enzyme 
against the chelating agent, is dissociated 
in the presence of urate. The linkage to 
copper is believed to bc through cch1at.e 



9.0, this stoichiometry is strictly that of 
reaction 2: 

uricasc 
U- t0%.+ 3H20 -+ 

allantoin . Hz02 t HC03- (2)  

The product is written as a stoichiometric 
complex of allantoin and hydrogen per- 
oxide, inasmuch as mild treatment pcr- 
mits its isolation and recrystallization. 
Upon chromatography, solvent extrac-
tion or, most efficiently, treatment with 
catalase, the complex is decomposed with 
the resulting production of allantoin. In  
practice, for the large-scale isolation and 
identification of allantoin, the oxidation 
is performed in the presence of catalase 
and ethanol (16) .  Under these condi- 
tions the reaction measured becomes re- 
action 3: 

uiicase 
U-+  S O , -tethanol t 2Hy0---+ 

catalase 
allantoin t HC0.c+ acetaldehyde (3) 

We have been able to confirm the com- 
plete conversion of urate C*-6 to 
HC"0,- ( 6 )  and the ecjnally complete 
retention of C"-2 and C-'-8 in allantoin 
( 1 7 ) .
\ , 

In  borate buffer, in addition to re-
action 2, urate is oxidatively decomposed 
by alternative reactions. Cannelakis and 
Cohen (19) have shown that the other 
main reaction is as follo\vs: 

uricase 
U- t0%i3HzO ---+ 

U1DC'-t Hz02 ( 4 )  

The product UIDC (5-ureido-2-imidazo- 
lidone-4,5-diol-4-carboxylate)is unsta-
ble, especially in the absence of borate, 
and decomposes according to reaction 5 : 

UIDC +alloxanic acid turea (5 )  

By the use of relatively rapid sppctro- 
photometric techniques in studies of the 
possible intermediates during uric acid 
oxidation, we have made the folio\\,ing 
determinations. ( i )  The formation of 
intermediates I and I1 (5) is confirmed. 
(ii1 At low urate concentrations, inter- 
mediate I is formed enlymatically br 
first-order kinetics; its rate of appearance 
equals exactly the rate of urate dis-
appearance. (iii) ]%'hen enzyme action 
is stopped--for example, In the presence 
of 10-A 121 cyanide-the formation of 
intermediate I ceases immediately, and 
its ratc of disappearance may then bc 
s t u d i ~ dwithout additional complications. 
(iv) Intermediate I is decomposed spon- 
taneously and reversibly to intermediatc 
I1 in a noncnzymatic reaction; this IC-

action is first order with respect to inter- 
mediate I and is pH-dependent. ( v )  In- 
termediate I is formed in borate buffer 
as well as in nonborate buffers, but its 
f1r.t-ordpr rate of disappearance in the 
former is vastly enhanced, especially at  
moderate pH; I1 is not an intermediate 

in the borate-sensitive reaction. (vi) Dur- 
ing the initial phases of the reaction in 
nonborate buffers, all the urate added 
can be accounted for as unchanged urate, 
as intermediate I ,  or as intermediate I1 
(assuming approximately equal E,,, for 
all three compounds). 

The ultraviolet absorption spectra of 
intermediates I and I1 have been studied 
in some detail. Intermediate I (A,,,,= 
305 mp; F,,,, = = 10,000) shows two 
"spcctrophotometrically operable" (20) 
ionizations with acid dissociation con-
stants of approximately 4.5 (carboxyl 
group?) and 2 11.5. In the presence of 
divalent metals, especially Cut+ and 
Co++, its rate of decomposition to inter- 

mediate I1 is greatly decreased (t,,, l 
20 min) ,  presumably by formation of 
metal complexes. Neither the pK's nor 
the spectrophotometric characteristics of 
the compound appear to be affected by 
this complex formation. Intermed~ate I1 

= 260 m,L; cn17,- t 0,000) also 
shows two "spectrophotometrically oper- 
able" ionizations. The PIG'S are 5.5 and 
112. The  transition owing to the latter 
ionization ( ~ m n= 30,000 at  260 mp) 
appears to be irreversible and leads to 
the destruction of the compound. An 
analogous spectrophotometrically observ- 
able transition is brought about by the 
addition of certain metals (Cot+, Ni++, 
or Cu++, but not Fe++, 51gi+, or Mn++) 

E>cu 
OH- On-J0:;,+ 

HN-

H / 

UREA 

ALLOXAHATE U l O C  

Fig I .  Scheme representing transformations. 
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leading to the formation of rcasonably 
stable metal chclates (h,,, = 275 my; 
Emax 30,000). 

Reactions Catalyzed by the Enzyme 

and Subsequent Chemical Events 

I t  is believed that the scheme shown in 
Fig. 1, although it is speculative in cer- 
tain instances, represents adequately the 
transformations described so far, and 
that it is based on rcasonably firm experi- 
mental bases in the realms of enzyme 
chemistry, inorganic chemistry, and or-
ganic chemistry. Thus, the enzyme-cop- 
per complex is presented as 

because, by analogy with the correspond- 
ing aquco-complexes, this would appear 
to be the most reasonable structure in 
the p H  range under consideration (21) . 
I t  is also in accord with the p H  depend- 
ences of the binding of uratc and cyanide 
to the cn~vme.  The renresentation of the 
dehydrogenation reaction as leading from 
a carbanion to a carbonium ion is in 
accord with Bentlcy and Neubcrgcr's 
postulate (6, 18) ,  as are the ring-con- 
traction reaction of the carbonium ion. 
a transformation amply documented in 
organic chemistry (22) (Wagner-Meer- 
wein rearrangement), and the structure 
of intermediate I (Fig. 1) .The reversible 
carboxvlation reaction similarlv is one 
not without precedent in organic chemis- 
try (23) ,  for it is analogous to the de- 
carboxylations: of 8-ketonic acids (24) .  
Numerous other compounds have been 
suggested as possible intermediates at 
one time or another. Of these, uric acid- 
5,6-glycol (25), 5-hydroxy-3,7-dioxo-
2,4,6,8-tetraazabycyclo . (3,3,0) . octane-
I-carboxylic acid (hydroxyacetylene di- 
ureido carboxylic acid, HDC)  (6,18,26) 
and uroxanic acid (27) were prepared 
and tested under the reaction conditions 
used. They were all excluded as obliga- 
tory intermediates, since they were either 
stable or gave rise to products other than 
allantoin. 

Mechanism of the Oxidation Reaction 

The transfer of electrons from urate 
to oxygen as catalyzed by the enzyme 
presents an interesting problem. A pos-
sible mechanism would be the reversible 
reduction and reoxidation of the enzvme- 
bound copper. This was suggested as the 
most plausible mechanism for the analo- 
gous oxidations effected by other cupro- 
enzymes (28). This mechanism is prob- 
ably not operative as such in the present 
case. Since there is only one copper atom 
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Table 1. Kinetic constants (14) of highly purified uricase (8) [0.01M tris(hydroxy- 
methyl)aminomethane buffer at 20°C] and acid dissociation constants of binding sites 
on enzyme and enzyme-substrate complex. 

Constant 

Kinetic constants 
V',,,,, = ku[Et] (pH-independent maximal velocity) 

k3 (assuming a molecular weight of 100,000) 

KES (pH-independent Michaelis constant) 

KSS (excess substrate inhibitor dissociation constant) 


Value 

1.7 X 1 0-2ymole X mind X yg-' 
of enzyme 

1.7 x 10" mind 
1.7 x 10-6M 
4.0 x i 0 - 4 ~  
1.24X lo4 cal x mole"AE (activation energy) 

Acid dissociation constants 
$KILL 
PKhs 
PKacq 
fiKhhs 

per enzyme molecule, and since the 
kinetic measurements definitely suggest 
that a single enzyme-uratc complex is 
involved in the rate-limiting step, this 
~vould entail the removal of 1 electron at  
a time from urate (29)-that is, the 
transformations summarized in reaction 
6 involving the semiquinoid free radical 
7 7 

Unless the affinity of the free radical 
for the enzyme is exceedingly great, one 
~vould expect the formation of rearrange- 
ment and polymerization (that is, 
dimers) products of urate. No evidence 
for such products has ever been obtainrd 
in the reaction under consideration. An- 
other possible mechanism is one dis-
covered by Chance for the hydroperoxi- 
dases (30) and suggested as being ap- 
plicable to a variety of other dehydrogen- 
ation reactions as well (31 ) . 

This mechanism has as a consequence 
the direct proportionality of Ks, the 
Michaelis constant for the substrate 
(urate),  to the acceptor ( 0 , )  concen-
tration. This question has been investi- 
gated, and no such dependence has been 
found. As a matter of fact the Ks in pure 
oxygen was lower than the corresponding 
constant in air. 

All the experiments on the kinetics of 
the oxidation of the only two substrates 
acted on by the enzyme-urate and 2,G-
dioxy-8-aminopurine (the latter being 
oxidized at about 10-3 the rate of the 
former)-are consistent with the hypoth- 

esis that the actual electron transfer 
occurs within a ternary complcx of sub- 
strate, enzyme, and acceptor. A possible 
elaboration of this hypothesis is pre-
sented in the following reaction. 

=o 
URATE O= 

0-
+2 

--E?Cu<
1 0  

O= PRODUCTS 

The metal is probably in the oxidized 
form in the catalytically active complex. 
Substances that are capable of both com- 
plexing and reducing the copper from 
the cupric to the cuprous form are effec- 

Table 2. Enzyme-inhibitor dissociation 
constants for uricase-2,6,8 trisubstituted 
purine complexes (all in 0.01M tris-borate 
at pH 8.5) .  

Substituent in position 
-- --. KI ( M )  

2 6 8 
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vision of a few great men, among rvhom 
was Alnedeo Avogadro. 

The recognition by Avogadro of thc 
distinction between atoms and molecules 
was the key which opened the trrasur) 

Amedeo Avogadro of structural chemistry: a treasury I\ hose 
riches are not yet exhaustcd. Thc cstab- 
lishrnent of the true doctrine about the 
nature of the particles of the elementark 
qases rendered possible the development 
o f  the kinetic theory and the undrrstand- 
ing of the energy relationships of thesr 
particles. 

T\2 o thousand years ago Lucretius in for attachment to others, and r~t.11 an On this basis !\as founded the stud! 


Rome expounded the doctrine of atoms. unpredictable "clinamen" or s\\ erve, not only of thr structure of substances 


He  expressed in immortal language the which is a sort of fantastic anticipation but of the functional relationships that 


speculations of the Greek philosophers, of the uncrrtainty principle of quantum govern chemical change: chemical kin- 


and he described with the vividness of a mechanics. etics. A true doctrine of molecules was 


great poet the movements, the unions This was magnificent and reprrsented the necessary precursor of what may 


and separations of the tiny corpuscles of a wonderful intuitive insight into the 

which he conceived all things to be com- working of nature, but it was not science This article, by Cyril Hinshelwood, and the fol- 


lowing one, by Linus Pauling, are based on ad-

posed. The atoms had many qualities There was no link with quantitative cx- dresses siven in Rome on 6 June, when the .4cca- 

xvhich modern science assurnes even perimentation, the construction of 1%hich delnia Nazionale dei XL commemorated the cen-


connection was lacking until rnodeln tenary of the death of Avogadro. At the ceremony, 
today. Vigorous motion under the ap- a new medal, commemoratine .4vogadro, was pre-

pearance of rest, penetration of heat and times. Then, one mipht say suddenh. the sented by the Academia, for the first time, to Sir 

cold depending on this movement, hoolis \cience of chernistrl \ \as  c~catcd b\ thc Cyril and to Dr. Paulins. 
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