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Abstract. The interaction of Cu** ion with the redox centres of xanthine oxidase
(XO0) has been investigated using optical difference spectroscopic measurements.
Anaerobic enzyme-reduction experiments using controlled and excess substrates (xan-
thine and NADH) have been performed to investigate the perturbation of XO active
sites in the presence of Cu®* ions. The results indicate an overall alteration in the
redox affinities (i.e. affinity to accept electrons) of the active sites of XO by Cu** ion.
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1. Introduction

Milk xanthine oxidase (xanthine: oxygen oxidoreductase, EC 1.2.3.2.) is a complex
metallo-flavo enzyme. It catalyses the oxidation of xanthine to uric acid in the presence of
oxygen and during this process oxygen is reduced to either hydrogen peroxide or
superoxide radical. Xanthine oxidase (XO) has a wide specificity towards substrates and
reacts with other reducing substrates such as nicotinamide adenine dinucleotide (NADH).
It has two independent subunits each containing four redox centres: a molybdenum (VI)
centre, two iron-sulfur (Fe/2S) clusters called Fe/S I and Fe/S II and a flavin adenine
dinucleotide (FAD) unit -5 During the catalytic reaction, the molybdenum (VI) and the
FAD centres accept two electrons each while the iron-sulfur clusters accept one electron
each from the substrate (i.e. a total of six electrons per FAD unit of the enzyme molecule).
Once electrons are introduced within the enzyme (using substrates such as xanthine,
NADH, etc), there is fast electron transfer process to reach equilibrium-electron-
distribution among the four redox centres of the enzyme. FAD and Fe/S centres show
characteristic absorption bands in the visible region. The intensities of these bands
decrease upon addition of electrons to the enzyme from substrate, and this decrease has
carlier been used as an indirect measure of the level of equilibrium-electron-distribution at
each redox centre "%, When both xanthine and oxygen react with XO, the redox centres
of the enzyme undergo a dynamic inter-conversion between their oxidised and reduced
states, and, therefore, the level of equilibrium-electron-distribution cannot be monitored
under such conditions. However, these measurements can be carried out by reducing the
enzyme with substrates (e.g. xanthine) under anaerobic condition (i.e. no oxygen present).

Various inorganic and organic molecules are known to interact with XO and affect the
potentials of individual redox centres. For example, the interaction of arsenite with XO
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was found to increase the Mo(VI) reduction potential ' Clearly, such interactions would
cither activate or inhibit the function of the enzyme. XO has been observed to be inhibited
by a range of inorganic and organic molecules. In recent times, various metal ions have
been found to inhibit the activity of XO 1214 Tiochev er al investigated the interaction
of vanadate ion on the oxidation of NADH by XO. Cu®* ion has been considered to be
responsible for the decrease in XO activity in neoplastic cells 1617 and reported to inhibit
the solution activity of X0'2181, However, the effects of Cu** ion on the individual redox
centres of XO are unknown.

In the present paper, we describe the results on the equilibrium electron distribution in
native and Cu*-inhibited enzyme. Two independent reduction (controlled and excess- ‘
substrate) experiments of XO have been performed using xanthine and/or NADH as
electron donor. The results from these two experiments suggest perturbation of the redox
chromophores of XO by Cu™ ion.

— ‘v‘
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2. Experimental

Fresh unpasteurized cow’s milk was obtained from Aarey Milk Colony, Goregaon,
Bombay. Xanthine oxidase (XO) was isolated by the reported procedure 20 The activity of
the enzyme was measured spectrophotometrically by monitoring the formation of uric
acid from xanthine at 295 nm. The calculated AFR (activity to flavin ratio) value of the
enzyme was in the range of 90110 which corresponds to ~ 40-50% functional enzyme ™.
The concentration of the enzyme was determined spectrophotometrically by using the
molar extinction coefficient of the enzyme as 37,800 M em™ at 450 nm %,

Analytical grade copper(Il) chloride and buffers were used. The EDTA used for the
isolation of the XO was removed by dialysing it throughly against the buffer. In all the
experiments millipore milli-Q quantity water was used. The experiments were performed .
in 50 mM NaH,PO, buffer. A stock of 1 M buffer was prepared, and metal ions from this \
buffer were removed by passing it through Bio Rex ion exchange resin. Diluted buffer,
whenever necessary, was prepared from this stock buffer by diluting it with milli-Q water.

The Cu**-inhibited XO was prepared by incubating the enzyme with CuCl, for atleast
30 min.

All spectrophotometric experiments were performed on Shimadzu UV-2100 s
spectrophotometer. The anaerobic titration was carried out in an anaerobic cuvette which
was fitted with rubber septa. The sample was first made anaerobic by purging high quality
argon gas for 15 min, The argon gas were continued to pass above the surface of the anae-
robic sample while the experiments were in progress to make sure complete anaerobic
atmosphere. The pH of the sample was measured by a pH meter from Orion Research.

3. Results

3.1 Controlled-substrate reduction of XO

XO was partially reduced under anaerobic condition by controlled addition of NADH.
Under the condition that [XO] >> [NADH], only one molecule of substrate can bind to
XO. Since NADH transfers two electrons, all NADH-bound XO molecules would form -
wo-electron reduced enzyme. However, the transfer of these two electrons is known to be
slow and requires 20-30 min for the completion of this process % In the present situation,
wve have therefore performed partial reduction experiments on native and Cu**-inhibited
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enzymes by NADH, and measured the optical spectra of these two enzymes before and
after their reduction (data not shown). The optical spectra of the partially reduced enzyme
was recorded after 30 min of the addition of NADH. In order to quantify the change in
absorbance due to reduction, the optical spectra of the native and Cu**-inhibited enzyme
were subtracted from their corresponding partially-reduced optical spectra. Figures 1A
and 1B show the difference spectra obtained from such subtraction procedure and
represents respectively Cu**-inhibited and native enzyme. The difference spectra of native
enzyme has earlier been reported %, which is similar to that obtained in this experiment.
The spectrum for the native enzyme shows a broad absorption maxima near 450 nm. This
type of broad maximum has earlier been shown to be a signature for the reduction of FAD
and Fe/S centres of the enzyme. However, it is evident from the figure that the nature of
the difference spectra of native and Cu**-inhibited enzyme are different and the broad
absorption maximum at 450 nm is absent in case of Cu**-inhibited enzyme. This indicates
that a major fraction of the electrons of two-electron reduced enzyme is not associated
with FAD or Fe/S centres, but with the molybdenum centre (see also the discussion
section).

3.2 Excess-substrate reduction of XO

Anaerobic reduction of XO in presence of excess substrates (such as xanthine and
NADH) can be used to detect the order of redox affinity (affinity to accepting electrons)
of the active sites of XO. Under the condition that [xanthine] >> [XO], xanthine initially
introduces a major percentage of its electrons to a centre with the highest redox affinity.
As the concentration of xanthine increases, more electrons are added to the enzyme and
all the redox centres are gradually saturated with electrons according to their order of
redox affinity. A gradual addition of electrons to the enzyme can be easily detected by
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Figure 1. The optical difference spectra of two-electron reduced Cu**-inhibited (A)
and native (B) at pH 7-6 in 50 mM NaH,PO, buffer. The optical spectra of native
Cu*-inhibited were recorded both before and after addition of NADH under
anaerobic condition. The difference spectra were obtained by subtracting optical
spectra of native and Cu®*-inhibited enzyme from their corresponding partially
reduced spectra. The concentration of XO was 9-2 mM. The concentration of Cu®* ion
in the inhibited enzyme was 6-5 uM. The NADH concentrations were 2-5 and 4-5 uM
for native and inhibited enzymes respectively.
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Figure 2. The percentage (%) change of absorbance (AA) at 450 and 550 nm due to
the reduction of the enzyme by xanthine (A) at pH 7-3 and NADH (B) at pH 7:6.
Hollow and filled symbols represent the titration for native (1-8uM) and Cu**-
inhibited enzyme (19-5 uM) respectively. Solid lines show the trend of the data
points. The concentration of Cu®* ion in the inhibited enzyme was 65 UM. %AA at a
particular wavelength was determined from the ratio of AA at certain concentration of
substrate to the maximum AA observed at excess concentration of the substrate. When
the enzyme was reduced anaerobically by xanthine, the optical spectra were recorded
immediately and after 20 min of the addition of anaerobic xanthine. Almost identical
results were obtained in the two experiments. In the case of reduction by NADH, the
optical spectrum of the enzyme was recorded after 25 min of successive additions of
anaerobic NADH.

measuring the decrease in optical spectra of the enzyme. It is known that both FAD and
Fe/S centres of XO contribute to the absorption at 450 nm, while at 550 nm, only the
Fe/S centres absorb”’. Hence, a plot of percentage change in absorbance at 450 nm vs
550 nm would be useful to detect the order of redox affinity of the active sites of the
enzyme "*.

We have therefore performed reduction experiments with increasing concentration of
xanthine and measured the decrease in absorbance at 450 nm and 550 nm at each xanthine
concentration. These data have been used to obtain the percentage change in absorbance
at 450 and 550 nm and plotted in figure 2 (upper panel). Xanthine introduces electrons at
the molybdenum centre 3. whereas NADH introduces electrons at the FAD centre. In
order to check the role of the electron introduction site on equilibrium electron
distribution, we have performed similar reduction experiments for native and Cu*-
inhibited enzyme with NADH as substrate. These data have also been used to determine
percentage change in absorbance at 450 and 550 nm and are shown in figure 2 (bottom
panel).

It is evident from the figure that the corresponding titration curves for xanthine and
NADH are similar. Thus this result indicates that the site of introduction of electrons does
not have any significant role in determining the electron equilibration within the redox
centres. However, the results indicate that the reduction curves for native and inhibited
enzymes are significantly different (see figure 2).
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4. Discussion

4.1 General description of the catalytic reaction of XO

As depicted in scheme 1, the complete analytic cycle of this enzyme consists of two half
reactions which are known as reductive half-reaction (RHR)"*, and oxidative half-
reaction”’.

During RHR, xanthine reacts with XO to reduce (i.e. electrons are added to enzyme)
the oxidised redox-centres of the resting-state enzyme. Xanthine is known to bind at the
molybdenum atom of XO® and hence the reduction of the enzyme begins at the
molybdenum centre. During OHR, oxygen reacts with the reduced-redox-centres of XO to
oxidise (i.e. electrons are removed from the enzyme) the enzyme to its resting-state.
Oxygen is known to bind at the FAD centre of XO and thus the oxidation of the enzyme
begins at the FAD centre ?! During the process of RHR, there is a fast equilibration
process of electrons (which starts at the molybdenum centre) among the four redox
centres of XO. This equilibrium process has been described by a rapid equilibrium
model . According to this model, the equilibrium-electron-distribution at each redox
centre depends on the corresponding reduction potentials of the four centres, and the
redox affinity of each centre is independent of the number of reducing equivalents
accepted by the enzyme molecule. Therefore, any change in equilibrium-electron-
distribution (we have measured this equilibrium indirectly by monitoring the changes in
optical spectra upon addition of substrate) in presence of Cu® ion is a measure of the
perturbation of the redox affinity of the active sites of XO. The reduction potentials of
native XO active sites have been determined by calorimetric technique and these values
are: ~197 mV (Fe/S II, 1e7) > - 235 mV (FAD 2¢7) > -300mV (Fe/S I, 1) > 335 mV
(Mo, 1e") at pH 7-2%. It is noted here that more positive reduction potential of a centre
indicates its high redox affinity.

Xanthine Uric Acid
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Scheme 1.
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49 Controlled-substrate reduction of XO

Controlled-substrate reduction experiments were performed by adding only two electrons
(o the enzyme (total six electrons are required for complete reduction of the enzyme).
Under this condition, a considerable fraction of these two electrons will be associated with
the redox centres with higher redox affinities. According to the reported potentials of the
redox centres of native XO (see above), the order of the redox affinity is FelS
1> FAD > Fe/S 1> Mo(VI). Thus, when only two electrons are added to the enzyme, a
major fraction of these electrons will preferably reside at the Fe/S or FAD centres, and not
with molybdenum centre. The Fe/S and FAD centres are known to show a broad
absorption maximum at 450 nm, while molybdenum centres do not have appreciable
absorbance in the visible region. Therefore, the observation of a broad maximum near
450 nm in the difference spectra (i.e. reduction of FelS and FAD centres) of native
enzyme is consistent with the redox affinities of the active sites. In contrast, the absence
of a broad absorption maximum at 450 nm for the Cu**-inhibited enzyme (see figure 1B)
indicates that a certain fraction of two-electrons is associated with a centre that is other
than FAD or Fe/S centres. We therefore suggest that some fraction of the two-electron are
used to reduce the molybdenum centre and that the redox affinity of this centre is
increased in presence of Cu* ion. It should be also noted that the redox affinity of the
molybdenum centre is the least among all other centres in native XO. Thus, the
observation of electrons going to the molybdenum centre, even for two-electron reduced
Cu*-inhibited enzyme, must be associated with the strong perturbation of the
molybdenum centre by Cu* ion.

43 Excess-substrate reduction of XO

During the initial reduction of native enzyme, the electrons preferentially reduce the
550 nm band as compared to 450 nm band (see figure 2, top panel). In other words, at the
beginning of reduction, electrons preferentially reduce Fe/S centres rather than the FAD
center. After about 50% reduction of the 550 nm band, preferential reduction of the
450 nm band could be observed. All these results are consistent with the order of redox
affinity (Fe/S II> FAD > Fe/S 1> Mo(VI)) of the native enzyme. The results indicate
initial reduction of Fe/S centre which is consistent with the order of redox affinity for Fe/S
IL. Once this centre tends towards saturation, electrons preferentially reside at the FAD
centre (not Fe/S I) and reduces the 450 nm band.

Following a similar analogy for the Cu?*-inhibited enzyme, we observe that initial 50%
reduction of 550 nm band is similar to that of native enzyme. This indicates that, similar
{0 the native enzyme, initial electrons preferentially reside at the Fe/S 1I centre. However,
in the latter part of the curve, we aré unable to observe preferential reduction of the
450 nm band. The data rather indicates, unlike native enzyme, preferential reduction of
the 550 nm barld i e. reduction of Fe/S centre. Both Fe/S I and Fe/S 1I have the highest
redox affinity, initial electrons will mainly reduce this centre. Hence, the final 50%
reduction of the 550 nm band would arise mainly from Fe/S T centre. It is therefore
suggested that, in the Cu**-inhibited enzyme, the redox affinity of the Fe/S I centre is
higher than the FAD cenre.

Further evidence in support of the above suggestions are obtained from the reported
mean distances of the active sites of KOZ' 1t has been observed that the distance
between Mo and Fe/S T is closest among all other distances between the redox centres.
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Thus Mo and Fe/S I centres are the nearest ‘neighbours’ within the enzyme. Our results of
the two-electron reduced enzyme indicate that Cu® ion increases the redox affinity of the
molybdenum centre. Since Fe/S I is close to the Mo centre, the redox affinity of this
centre is also expected to be altered in presence of Cu® ion.

5. Conclusions

Two important questions concerning the interaction of Cu® ion with XO have been
addressed in this work. Does Cu®* ion alter the redox affinity of the active sites of XO?
And whether such an effect, if any, can be quantified? The answer to the first question is
yes. Our results indicate an overall alteration in the redox affinity of the active sites.
However, the order of this alteration can only be partially quantified from Fe/S
11> FAD > Fe/S I >Mo(VI) in the native enzyme to Fe/S 1I>FE/S I>FAD in Cu™-
inhibited enzyme. The redox affinity of the Mo centre is greatly enhanced in the presence
of Cu®* ion and is expected to be close to that of Fe/S I centre. Controlled substrate
experiments are performed with two-electron reduced enzyme and this allows us to
‘locate’ where (i.e. molybdenum centre) a considerable fraction of these two-electrons
resides in Cu**-inhibited enzyme. Similarly, the results from the experiments of excess-
substrate reduction have been used to determine the order of redox affinity of active sites
of XO in presence of Cu** ion.

Thus this manuscript describes the effects of an inhibitor with the individual active
sites of a complex metalloenzyme and provides an indirect method to monitor alteration in
redox affinity of the active sites by using the enzyme’s own physiological substrate (e.g.
xanthine) as a probe. The electron-equilibrium within the redox centres of the native
enzyme appears to be consistent with their corresponding reduction potential. Thus the
results once again support the previously documented idea that the equilibrium-electron-
distribution among the redox centres of XO are determined only by their intrinsic redox
affinity and that the equilibrium process does not depend on the site of introduction of
electrons.
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