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Enzymatic Oxidation

of Urate

H. R. Mahler, Harold M. Baum, Georg Hiibscher

Although the enzyme uricase (urico-
oxidase) has now been known for some
50 years (I) and numerous extensive
purification procedures: have been de-
scribed in the literature (2, 3), its mode
of action and even the exact nature of
the reaction it catalyzes has remained
somewhat obscure until fairly recenily.
Investigations concerning the mechanis:m
may be said to have had their inception
with the demonstration by Schuler (4)
that oxidation of urate (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 intervened between
urate and allantoin, while a different
path was followed 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 molecule and that the enzyme func-
tioned as an aerobic dehydrogenase, in-
asmuch as none of the oxygen used in
the reaction was incorporated into the
product allantoin. Thus, the reaction
catalyzed by the enzyme was formulated
as follows (6):

- 2e
U~ —> U*—> I = II = allantoin + CO.

borate

X
Os+ 2 +2H" —> H:0. 1

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

Uricase was identified as a cupro-
protein containing 0.05 percent copper,
corresponding to 1 gram atom of the
metal per mole of enzyme (~ 120,000
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-chelating agents (10).
Thus it has not been possible to_conduct
experiments on the reversible dissocia-
tion of the holoenzyme and reactivation
of the apoenzyme. 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 enzymatic activity
during purification (7). (ii) Urate, like
other purines, is capable of chelation with
metals (11); among these chelates, those
of copper are among the most tightly
bound (72, 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 urate at low.

concentration (7). (v) The spectroscopi-
cally identifiable complex 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 be through chelate

bonds to oxygen at C-6 and nitrogen
atom No. 7 (N-7) by analogy with sim-
ilar heterocyclic systems (11).

The kinetics of the enzyme-catalyzed
reaction have been studied extensively,
and some of the characteristic constants
are summarized in Table 1. 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 pKu4’s of 7.5 and 9.2, respec-
tively, and have been tentatively identi-
fied as an ¢-amino and an g-amino (or
phenolic hydroxy) group of the protein
(12, 15). Confirmation of this postulate
and additional information have been
derived from a study of the inhibition of
enzymatic action exerted by a large
number of 2,6,8-trisubstituted purines.
This inhibition was found to be competi-
tive to urate in all cases where it occurred
at all (see Table 2) and thus permitted
us to draw conclusions with respect to
the structural 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
at C-8, have been identified. It is tempt-
ing to equate these two binding sites
with the g-amino (or phenolic hydroxyl)
and a-amino group that we referred-to in
the previous paragraph.

Products and Intermediates

The availability of the highly purified
enzyme has permitted us to establish
the stoichiometry of the over-all reaction
carried out by the enzyme. In phosphate
or  tris(hydroxymethyl)aminomethane
buffers in the pH range between 7.0 and
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9.0, this stoichiometry is strictly that of
reaction 2:

uricase
U™+ 0.+ 3H.0O —
allantoin - HoO: + HCO4"

(2)

The product is written as a stoichiometric
complex of allantoin and hydrogen per-
oxide, inasmuch as mild treatment per-
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 (I6). Under these condi-
tions the reaction measured becomes re-
action 3:

uricase
U+ % 0. + ethanol + 2H,O ———>
catalase

allantoin + HCOj™ + acetaldehyde (3)

We have been able to confirm the com-
plete conversion of urate C*-6 to
HC*O,4~ (6) and the equally complete
retention of C¥*-2 and C*-8 in allantoin
(17).

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 follows:

uricase
—

UIDC + H:0.  (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:

U +0:+ 3H-0

UIDC — alloxanic acid + urea (5)

By the use of relatively rapid spectro-
photometric techniques in studies of the
possible intermediates during uric acid
oxidation, we have made the following
determinations. (i) The formation of
intermediates I and II (5) is confirmed.
(ii) At low urate concentrations, inter-
mediate I is formed enzymatically by
first-order kinetics; its rate of appearance
equals exactly the rate of urate dis-
appearance. (iii) When enzyme action
is stopped—for example, in the presence
of 10-* M cyanide—the formation of
intermediate I ceases immediately, and
its rate of disappearance may then be
studied without additional complications.
(iv) Intermediate I is decomposed spon-
taneously and reversibly to intermediate
II in a nonenzymatic reaction; this re-
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
first-order rate of disappearance in the
former is vastly enhanced, especially at
moderate pH; II is not an intermediate
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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 II
(assuming approximately equal €max for
all three compounds).

The ultraviolet absorption spectra of
intermediates I and IT have been studied
in some detail. Intermediate I (Amax=
305 mp; &max=-==10,000) shows two
“spectrophotometrically operable” (20)
ionizations with acid dissociation con-
stants of approximately 4.5 (carboxyl
group?) and == 11.5. In the presence of
divalent metals, especially Cu* and
Cot+, its rate of decomposition to inter-
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Fig. 1. Scheme representing transformations.
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leading to the formation of reasonably
stable metal chelates (Amax=275 mu;
emax == 30,000).

Reactions Catalyzed by the Enzyme

and Subsequent Chemical Events

It 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 reasonably 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

OH
E> Cu
OHz

because, by analogy with the correspond-
ing aqueo-complexes, this would appear
to be the most reasonable structure in
the pH range under consideration (27).
It is also in accord with the pH depend-
ences of the binding of urate and cyanide
to the enzyme. The representation of the
dehydrogenation reaction as leading from
a carbanion to a carbonium ion is in
accord with Bentley and Neuberger’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
carboxylation reaction similarly is one
not without precedent in organic chemis-
try (23), for it is analogous to the de-
carboxylations of B-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-
1-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 enzyme-
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

Value

Kinetic constants

V'max = ks[Et] (pH-independent maximal velocity)

ks (assuming a molecular weight of 100,000)

Kus (pH-independent Michaelis constant)

Kss (excess substrate inhibitor dissociation constant)

AE (activation energy)
Acid dissociation constants
pKaxn
pKbvr
pKans
pKbrs

1.7 X 10®umole X min™ X ug™
of enzyme

1.7 X 10°* X min™

1.7x10°M

4.0x 10™*M

1.24 X 10* cal X mole™

Lo
B ECECRE)

per enzyme molecule, and since the
kinetic measurements definitely suggest
that a single enzyme-urate complex is
involved in the rate-limiting step, this
would 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

U.

U-+Cu**E < [U-Cu™E]—>
[U.Cu'E] (6a)

[U-Cu*E]+ 0. —> [U - Cu*E]+ Os (6b)

[U - Cu*E] = [U*Cu*E] =
U*+Cu'E  (6¢)

Cu'E+Os = Cu™E+ O (6d)

Unless the affinity of the free radical
for the enzyme is exceedingly great, one
would expect the formation of rearrange-
ment and polymerization (that is,
dimers) products of urate. No evidence
for such products has ever been obtained
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).

U-+Cu*E < [UCu™E] (7a)

9H* + [UCu*E] + 0. =
[U*Cu™E] + H:0s  (7b)

[U*CuE] < U* +Cu™E  (7¢)

This mechanism has as a consequence
the direct proportionality of Ks, the
Michaelis constant for the substrate
(urate), to the acceptor (O,) 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 2,6-
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 complex of sub-
strate, enzyme, and acceptor. A possible
elaboration of this hypothesis is pre-
sented in the following reaction.

URATE 0=

E?Cu< __wN N>:o 012
fi“.,

N -
H
0 )
“3 /'\2 u/E‘_
N
H-N NN
=0
0= ) ~y
H
%}
02 =
N\ _E
“ \Cu/ -
I | 0
N #
H-N" > E>Cu<]
-0 s
O_—.k ~nN 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 cupri¢ to the cuprous form are effec-

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

Substituent in position

Ki (M)

2 6 8
—Cl -Gl —aql 8.0 x 107
~Ca —C —OH 1.3%10°
—OH —NH, —NH, 1.8x10°
—~OH —OH —H 1.2%10°®
—OH —OH —OH 2.3x10°®

—OH —OH —OH/(urate) 2.5x 10
(Ks at pH 8.5)

—Cl —NH. —OH 4.0x10°®
—OH —NH. —OH 1.5x10™
—NH, —NH; —OH 5x10*
—NH; —OH —NH: 0
—NH: —NH. —NH, 0
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tive inhibitors for the enzyme (7). Wil-
liams has accounted for the great cata-
lytic efficiency of cupric chelates on theo-
retical grounds (32). He postulates the
d-orbitals of divalent metal ions as form-
ing strong, continuous, overlapping mo-
lecular orbitals with the - and o-orbitals
of certain ligands. We may extend this
picture to include the substrate and ac-
ceptor in the present case. Electrons,
either singly or in pairs, may then be
capable of being transferred directly
from the former to the latter. The metal
is pictured as (i) providing a locus of
physical attachment for both moieties
of the catalytic complex, (ii) polarizing
the electrons, to be transferred, away
from the substrate by virtue of its strong
electrophilic character, and (iii) permit-
ting the actual interpenetrations of orbi-
tals which we have alluded to. The some-
what greater liability to dissociation from
the protein of the singly linked copper
within the ternary complex may provide
an explanation of two phenomena prev-
iously observed with other copper pro-
teins—the exchange of radioactive cop-
per with the copper of ascorbate oxidase,
which occurs only in the presence of sub-
strate and oxygen simultaneously (33),
and the “reaction inactivation” common
to many different cuproenzymes (28).
A somewhat similar picture has al-
ready been proposed to account for a
large number of obsérvations in the
metalloflavoprotein series (34). Its pos-
sible extension to other metallodehy-
drogenases, such as other cuproenzymes
and the zinc-pyridino-proteins, is now
under investigation in this laboratory.
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vision of a few great men, among whom
was Amedeo Avogadro.

The recognition by Avogadro of the
distinction between atoms and molecules
was the key which opened the treasury
of structural chemistry: a treasury whose
riches are not yet exhausted. The estab-
lishment of the true doctrine about the
nature of the particles of the elementary
gases rendered possible the development
of the kinetic theory and the understand-
ing of the energy relationships of these
particles. .

On this basis was founded the study
not only of the structure of substances
but of the functional relationships that
govern chemical change: chemical kin-
etics. A true doctrine of molecules was

_the necessary precursor of what may

This article, by Cyril Hinshelwood, and the fol-
lowing one, by Linus Pauling, are based on ad-
dresses given in Rome on 6 June, when the Acca-
demia Nazionale dei XL commemorated the cen-
tenary of the death of Avogadro. At the ceremony,
a new medal, commemorating Avogadro, was pre-
sented by the Accademia, for the first time, to Sir
Cyril and to Dr. Pauling.
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