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Uricase Reaction Intermediate. Mechanism
of Borate and Hydroxide Ion Catalysisf

O. M. Pitts and D. G. Priest*

ABSTRACT: It has been previously shown that an intermediate
is produced during the uricase reaction which absorbs strongly
in the ultraviolet (uv) region where uricase is typically
assayed (293 nm). A thorough knowledge of the kinetics of
this intermediate is mandatory for detailed spectrophoto-
metric study of the uricase reaction. The decay rate of this
compound has been shown by others to be enhanced by borate
and hydroxide ions. The present studies show that this decay
rate is not influenced by changes in oxygen or uricase concen-
tration. Kinetic studies with both borate and hydroxide ion

Iransitory intermediates have been reported to occur
during the uricase, urate:oxygen oxidoreductase (EC 1.7.3.3),
catalyzed oxidation of urate (Praetorius, 1948 ; Mahler et a!.,
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indicate that they act catalytically by independent, parallel
processes. Both catalysts show saturation behavior over the
concentration range studied but only if the temperature is
above 23°, Activation parameters for the separate processes
are reported. An empirical rate equation has been obtained
and a partial mechanism proposed for each catalyst. It is
further shown that the previously reported substrate inhibition
with urate was due to the accumulation of intermediate
and is not an inherent property of the enzymic catalysis.

1956). One of these intermediates absorbs strongly in the
region 270-330 nm and thus may interfere with the commonty
used spectrophotometric assay at 293 nm (Priest and Pitts,
1972). Structure I has been proposed for this intermediate,
1-carboxy-2,4,5,8 -tetraazabicyclo[3.3.0]octa -4-ene- 3,7 -dione
(Mabhler et al., 1956). Borate and hydroxide ions enhance the
decay of this intermediate to stable products (Praetorius,
1948). Detailed kinetic studies of the uricase mechanism of
action necessitate a thorough prior understanding of the
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behavior of this intermediate. This paper describes studies
concerning the components of both the intermediate decay and
enzyme-catalyzed reactions, the catalytic behavior of borate
and hydroxide ions on the intermediate decay reaction, and the
temperature perturbation of the intermediate decay mecha-
nism. Mechanisms are proposed which account for all of the
results obtained.

Experimental Procedures

Uricase was obtained from Worthington Biochemicals,
Sigma, and Boehringer-Mannheim Corp. The Boehringer-
Mannheim preparation (4.5 units/mg) was used for the major-
ity of these studies without further purification.

Uric acid was obtained from Calbiochem. Three-milliliter
samples of 100 uM urate in glycine or borate buffers were
routinely used. An es® of 1.22 X 10¢ for urate (Kalckar,
1947) was used throughout. Oxygen—nitrogen mixtures were
obtained from Maloney Distributing Co., Charleston, S. C.,
and used to equilibrate reaction mixtures in Thunberg cuvets
(Priest and Fisher, 1969). A Beckman Acta III spectrophotom-
eter was used in the double beam mode for these studies. The
thermostated cell chamber was maintained at the proper
temperature by circulating water. A Medspec mass spectrom-
eter was used in the studies of O, uptake and CO; evolution.

To follow the decay reaction, the intermediate was routinely
generated in situ by the addition of 100 ul of uricase containing
0.1 mg/ml to 3.0 ml of 100 um urate in 3.0-ml cuvets. After 30
sec a sufficient volume of a 19, KCN solution was added to
stop the enzymatic production of the intermediate compound
(Baum et al., 1956). The decay was followed at 302 nm at
temperatures from 23 to 46°. Modifications of this general
procedure are shown where appropriate.

Results

Several investigators (Mahler er al., 1956; Cannelakis and
Cohen, 1955) have studied reaction intermediates produced
during the uricase-catalyzed oxidation of urate. Based on
symmetry considerations from isotope exchange studies and a
pK. in the carboxylic acid region of 4.5 the primary compound
was deduced to be compound I. The proposed structure
assumes an oxidation by O, during the course of the enzyme-
catalyzed reaction. Release of CO, during the intermediate
breakdown was suggested by Klemperer based on observations
using manometric techniques (Klemperer, 1945). Using a
mass spectral technique, we have confirmed the uptake of O,
during the enzyme-catalyzed reaction and the evolution of
CO, during the decay of the intermediate (Figure 1). Following
enzymatic generation of approximately 15 uM intermediate,
KCN was added to block any further increase in the inter-
mediate concentration. The detector was set to monitor both
0O, and CO, partial pressures simultanéously. It can be seen in
Figure 1 that O, utilization ceased upon addition of KCN.
Thus, while O, is utilized during the enzymatic production of
the intermediate, the decay reaction is independent of Q. On
the other hand CO. continues to be evolved after complete
inhibition of the intermediate production.

180 =125
§ \ ¢ 0o 9 Y o—0—0 o §
I3 E
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FIGURE 1: Study of changes in Po, (O) and Pco, (@) during inter-
mediate decay reaction. Urate solutions (100 um) were prepared in
0.1 M phosphate buffer at pH 6.5 and 23°, At time zero, 30 ul of
uricase (2.0 mg/ml) was added; 100 ul of 19 KCN was added at
the time shown to the 3.0-ml reaction cell.

By structural.analogy, it was assumed that CN~ interacted
with the O; site on the enzyme, thus preventing binding at this
site. This assumption does not preclude the possibility that the
intermediate species could interact with the enzyme at a posi-
tion other than the O, site. Should this occur, the enzyme
could affect the intermediate decay reaction. Results shown in
Figure 2, however, indicate that such a mechanism is not
operable. The intermediate was generated enzymatically, KCN
added, and the first-order decrease in ultraviolet (uv) ab-
sorbance at 302 nm used to follow intermediate decay. It can
be seen that the half-life of 87 sec in aqueous solution was
totally independent of the KCN-inhibited enzyme concentra-
tion. To test further the possibility that O, participates in in-
termediate breakdown, reaction cells were flushed thoroughly
with 1009 O; and experiments similar to those described
in Figure 2 were conducted. Figure 3 indicates that no en-
hancement of the rate of intermediate breakdown is observed
nor is the order of the reaction altered. It thus appears that
during the enzyme-catalyzed process (reaction 1) urate is
oxidized by O, producing a species consistent with that pro-
posed by Mahler (1963). This compound subsequently decays
by a first-order process which is independent of O, or uricase.
Cannelakis and Cohen (1955) have shown that the final
products of this decay reaction can vary depending upon the
absence (reaction 2) or presence (reaction 3) of borate.

Reaction 2 is reportedly enhanced by hydroxide ion (Prae-
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FIGURE 2: Effect of uricase concentration on intermediate half-life.
Intermediate was generated at pH 9.0 with uricase concentrations
from 0.01 to 0.13 mg/ml; 50 ul of a 1% KCN solution, sufficient
to completely block urate disappearance, was added with adequate
borate to give the final concentration shown. The uv decrease at
302 nm was monitored at 23°.
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FIGURE 3: The effect of oxygen tension upon the apparent first-
order rate constant for the intermediate decay reaction. Urate solu-
tions were equilibrated with 1009 O, in sealed Thunberg cuvets.
Intermediate was generated typically to a level of 15 uM. The various
conditions are identified by (O) 0.0 mm borate—atmospheric oxygen,
(®) 0.0 mm borate-100%; oxygen, (A) 1.6 mM borate-atmospheric
oxygen, and (4) 1.6 mm borate-100%, oxygen.
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torius, 1948; Mahler er al., 1956). While borate was presumed
to function catalytically (reaction 3) it remained unclear
whether hydroxide ion functioned stoichiometrically or
catalytically in this hydrolysis reaction. Figure 4 shows that
the decay reaction follows first-order kinetics over the entire
time course. This is true over a broad range of hydroxide ion
concentrations even at or below those equivalent to the
intermediate (=15 uM). Since hydroxide ion shows a potent
stimulatory effect we conclude that its function is quite likely
catalytic.

Prior to the studies on the mechanism by which borate
catalyzes breakdown of the intermediate, it was established
that its presence does not create a dependence on enzyme or
O, concentration (Figures 2 and 3). That the reaction is

30

o | ]
100 200
TIME {sec)

FIGURE 4: First-order decay of intermediate as a function of hy-
droxide ion concentration. Conditions were as in Figure 2 except
(0) 1.0 X 1078 M, (@) 10.0 X 107 M, (A) 40.0 X 10~ M, and (4)
100.0 X 10~% M hydroxide ion concentrations were used.
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FIGURE 5: First-otder decay of intermediate as a function of borate
concentration at 23 and 36°, Conditions were as in Figure 2 except
(0) 0.16 mm and 23°, (T) 1.6 mm and 23°, (A) 8.0 mm and 23°,
(@) 0.16 mm and 36°, (m) 1.6 mm and 36°, and (&) 8.0 mMm and 36°
borate concentrations and temperatur es were used.

strictly first order in the presence of a range of borate con-
centrations can be seen in Figure 5. It is thus concluded that
both borate and hydroxide ion function catalytically and do
not alter the stoichiometry of the reaction.

To obtain information with regard to the mechanism by
which these two catalysts act, an empirical rate equation was
developed. To decide whether borate and hydroxide ions act
independently or in a cooperative manner, experiments were
performed in which hydroxide ion concentration was varied
over a wide range in the presence of borate. Figure 6 shows
that plots of the apparent first-order rate constant, kapp, US.
hydroxide ion concentration at several borate concentrations
are parallel. Thus, rate equation terms containing the product
of borate and hydroxide concentration are precluded. Con-
sidering the first-order disappearance of the intermediate, the
simplest form of an empirical rate equation in the presence of
both hydroxide and borate is given by

—d[I
Vd‘![“] = Kappll] €Y
kapp = (ko + koulOH™] + kp[borate]) (5)

It was desirable to determine whether or not the catalytic
constants kom and kp were individual rate constants or ac-
cumulations of rate constants. The temperature perturbation
of these constants was thus examined over the range 23-46°.
Since the hydroxide-catalyzed reaction could be-examined
independently of borate, this system was tested first. Figure 7
shows that plots of kapp vs. hydroxide ion concentration
become nonlinear at higher temperatures. These hydroxide
ion concentrations have been corrected for the change in the
ionization constant of water with temperature. The saturation
kinetics with hydroxide ion concentration can be described by
the introduction of an additional empirical constant.

»‘7}1’[5 — (ko + koxlOH-D(I] ®)
o

= — 7

Kou {5 J[OR] )]

It can be noted that the reciprocal form of eq 7 is linear. Such
linear reciprocal plots were used to estimate the empirical
constants, &, and k», shown in Table I.
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TABLE 1: Catalytic Constant Assignments for Empirical Rate
Equation 10.

Temp

°O) ko ky ko ks ky
23 0.002 500 12,500 3.70 10.0
36 0.005 2300 50,600 6.25 60.0
46 0.010 4350 61,000 9.50 114.0

When borate was added to the system at constant pH,
similar nonlinear behavior was observed at the higher tem-
peratures. The results presented in Figure 8 are calculated in
terms of total added borate concentration. When borate anion
concentration was corrected for the temperature dependence
of the ionization constant, similar but not as pronounced
nonlinearity was observed. The results shown in Figure 8 can
be fit by the empirical relationship shown in eq 8 and 9. A

—d[I] k[OH"]
arrale (ko + 1T £IOH=I + *OH + kB[borate]>[I] (8)
ks

ks ®

- 1 4+ k borate]

linear reciprocal relationship was again used to estimate the
constants, k; and &, (Table I).

The following empirical rate equation (10) will describe the
behavior of the intermediate decay over all conditions of
borate and hydroxide ion concentration and temperature
studied.

—d
L (ko +

k[OH]
1 + &,[OH]

kifborate)
1 + ky[borate]

>[I] (10)

All lines in Figures 7 and 8 were calculated using eq 10 and the
constants shown in Table I.

Temperature perturbation data allowed estimation of
activation parameters for each of the three processes: (1) the
borate and hydroxide ion independent reaction, (2) the borate-
catalyzed reaction, and (3) the hydroxide ion catalyzed reac-
tion. Linear Arrhenius plots were obtained in all cases. Values
for free-energy, enthalpy, and entropy of activation are pre-
sented in Table II.

Hydroxide and borate independent estimates were obtained
from extrapolations of ks, vs. hydroxide ion concentration to
zero hydroxide ion concentration. Care was taken to obtain
estimates of the activation parameters for each of the three
processes which were independent of catalyst concentration.

TABLE I1: Activation Parameters for Intermediate Breakdown
at 23°,

Reaction AGT AHT AS¥
Medium (kcal/mol)  (kcal/mol) (ew)
Water 20.9 13.5 —25.2
Hydroxide 19.8 10.8 —31.0
Borate 19.7 2.5 —58.0

~ 4o
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;]
=
x
s 20
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FIGURE 6: Apparent first-order rate constant as a function of borate
and hydroxide ion concentration. Borate concentrations were
(0) 0.0 mm, (@) 1.6 mM, and (A) 3.2 mm.

Concentration dependence was observed at low catalyst
concentrations, but essentially no change was detected above
3.0 X 10~5m hydroxide ion and 1.6 X 10~2 m borate.

Because the accuracy of the spectral determination of the
rate of urate decrease (reaction 1) at 293 nm depends upon the
relative accumulation of intermediate in the reaction mixture,
the observation that borate exhibits saturation behavior
raised questions as to the interpretation of the uricase kinetics
taken under conditions in which it was assumed that borate
concentration was sufficiently high to instantaneously degrade
the intermediate (reaction 3). It was of special interest to
reinvestigate the conditions under which the enzyme velocity
would be expected to be relatively high. Baum et al. (1956)
have reported substrate inhibition for urate with pig liver
uricase. In the urate concentration region where such behavior
is exhibited, initial velocities would be expected to be relatively
high for the same enzyme concentration were it not for the
substrate inhibition. Figure 9 shows initial velocities of urate
decrease as determined at 293 nm. The conditions used were
similar to those used by Baum et al. (1956) and these results
are essentially identical. At urate concentrations higher than
100 uM an apparent decrease in initial velocity as reflected by a
decrease in the rate of absorbance change is observed. How-
ever, since the intermediate exhibits significant absorbance at
293 nm (Priest and Pitts, 1972), the apparent substrate
inhibition could be due to a relative accumulation of this
species as urate concentration is increased. Thus, initial
velocities were obtained at 320 nm, a wavelength at which the
intermediate but not urate absorbs significantly. At concentra-
tions of urate greater than 100 uM there was a low but detect-

40,

Kep X 103 (sec™")

23°

1 1
("] 20 40 €0 80 100

[oH] x 10°

o 1

FIGURE 7: Apparent first-order rate constant as a function of hy-
droxide ion concentration and temperature. Lines were calculated
using eq 10 and the constants shown in Table I.
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FIGURE 8: Apparent first-order rate constant as a function of borate
concentration and temperature at pH 9.0. Lines were calculated
from eq 10 and the constants shown in Table I.

able increase in absorbance at 320 nm. This increase appeared
to be roughly proportional to the urate concentration present,
which suggested interference from the intermediate at higher
urate concentration. It was thus desirable to obtain velocity
measurements which did not rely on the assumption that
intermediate was instantaneously removed. One approach is to
measure the accumulation of the intermediate itself. It has been
shown previously (Priest and Pitts, 1972) that the wavelength
of maximal absorbance difference for the urate-intermediate
pair is 312 nm. Figure 9 shows that linearity is maintained
between reciprocal velocity and reciprocal urate concentration
up to 1000 uM when initial velocities are accessed at 312 nm.
It is thus concluded that the substrate inhibition observed with
urate using pig liver uricase is due to interference by inter-
mediate and is not a property of the enzymic reaction (reaction
1.

Baum et al. (1956) reported an apparent Ky, 0f 19.5 X 1075 M
for urate in the presence of atmospheric oxygen. Figure 9
shows that not only are the high urate concentration results
affected by the intermediate but also the low linear portion of
the curve isas well. Using the 312-nmassay,a Ky, -of 50 X 10~¢m

20
m
e
>
-
[Ked o
0 1 ] L | |
(s} 20 40 60 80 100
{ 33
[URATE]X 10

FIGURE 9: Double reciprocal plots for urate determined at 293 and
312 nm. Initial velocities at 293 nm (O) were obtained in the presence
of 5.0 mM borate and those at 312 nm (@) in 0.1 M Tricine (N-tris-
(hydroxymethyl)methylglycine). Reactions were initiated by the
addition of 5 ug of uricase in a 50-ul volume to 3.0-ml cells at pH
8.0 and 27°, Assays using greater than 100 uM urate were trans-
ferred to 0.1-cm path-length cells for recording of absorbance at
293 nm. Velocities were calculated as molecular activities assuming
an approximate molecular weight for uricase of 127,000 (Fish, W.
W., Pitts, O. M., and Priest, D. G., unpublished results). Error
bars represent standard deviations for six separate determinations.
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is estimated. Caution should be used in a direct comparison of
the K., values since a somewhat different oxygen solubility
may occur in the Tricine buffer used for the 312-nm assay.

Discussion

For purposes of clarity, the uricase reaction scheme has been
separated into two separate functional processes: first, the
enzyme-catalyzed reaction (reaction 1) and secondly the
subsequent decay of the unstable intermediate produced
during the enzymatic reaction, catalyzed by hydroxide ion
(reaction 2) or borate (reaction 3). Several points were unclear
with regard to the separation of the enzyme reaction from the
intermediate decay reaction (Mahler, 1963). It has been
established that O, is consumed during the enzymatic reaction
but not during the subsequent intermediate decay reaction.
It has been confirmed (Klemperer, 1945) that CO; is produced
during the intermediate decay reaction in aqueous alkaline
solutions. When the decay reaction is conducted in the
presence of borate, the stable products have been previously
shown to be mainly alloxanate and urea, and in aqueous
alkaline solutions the major product of the decay is allantoin
(Cannelakis and Cohen, 1955).

Others have shown through radioisotope experiments that a
transient, symmetrical intermediate precedes the formation of
allantoin in the aqueous alkaline case. In the presence of
borate, on the other hand, urate labeled in the C-8 position
givesrise to the labeling of urea (Mahler et al.,1956; Cannelakis
and Cohen, 1955). The intermediate generated during the
enzymatic reaction has identical uv absorbance properties
whether this reaction occurs in aqueous, alkaline, or borate-
containing solutions (Priest and Pitts, 1972). This strongly
suggests that the same intermediate is produced regardless of
the medium in which the enzymatic reaction is conducted. On
the basis of symmetry and ionization characteristics this
intermediate has been suggested to be compound I.

Temperature perturbation studies showed a large decrease
in activation enthalpy when borate catalyzed the decay of
the intermediate (Table II). This decrease was of a magnitude
not unusual for enzyme-catalyzed reactions; however, the
concentration of CN—-inhibited uricase had noeffecton therate
of the intermediate decay reaction. That hydroxide ion acts
catalytically has been deduced from a lack of deviation from
first-order kinetics at low hydroxide ion concentrations.

The saturation kinetics observed with the hydroxide ion
and borate-catalyzed reactions can be obtained from the
following sequence of events if the steady-state approximation
is applied with respect to the secondary intermediate, I’,

E
I + catalyst —‘k—f‘ I’ + catalyst (1)

k//
I’ —> products (12)

concentration. Such a reaction sequence that regenerates
catalyst prior to formation of final stable products yields rate
equation 13. This equation has the same form as empirical

—d[l} k' k{catalyst]

= (13)
dr k' + k’[catalyst]

equations 6 and 8.
In summary, proposed catalytic mechanisms for the inter-
mediate decay reaction should be consistent with the following
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characteristics. (1) When water or hydroxide ion is the cata-
lyst, carbon dioxide and allantoin are produced but oxygen
is not reduced. An unstable and symmetrical intermediate is
traversed prior to the formation of allantoin. (2) When borate
is the catalyst carbon dioxide is not produced nor is oxygen
reduced. The products alloxanate and urea maintain the
asymmetry contained in the starting material, urate. (3) The
enzyme, uricase, participates in the formation of the primary
intermediate but not in the subsequent intermediate decay
reaction regardless of the presence of the secondary catalyst.
(4) Hydroxide ion does not participate cooperatively in the
borate-catalyzed reaction but rather acts independently of
borate. (5) With borate and hydroxide ion as catalysts, satu-
ration kinetics are obtained which can be explained by a re-
action scheme involving regeneration of catalyst and forma-
tion of a secondary unstable intermediate prior to the forma-
tion of stable products.

Since the two catalysts show similar kinetic behavior (al-
though different catalytic efficiencies) but act by parallel pro-
cesses, it is reasonable to assume the same site of primary
attack on the intermediate by both catalysts. The most likely
site of attack is the relatively electropositive bridgehead carbon
opposite the carboxyl group.

coo~ coo"
N ih‘
0=(: AN F’B

o=y B

Attack at this point by borate would give rise to a complex
which would be more stable with respect to maintenance of
asymmetry than would the hydroxyl complex. The much
greater lowering of activation entropy for the borate case
supports a bidentate type complex which could provide stabil-
ity with respect to loss of the carboxyl function. This possi-
bility does not exist with hydroxide ion. Both catalysts can be
hydrolytically removed prior to the formation of final prod-
ucts. An alternative to the kinetic mechanism suggested
(reactions 11 and 12) which would satisfy the observed kinet-
ics is a rapid formation of a catalyst—intermediate complex

such that essentially no primary intermediate (compound I)
is present under saturating conditions of catalyst. Such a
mechanism is not favored because no shift in the uv spectrum
of the intermediate was observed regardless of the presence
or absence of catalyst. The trapping and identification of all
intermediates, however, appears to be the only completely
satisfactory approach to ascertaining unequivocally the cata-
lytic mechanisms.

Several mechanisms have been proposed to explain the sub-
strate inhibition observed with uricase. This report indicates
that the observed substrate inhibition is most probably due
to uv interference though accumulation of the primary inter-
mediate under conditions which had previously been assumed
to cause instantaneous removal (i.e., high borate concentra-
tion). Reciprocal plots determined on the basis of initial
intermediate production are linear over the range of urate
concentration studied. Furthermore, kinetic constants, ob-
tained by others from linear regions of reciprocal plots de-
termined at 293 nm, are not in agreement with those reported
here. While the substrate inhibition mechanism has been
dealt with here, further kinetic studies utilizing the appearence
of intermediate or some other unambiguous assay will be
necessary to determine the enzymic mechanism of the uricase
reaction.
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