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Xanthine oxidase (XO), a key enzyme in purine metab-
olism, produces reactive oxygen species causing vascu-
lar injuries and chronic heart failure. Here, copper’s
ability to alter XO activity and structure was investi-
gated in vitro after pre-incubation of the enzyme with
increasing Cu®* concentrations for various periods of
time. The enzymatic activity was measured by following
XO-catalyzed xanthine oxidation to uric acid under
steady-state kinetics conditions. Structural alterations
were assessed by electronic absorption, fluorescence,
and circular dichroism spectroscopy. Results showed
that Cu®* either stimulated or inhibited XO activity,
depending on metal concentration and pre-incubation
length, the latter also determining the inhibition type.
Cu**'-XO complex formation was characterized by
modifications in XO electronic absorption bands,
intrinsic fluorescence, and «-helical and [3-sheet
content. Apparent dissociation constant values implied
high- and low-affinity Cu®" binding sites in the vicinity
of the enzyme’s reactive centers. Data indicated that
Cu®" binding to high-affinity sites caused alterations
around XO molybdenum and flavin adenine dinucleo-
tide centers, changes in secondary structure, and mod-
erate activity inhibition; binding to low affinity sites
caused alterations around all XO reactive centers
including FeS, changes in tertiary structure as reflected
by alterations in spectral properties, and drastic activity
inhibition. Stimulation was attributed to transient
stabilization of XO optimal conformation. Results also
emphasized the potential role of copper in the regu-
lation of XO activity stemming from its binding
properties.

Keywords  xanthine oxidase; enzyme activity;
spectroscopy; metal—enzyme complex; copper
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Introduction

Copper is a vital micronutrient involved in a wealth of
biological processes [1,2]. Besides its key role in aerobic
life as the essential redox-active center in cytochrome c
oxidase and its role in the protection against free radical
damage as a cofactor for superoxide dismutase, copper is
also the active center in a variety of metalloproteins such
as dopamine [-hydroxylase, tyrosinase, lysyl oxidase,
and ascorbic oxidase [2—4]. In addition, copper partici-
pates in various processes including the insertion of mol-
ybdenum into molybdopterin [5]. But in spite of its
indispensability for cell survival, copper is toxic at elev-
ated levels and a number of disorders have been associ-
ated with excess copper [6,7] as well as with copper
deficiency [1]. Although a number of specific intracellu-
lar copper-binding proteins have been identified, non-
specific binding of the metal to proteins also occurs that
will inevitably lead to structural and functional altera-
tions of those proteins with variable consequences for
cellular activities and survival [2]. It is thus important to
investigate the effect of copper on the structure and
activity of individual enzymes. Of particular interest are
enzymes, like xanthine oxidase (XO) (EC 1.2.3.2), that
carry out essential functions but are also involved in a
variety of pathologies caused by the by-products of the
enzymatic reaction. Because of its wide distribution in
cells and its binding properties, copper could play a
regulatory role in these enzymes activity and help in the
prevention of their damaging effects.

XO, a complex molybdoflavo protein, is a key enzyme
in purine metabolism that has been isolated from a wide
range of organisms, including bacteria and men [8,9]. It
has attracted lots of attention because of its potential role
in tissue and vascular injuries, as well as in inflammatory
diseases and chronic heart failure [10,11]. It catalyzes the
oxidation of hypoxanthine to xanthine and that of xanthine
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to uric acid with concomitant reduction of molecular
oxygen [8]. This last step results in the production of super-
oxide anion and hydrogen peroxide, two reactive oxygen
species that have been associated with the potential dama-
ging role of the enzyme [8,11,12]. XO has long been
known to be present in bovine milk which remains a main
source for purified preparations of the enzyme. Extensive
studies conducted with bovine milk XO have led to its
characterization and to a proposed mechanism of action.
The enzyme is a 290-kDa homodimer, each monomer
acting independently in catalysis [13]. The monomer is
composed an N-terminal 20-kDa domain containing two
iron—sulfur centers (Fe/S I and Fe/S II), a central 40-kDa
flavin adenine dinucleotide (FAD) domain, and a
C-terminal 85-kDa molybdopterin-binding domain with
the four redox centers aligned in an almost linear fashion
[13—15]. Substrate oxidation occurs at the molybdenum
site, which becomes reduced from Mo"! to Mo'¥ in the
process [16]. The catalytic cycle is completed by electron
transfer from molybdenum to the [Fe,—S,] clusters and
then to the flavin, where the electrons are donated to an
acceptor such as O, [13,14]. The UV/visible electronic
absorption spectrum of the enzyme includes contributions
from each reactive center with the iron—sulfur centers exhi-
biting maxima at 420, 470, and 550 nm, the flavin exhibit-
ing a maximum at 450 nm, and the molybdenum co-factor
exhibiting absorption at 350 nm [14,17—19].

The production of reactive oxygen species by XO and
its damaging consequences has prompted investigations
into the ability of some compounds, such as allopurinol,
nitric oxide, or macrocyclic copper II, to control and/or
inhibit the enzyme activity, or scavenge the free radicals
produced [10,20,21]. Alterations of XO activity by
various metals have also been probed with mixed results
of either stimulation or inhibition, depending on the
metal [22—25]. As mentioned above, because of its ubi-
quity and its ability to bind to proteins, copper would be
one of the metals to probe in priority. However, although
partial inhibition of XO activity by Cu®" has been
reported [22], there is no thorough investigation on the
effect of the metal on the enzyme activity and structure,
nor on the potential attachment sites for the metal.

In this study, stimulation as well as inhibition of XO
activity by Cu?" is reported along with a detailed investi-
gation on structural changes caused by the metal.
Enzymatic activity alterations were assessed by
steady-state kinetics studies of the XO-catalyzed oxi-
dation of xanthine to uric acid in the presence of various
Cu®" concentrations. Conformational changes around
each reactive center were assessed by monitoring
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changes to the respective electron absorption bands as
well as to the visible portion of the circular dichroism
(CD) spectrum of the enzyme. Overall structural altera-
tions were studied by fluorescence spectroscopy and
far-UV CD spectroscopy. On the basis of the results, a
scheme for the sequential attachment of several Cu®"
ions per monomer is proposed in relation with the
activity alterations observed. Preliminary results of this
work were presented as an abstract [26].

Materials and Methods

Materials

Xanthine oxidase (bovine milk XO) and xanthine were
obtained from Sigma Chemical Co. (St Louis, MO,
USA). CuSO, and all the other chemicals used in this
study were obtained from Merck Chemical Co.
(Darmstadt, Germany) and were of reagent grade. All
buffers and solutions were prepared in water that had
been filtered, passed through a mixed bed ion-exchange
column, and then distilled. Divalent cations contami-
nation in the chemicals used did not exceed 10 p.p.m.
and was at least 10 times diluted in the solutions.

Enzyme assay

XO activity was measured spectrophotometrically by
following the oxidation of xanthine to uric acid at 295 nm,
using an extinction coefficient of 9.6 mM ' ecm ™', The
assay was performed in 0.1 M citrate-phosphate-borate
buffer (hereafter designated assay buffer), pH 7.5, since
a preliminary pH profile indicated 7.5 as the optimum
pH. Xanthine stock solutions (0.13 mM) were prepared
by dissolving xanthine in 1 mM NaOH. XO stock sol-
utions for activity assay were prepared daily by diluting
the enzyme in 0.1 M assay buffer, pH 7.5. Enzyme con-
centrations were determined spectrophotometrically
using an extinction coefficient of 36 mM 'cm™ ! at
450 nm. For kinetics studies, the final enzyme concen-
tration in the assay was 6 nM, unless otherwise speci-
fied. The reaction was started by the addition of xanthine
(final concentration 4—11 wM); the final volume of the
reaction mixture was always 3 ml. The enzyme showed
an A,go/Asso value of 5.6; the calculated AFR (activity
to flavin ratio) value for the enzyme was 140—150 that
corresponds to 65—75% functional enzyme [27].

For assays done in the presence of Cu®" ions, appro-
priate amounts of CuSOy stock solution (1.5 M, prepared
in distilled water) were added to XO in 0.1 M assay
buffer, pH 7.5, and the mixture was incubated at room
temperature (22—25°C) for either 0, 5, 10, 20, or 30 min.
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Care was taken to maintain the pH at 7.5. The concen-
tration of Cu®" varied from 0.5 pM to 2 mM and XO
concentration was 6 nM. The assay was then started by
adding xanthine as described above.

Recovery studies were conducted by pre-incubating
the enzyme and the metal as described above at room
temperature for either 0 or 30 min and then dialyzing the
mixture at 4°C against 1 | of assay buffer for 10, 30, and
60 min, with one change of buffer after 30 min. Activity
assays were conducted as described above immediately
after dialysis.

All results were the average of at least three separate
experiments.

Spectroscopic studies

Electronic absorption spectra were recorded from 250 to
700 nm on a Cary 100 Bio UV—VIS spectrophotometer.
For any given spectrum, XO (2.2 pM) and Cu’" (at the
desired concentration) in 0.1 M assay buffer, pH 7.5,
were added to the sample cuvette and the buffer and
Cu®" (at the same concentration as in the sample
cuvette) were added to the reference cuvette. For each
assay, the enzyme was pre-incubated 5 min (or any other
period of time as specified) with 50 wuM to 2 mM Cu?*",
then the absorption spectrum was immediately recorded.

Intrinsic fluorescence was detected on a Cary Eclipse
Fluorescence spectrophotometer equipped with tempera-
ture controller. Excitation wavelengths of 280 and
295 nm, specific, respectively, for both tryptophan and
tyrosine residues and for tryptophan residues alone, were
chosen. Emission spectra were recorded between 310
and 500 nm after pre-incubation of 0.28 uM XO with
various Cu?" concentrations (5 uM to 2mM) for
increasing periods of time (0—30 min).

CD spectra were recorded with an Aviv Model 215 CD
spectrometer. Measurements were done using a 1-mm light
path cell for far-UV studies and a 1-cm light path cell for
visible studies. The enzyme concentration was 0.86 uM
for far-UV studies and 4.7 pM for studies in the visible
range. Cu”" concentrations varied from 0.001 to 2 mM.

All spectroscopic measurements were performed at
25°C.

Results

Steady-state kinetics studies of XO activity

in the presence of Cu®"

XO activity was assayed by following the rate of
oxidation of xanthine to uric acid. The effect of Cu®" on
the XO-catalyzed oxidation of xanthine was investigated

by following, at 295 nm and under steady-state con-
ditions, the rate of formation of uric acid after pre-
incubation of XO with increasing Cu*" concentrations
for various periods of time. The pH activity profile of
the enzyme exhibited a peak at 7.5 [Fig. 1(A), inset] that
was but slightly shifted to pH 7.3 in the presence of
Cu®" [Fig. 1(A)]; thus all assays were performed at pH
7.5. Pre-incubation of XO (6 nM) with Cu®>* (0.5 uM to
2 mM) led to either an increase or a decrease in enzy-
matic activity depending on both Cu”* concentration and
the length of the pre-incubation period [Fig. 1(B)].
Addition of less than 5 pM Cu®" to XO resulted either
in a stimulation of the enzymatic activity, observable
immediately after Cu?" addition (0-min pre-incubation)
and after 5- and 10-min pre-incubation [Fig. 1(B),
closed symbols, —6.3 <log < —5.3], or in an inhibition
of the activity, observable after 20- and 30-min pre-
incubation [Fig. 1(B), open symbols, —63<
log < —5.3]. Addition of higher Cu?" concentrations
resulted in inhibition of the activity, regardless of the
pre-incubation length; the inhibition was moderate for
Cu®" of 5-700 uM [Fig. 1(B), closed and open
symbols, —5.3 <log < —3.2] and drastic when cu*t
concentrations went from 700 to 2000 uM [Fig. 1(B),
closed and open symbols, —3.2 <log < —2.7] with no
activity detectable in the presence of 2000 uM Cu*" (log
= —2.7). Kinetics assays performed with lower (3 nM)
or higher (8 nM) enzyme concentrations showed a 5%
decrease in stimulation at lower enzyme concentrations
and a 4% increase at higher enzyme concentrations,
whereas the inhibition increased for lower enzyme
concentrations and decreased for higher enzyme
concentrations.

The type of inhibition depended solely on the length
of the pre-incubation period. Inverse plots obtained after
5-min pre-incubation of XO (6 nm) and Cu*" at different
metal concentrations are shown in Fig. 1(C). The plots
were linear with a common intercept on the abscissa,
indicating non-competitive inhibition at Cu®" concen-
trations of 5 uM and above. Similar plots were obtained
when XO activity was assayed immediately after Cu**
addition (0-min pre-incubation) or after 10-min pre-
incubation of the enzyme with the metal. For all three
pre-incubation times (0-, 5-, or 10-min), the apparent K,
value, which was equal to 9.6 &+ 0.1 uM for the control,
remained unaffected. The value of the enzyme’s apparent
Vmax» on the other hand, decreased steadily as the metal
concentration increased from 5 to 1500 wM; for a given
Cu*" concentration, the decrease in apparent V., inten-
sified as the pre-incubation time went from 0 to 10 min
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Figure 1 Steady-state kinetics studies of XO activity in the presence of Cu?* (A) XO pH activity profile in the presence of increasing Cu>"
concentrations. XO (8 nM) was pre-incubated with Cu* (0.001, 0.1, 0.5, and 1 mM) in 0.1 M citrate-phosphate-borate buffer at various pHs (6.0—
9.0), for 5min at room temperature (~22-25°C) before assaying for enzymatic activity. (filled circle) Control; (open circle) 0.001 mM Cu®*;
(inverted triangle) 0.1 mM cu’; (triangle) 0.5 mM Ccu’; (open square) 1 mM Cu®". Inset: control XO activity profile from pH 4—11. (B) Residual
enzymatic activity at optimal pH: XO (6 nM) was pre-incubated with Cu** (0.0005, 0.001, 0.005, 0.05, 0.1, 0.2, 0.5, 0.75, 1, 1.2, 1.5, and 2 mM)
in 0.1 M buffer, pH 7.5, respectively, for 0 min. (filled circle), 5 min (filled triangle), 10 min (filled square), 20 min (triangle), and 30 min (open
square) before assaying for enzymatic activity. The copper concentrations were expressed as log of the molar concentrations. Results were the
average of at least three separate experiments. (C and D) Inverse plots of 1/rate vs. 1/[xanthine] obtained after 10 min (C) and 20 min (D)
pre-incubation of XO with Cu**. Aliquots of the pre-incubated enzyme and metal were placed in a 1-ml reaction mixture of 0.1 M buffer, pH 7.5
and 4—11 uM xanthine; the final enzyme concentration was 6 nM. The rate of uric acid formation was calculated using €,9s = 9.6 mM ' cm ™.
Copper concentrations were 0 (open circle), 0.5 (filled circle), 1 (+), 5 (filled triangle), 50 (triangle), 300 (filled square), 500 (open square), 700
(filled diamond), 900 (diamond), and 1500 (asterisk) pM.

(e.g. from 8 to 15% decrease for 5 uM Cu*' or from 47  Cu*"
to 61% decrease for 1500 uM Cu2+). Inverse plots  times, the value of V., decreased while that of K,
obtained after 20-min pre-incubation of XO and Cu®" at  increased with increasing metal concentration; the effect
different metal concentrations are shown in Fig. 1(D). of the metal was exacerbated with prolonged

are listed in Table 1. For both pre-incubation

The plots exhibited a common intercept that was no
longer on the abscissa, but above it and to the left of the
ordinate, indicating mixed inhibition of XO activity by
Cu®". Similar plots were obtained after 30-min pre-
incubation of the enzyme with increasing metal concen-
trations. The values obtained for the enzyme apparent
Vmax and K, after 20- and 30-min pre-incubation with
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pre-incubation.

K; values were obtained as the intercepts on the
abscissa from replots of the slopes (K app/Vmax,app) VS-
[Cu*']. K, decreased by approximately a factor of 3 as
pre-incubation between XO and Cu”" was prolonged to
30min. It went from 1.50+ 0.05 to 1.15+ 0.05,
0.90 + 0.05, 0.68 + 0.05, and 0.60 + 0.05 mM as the

220z 1snBny |z uo 1senb Aq 808/£09//L ¥/2I01HE/SAGE/WOS"dNO"D1WSPED.//:SANY WO} PAPEOJUMOQ



Xanthine oxidase alterations by copper

Table 1 Values for XO V,,.x and K, obtained after 20-or 30-min pre-incubation of the enzyme with various Cu?* concentrations

20-min pre-incubation

30-min pre-incubation

[Cu*'] (pM) Vinax (kM min ") Kin (M) Vinax (WM min ") K (LM)
0 2.94 +0.2 9.6 +0.1 294 +0.2 9.6 + 0.1
0.5 2.78 +0.06 10.0 + 0.2 2.70 +0.04 10.9 + 0.07
2.70 + 0.09 10.3 +£ 0.1 2.60 + 0.03 10.6 + 0.05
5 2.63 +£0.1 10.9 + 0.1 2.56 + 0.05 11.2 +£0.05
50 2.40 £+ 0.06 12.2 £ 0.1 2.35 +0.05 12.5 + 0.08
300 2.25 +0.06 12.8 +0.05 2.27 +0.08 13.5 + 0.06
500 2.17 +0.1 13.3 +0.05 2.15+0.1 13.7 + 0.06
700 2.06 + 0.04 14.1 + 0.06 1.96 + 0.05 14.9 + 0.05
900 1.85 +0.05 15.5 + 0.08 1.75 £ 0.05 15.8 + 0.08
1500 1.16 £ 0.05 19.2 £ 0.1 1.10 + 0.04 20.0 +£ 0.1
2000 Not detectable Not detectable

Xanthine was the reducing substrate.

pre-incubation time went from 0 to 5, 10, 20 and
30 min, respectively, an indication of the stabilization of
the metal—enzyme complex as the pre-incubation time
increased.

Effect of Cu** on the catalytic efficiency of the
enzyme

Cu**-induced variations in XO catalytic efficiency are
illustrated in Fig. 2. For up to 10-min pre-incubation
(closed symbols), the value of K ../K,, was larger than
the control value when Cu?" concentrations did not
exceed 5 wM. The increase peaked for 1 pM Cu** and
was time-dependent, being maximum (27 + 3%) after
0-min pre-incubation, and diminishing by half (12 +
2%) after 10-min pre-incubation. When Cu”** concen-
trations increased from S5 to 700 pM (—5.3 <
log < —3.2), a progressive decrease in catalytic effi-
ciency was observed that became more abrupt when
Cu®" concentrations increased from 700 to 1500 pM
(—3.2<log < —2.8). Pre-incubation of the enzyme
with the metal for 20 and 30 min (open symbols) led to
a steady decrease in catalytic efficiency as Cu®" concen-
trations went from 0.5 to 700 pM (—6.3 <log < —3.2)
and to a sharp decrease in catalytic efficiency when
Cu?" concentration increased from 700 to 1500 uM
(—3.2<log < —2.8), with a slope steeper than that
observed for 0-, 5-, and 10-min pre-incubation. No
activity was detectable in the presence of 2000 uM
Cu?", regardless of the pre-incubation time. These results
showed that the decrease in XO catalytic efficiency was
moderate over a wide range of Cu®" concentrations, but

0.2 1

0.1 4

Kcat/Km (mM~Tmin~1)

O T T
-63 -57 -51

-45 -39 =33 =27
log [Cu?"]

Figure 2 XO catalytic efficiency as a function of the log of
Cu?"concentrations (expressed in mol/l) The ratio K. /K, was
calculated for XO pre-incubated 0 min (filled circle), 5 min (filled
triangle), 10 min (filled square), 20 min (triangle), or 30 min (open
square) with 0.5-2000 uM Cu?'. Results were the average of at least
three separate experiments. The dotted line represents the control value
for the enzyme in the absence of Cu>".

it became much more drastic once a critical metal con-
centration (0.7 mM) was reached.

The Cu?'-induced changes in XO catalytic efficiency
were monitored at different pH values (pH 6-9), and no
pH-related effect was observed within that range except
for a slight shift in the optimum from 7.5 to 7.3 but
without alterations in either the acidic or the basic limb.
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Figure 1(A) illustrates the results obtained after 0-min
pre-incubation; similar plots were obtained after 30-min
pre-incubation.

Dialysis of the enzyme pre-incubated with various
metal concentrations resulted in at least partial restoration
of the enzymatic activity. Up to 70% of the enzymatic
activity was recovered for Cu®" concentrations without
exceeding 0.7 mM, and ~60% of the enzymatic activity
was recovered for higher Cu®" concentrations.

Binding of Cu** to XO
Optical characterization of XO—Cu’" complex The elec-

tronic absorption spectrum of native XO shown in
Fig. 3(A) exhibited essentially four maxima, respect-
ively, at 277, 350, 450, and 550 nm, characteristic of the
enzyme [14,17—19]. The highest peak, at 277 nm, was
due to the aromatic amino acid side chains, the shoulder
at 350 nm was attributed to the molybdenum cofactor

277
A g
A=02
250 300 350345 445 545 645
A (nm) A (nm)
B 277

Increasing [Cu?']

350345 445 545 645
A (nm)

250 300

A (nm)

Figure 3 Electronic absorption spectra of XO (A) and XO
incubated with Cu®" (B) For any given spectrum, XO (2.2 pM),
buffer (0.1 M, pH 7.5), and Cu®" (50 uM to 2 mM) were added to
the sample cuvette, whereas buffer (0.1 M, pH 7.5) and Cu*" (at the
same concentration as in the sample cuvette) were added to the

reference cuvette. Spectra were recorded after 5-min pre-incubation of
XO with Cu®".
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[18], the peak at 450 nm and the shoulder at 550 nm
were due, respectively, to the FAD and Fe/S centers
[14,17]. Two shoulders, due to the Fe/S centers and
flanking the 450-nm peak, were detectable at 420 and
470 nm, respectively. Absorption spectra obtained after
5min incubation of XO with 0.05-2mM Cu®" are
shown in Fig. 3(B). The absorption spectra were modi-
fied so that decreases in the absorption bands at 350,
450, and 550 nm were observed, indicating alterations
around each reactive center in the enzyme. The extent of
these spectral alterations was metal concentration-
dependent. Concomitantly the absorbance at 277 nm
decreased progressively as Cu?’ concentration increased
and was, in addition, red-shifted for Cu®" concentrations
of 0.7 mM and above. The red-shift was progressive and
went from 6 nm at 0.7 mM Cu”" to as much as 28 nm at
2mM Cu?'. Spectra obtained after longer pre-
incubations were similar to those shown in Fig. 3(B)
except for accrued decreases in the absorption bands.
The apparent dissociation constant, K4, of the XO-
Cu®" complex was calculated according to Equation (1).

1/A4 = Kg/AAmax 1 /[CU*T] 4 1/Adpax (1)

where A4 is the absorbance change at a specific wave-
length caused by a given Cu”>" concentration, Ad.y is
the absorbance change at the specific wavelength for the
complete formation of the complex (at infinite Cu®" con-
centration), and [Cu?'] is the concentration of free Cu®",
which is assumed equal to the initial Cu®>* concentration
[28,29].

In parallel with the alterations in enzymatic activity
that were time- as well as Cu>" concentration-dependent,
the apparent dissociation constants thus calculated
decreased with increasing pre-incubation time. As an
illustration, plots of 1/AAd4so vs. 1/[Cu2+] corresponding
to 5-, 10-, 20-, and 30-min pre-incubation of the enzyme
with the metal are shown in Fig. 4. Data were gathered
from spectral measurements obtained for the full range
of Cu®*" concentrations investigated (0.05—2 mM). All
the plots in Fig. 4 exhibited two slopes, one correspond-
ing to Cu®" concentrations ranging from 0.05 to 0.7 mM
and the other corresponding to Cu®' concentrations
ranging from 0.7 to 2 mM. Accordingly, two Ky values,
Ky and Ky, were calculated; the value of each Ky
decreased with increasing pre-incubation time, with Ky
exhibiting a more drastic decrease (from 104 + 15 mM
after 5-min pre-incubation to 30 + 5 mM after 30-min
pre-incubation) than Ky, (from 442 + 50 mM after
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Figure 4 Inverse plots, 1/Adsy vs. 1/[Cu®'], giving apparent
dissociation constants K, (filled line) and Ky, (dotted line), after
pre-incubation of XO with Cu?" for different time Ky; was found
for [Cu®] 0.05—0.7 mM (points on the graphs correspond to 0.05, 0.1,
0.2, 0.3, 0.4, 0.5, 0.7 mM Cu*") and Ky, was found for [Cu*'] 0.7—
2 mM (points on the graph correspond to 0.7, 0.9, 1.1, 1.3, 1.5, 1.75,
2mM Cu*"). The slopes decreased as the pre-incubation time
increased and correspondingly the value of Ky and of Ky was,
respectively, 104 and 442 mM after 5-min pre-incubation (A), 65 and
387 mM after 10-min pre-incubation (B), 40 and 324 mM after 20-min
pre-incubation (C), 30 and 315 mM after 30-min pre-incubation (D).

5-min pre-incubation to 315 + 30 mM after 30-min pre-
incubation) [Fig. 4(A-D)].

Two Ky values were also found when the absorbance
changes at 350 nm were monitored, but the values were
twice as high as those obtained for the absorbance at
450 nm (K4; of 247 + 25 mM and Ky, of 807 + 90 mM
after 5-min pre-incubation of XO with Cu*"). A single
value for K4 (359 + 10 mM after 5-min pre-incubation)
was found with the absorbance changes recorded at
550 nm. In all cases, Ky values decreased with increasing
pre-incubation time (Figs. 5 and 6, insets). These results
suggested the existence of at least two attachment sites that
exhibited different affinities for Cu®" and that would differ-
entially affect the various reacting centers of the enzyme.

Correlatively, two K4 values (Kq; of 30 + 3 mM and
Kq of 1.7 £ 0.1 mM after 5-min pre-incubation of XO
with Cu®") were found when the absorbance changes at
277 nm were monitored although here K4, was larger
than Ky,; whereas K4, value decreased with increasing
pre-incubation time, K4, value remained fairly constant
(Fig. 7, insets). In parallel with the steady-state kinetics
findings that 0.7 mM Cu®" marked the onset for drastic
inhibition of the enzymatic activity, and the same critical
metal concentration marked the change in apparent dis-
sociation constant for the metal—enzyme complex.
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Figure 5 Plots of the ratio of AA350/Adpax VS. [Cu2+] (A), and
AAdyso/Adpmax vs. [Cu®] (B) Adssy (or Adysy) is the absorbance
change caused by a given Cu®" concentration at the specified
wavelength and A4, is the absorbance change for complete
formation of the XO/Cu®" complex as seen at that wavelength. For (A)
and (B), data were obtained after XO and Cu®" were pre-incubated for
Smin (filled circle), 10 min (open circle), 20 min (v), and 30 min
(triangle). Insets: value of the apparent dissociation constants Ky
and K4, as a function of the pre-incubation time. Arrows indicate
the transition between the two Cu’?’ concentration ranges, below
(0.05—0.7 mM) and above (0.7-2 mM) the critical concentration of
0.7 mM.

Values for the Gibbs free energy of binding, calcu-
lated according to Equation (2) for each reactive center,
are listed in Table 2. The observed decrease in values
with time illustrated a progressive stabilization of the
metal—enzyme complex. The higher values found for
AGhinding> indicated that the sites filled at higher Cu**
concentrations were characterized by a lower affinity for
the metal.

AGhyinging = RTIn(Ky) (2)

Characterization of the binding of Cu’* by XO Figures 5
and 6 show plots of AA/AA . Vs. [Cu®'] obtained for
each reactive center after various incubation times of XO
with Cu®". A4, was evaluated from the intercept of
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Figure 6 Plot of the ratio of AAdsso/AApay VS. [Cu®*] The plot of
ratio of Adssg/AAmayx VS. [Cu2+], where AAss is the absorbance change
caused by a given Cu®" concentration and Ad,,, is the absorbance
change for complete formation of the XO/Cu®*" complex as seen at
550 nm. Data were obtained after XO and Cu®" were pre-incubated for
Smin (filled circle) (inset a), 10 min (open circle), 20 min (v), and
30 min (triangle). Inset b: value of the apparent dissociation constant
K4 as a function of the pre-incubation time.
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Figure 7 Plot of the ratio of A4y77/Adpax VS. [Cu®l  Ad,yy is the
absorbance change caused by a given Cu®" concentration and Ad,y is
the absorbance change for complete formation of the XO/Cu**
complex as seen at 277 nm. Data were obtained after XO and Cu®*
were pre-incubated for 5 min (filled circle), 10 min (open circle),
20 min (v), and 30 min (triangle). Insets: value of the apparent
dissociation constants K4; and Ky, as a function of the pre-incubation
time. Arrows indicate the transition between the two Cu?"
concentration ranges, below (0.05—-0.7 mM) and above (0.7-2 mM)
the critical concentration of 0.7 mM.

the plot of 1/A4 vs. 1/[Cu®*'] by extrapolation for low-
ligand concentration.

The plots shown in Fig. 5(A) were obtained for the
changes in absorption at 350 nm. Each plot corresponded
to a given pre-incubation period (5, 10, 20, and 30 min)
and could be decomposed into two parts [separated by
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the arrow in Fig. 5(A)]. The first part, hyperbolic, corre-
sponded to Cu®* concentrations ranging from 0.05 to
0.7 mM and the second, sigmoid, corresponded to Cu*"
concentrations ranging from 0.7 to 2 mM. The hyper-
bolic plots were fits of the data to Equation (3) which is
typical for one site saturation ligand binding, whereas
the sigmoid plots suggested cooperative ligand binding.

y = Ax/B +x (3)

These results, along with the values of K4; and Ky,
obtained from the absorbance changes at 350 nm,
suggested that, in the vicinity of the molybdenum center,
a first metal-binding site was promptly filled at low Cu®"
concentrations while filling of additional metal-binding
sites, exhibiting lower affinity for Cu®*, did not start
before Cu®" concentration reached 0.7 mM. The Hill
coefficient, 4, calculated from the plot of log [AA43se/
(Adpmax — Adss0)] vs. log [Cu®*] was equal to 1.1 + 0.1
for Cu®" concentrations ranging from 0.05 to 0.7 mM;
the value decreased progressively to 0.7 + 0.05 as the
pre-incubation time increased to 30 min. It was 2.2 +
0.1 for Cu*" concentrations ranging from 0.7 to 2 mM.
These values confirmed that the binding observed for
lower Cu”" concentrations was non-cooperative and that
the binding observed at higher Cu®" concentrations was
cooperative. They also suggested the binding of at least
three Cu®" (one at higher affinity site, at least two at
lower affinity sites) that would influence the absorbance
attributable to the molybdenum center.

The plots shown in Fig. 5(B) were obtained for the
changes in absorption at 450 nm after various pre-
incubation times. All plots were linear for the full range
of Cu®" concentrations investigated (0.05—2 mM). These
observations, along with the two Ky values obtained
from the absorbance changes at 450 nm, suggested the
existence of two binding sites with different affinities for
Cu?" in the vicinity of the FAD center; however, prompt
filling of the first site was not observed here and there
was no evidence for cooperative binding. The Hill co-
efficient, A, calculated from the plot of log [Adyse/
(Admax — Aduse)] vs. log [Cu*'] was equal to 1.05 + 0.1,
regardless of Cu®" concentration or pre-incubation time.
This also indicated that the binding of possibly two Cu*"
around the FAD center was non-cooperative.

Plots obtained for the changes in absorption at
550 nm are shown in Fig. 6. A single sigmoid curve,
indicating cooperative binding, was obtained for each
pre-incubation time, over the full range of Cu®"
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Table 2 Values for XO—Cu®* complex dissociation constants and free energy of binding obtained for the various enzyme’s reacting centers

after increasing pre-incubation time

Absorbance Pre-incubation K41 (mM) AGhinding! Ky (mM) AGhinding>
peak (nm) time (min) (cal mol ") (cal mol ")
277 5 30 + 3.0 —(2078 + 50) 1.70 + 0.1 —(3778 + 45)
10 23 +2.0 —(2235 + 50) 1.70 + 0.1 —(3778 + 45)
20 19+ 1.0 — (2354 £ 45) 1.65 + 0.1 —(3796 + 35)
30 14+15 —(2529 + 60) 1.63 + 0.1 —(3803 + 35)
350 5 247 + 25 —(829 + 58) 807 + 90 —(127 + 40)
10 115+ 12 —(1281 + 58) 714 + 75 —(200 + 60)
20 81 +8 — (1489 + 56) 623 + 60 —(280 + 50)
30 53+5 — (1740 + 53) 530 + 38 —(376 + 40)
450 5 104 + 15 — (1341 £ 80) 442 4+ 50 —(484 + 60)
10 65+9 —(1619 £+ 76) 387 + 40 —(562 + 60)
20 40 + 6 — (1907 + 83) 324 +35 —(668 + 60)
30 30+ 5 —(2078 + 92) 315+ 30 — (684 + 55)
550° 5 359 + 10 —(607 £+ 20) — —
10 234 + 30 —(861 £+ 70) — —
20 92 +20 — (1388 + 80) — —
30 74 + 10 — (1543 + 80) — —

#Only a single value for K4 was found for this absorbance peak.

concentrations investigated (0.05—-2 mM). However,
absorbance changes were not detectable until Cu*" con-
centration reached 0.4 mM (0.3 mM for 30-min pre-
incubation). The Hill coefficient, 4, calculated from the
plot of log [Adsso/(Admax — Adsse)] vs. log [Cu®'] was
equal to 2.5+ 0.1 after 5-min pre-incubation and to
1.6 £ 0.1 after 30-min pre-incubation. This confirmed
that the binding around the Fe/S centers was cooperative
and it suggested that two or three Cu®" would bind.

As shown in Figs. 5 and 6, the absorbance changes
detectable at the lowest Cu?" concentrations (0.05—
0.3 mM) were those observed at 350 nm. Over the same
range of metal concentrations, the absorbance changes
observed at 450 nm were more gradual and no change
was detectable at 550nm for Cu®*' concentrations
<0.4 mM, except after 30-min pre-incubation when
absorbance changes at 550 nm became detectable start-
ing at 0.3 mM Cu?". The position of the arrows in Fig. 5
corresponded to 0.7 mM Cu?", the critical concentration
beyond which drastic inhibition of the enzymatic activity
as well as change in the apparent dissociation constant
of the metal—enzyme complex were observed.

Effect of Cu?* on XO tertiary structure The absorbance
and fluorescence of aromatic amino acids depend predo-
minantly on the nature of the molecular neighborhood of

these chromophores. Both properties provide for tools
extensively used to probe changes in the tertiary struc-
ture of proteins [28—33]. In the present study, profiles of
tertiary conformational changes were obtained from
changes in the absorption at 277 nm. The plots of A4,/
AA e vs. [Cu®"] shown in Fig. 7, corresponded each to
a given pre-incubation period from 5 to 30 min. All plots
were quite similar and could be decomposed into two
parts (separated by the arrows in Fig. 7), the first corre-
sponding to Cu”" concentrations ranging from 0.05 to
0.7 mM with little absorption change < 0.5 mM Cu*"
and the second, sigmoid, corresponding to 0.7 mM <
[Cu®”']<2mM. Two K, values were obtained for the
absorbance changes at 277 nm, Ky corresponding to
lower Cu®" concentrations (0.05—0.7 mM) and K4, cor-
responding to higher Cu®" concentrations (0.7—2 mM),
with Ky, being larger than Ky,. The & coefficient, calcu-
lated from the plot of log [Ad,70/(Admax — AAds77)] Vs.
log [Cu®*'], was equal to 1.14 + 0.1 after 5-min pre-
incubation and to 0.8 4+ 0.05 after 30-min pre-incubation
for the lower Cu®" concentrations range, and it was
equal to 3.25+ 0.15 for Cu®*" concentrations ranging
from 0.7 to 2 mM, regardless of the pre-incubation time.
It should be noted that the changes in absorbance
observed at 277 nm reflect overall structural alterations
in the protein imparted by the binding of Cu®" to various

Acta Biochim Biophys Sin (2009) | Volume 41 | Issue 7 | Page 611

220z 1snBny |z uo 1senb Aq 808/£09//L ¥/2I01HE/SAGE/WOS"dNO"D1WSPED.//:SANY WO} PAPEOJUMOQ



Xanthine oxidase alterations by copper

non-identical sites, whereas the changes in absorbance at
350, 450, or 550 nm reflected local alterations around
each reactive centers. The values found for the Hill coef-
ficient pertaining to the absorbance changes at 277 nm
indicated a number of independent sites at lower Cu®"
concentrations (0.05-0.7 mM) and a number of
additional binding sites that were not independent of one
another at higher Cu*" concentrations (0.7—2 mM). This
was in agreement with the findings of non-cooperative
binding at lower Cu®" concentrations and cooperative
binding at higher Cu*" concentrations, reported for each
reactive center.

The values obtained for Ky; from the changes in
absorbance at 277 nm characterized the binding of Cu®"
to a number of non-equivalent, independent sites and
were expectedly smaller than those obtained for any of
the individual sites (Table 2). The values obtained for
Ky, characterized Cu®" binding to an even larger number
of sites and were smaller than the Ky, values, reflecting
a stabilization of the metal-enzyme complex, even
though the Ky, values obtained for Cu?" binding to
either the molybdenum center (350 nm) or the FAD
center (450 nm) were larger than their corresponding Ky,
values. As the number of Cu®" per enzyme molecule
increases, the value of Ky is expected to decrease even if
locally some of the additional binding sites exhibited a
lower affinity for the metal than the first binding sites
(Table 2).

Effect of Cu” on XO tertiary structure as studied by fluor-
escence spectroscopy The amino acid sequence of each

subunit in bovine milk XO includes 10 tryptophan and
34 tyrosine residues [13]. Upon excitation at 295 nm, a
single emission peak at 405 nm, attributed to the trypto-
phan residues, was recorded; it was quenched upon
addition of Cu®" [Fig. 8(A), inset]. The Stern—Volmer
plot shown in Fig. 8(A) was linear for Cu®" concen-
trations up to 0.7 mM and exhibited upward curvature at
higher Cu”" concentrations, indicative of static quench-
ing [34]. The Stern—Volmer constant Kgy, calculated
from the plot according to Equation (4), was found equal
to 960 M.

Fo/F =1+ Ksv[Q] 4)

where Fj is the integrated area of the fluorescence
spectrum of the sample before quenching, F' is the inte-
grated area of the fluorescence spectrum of the sample
after quenching, and [Q] is the concentration of
quencher.

Acta Biochim Biophys Sin (2009) | Volume 41 | Issue 7 | Page 612

A 59 500
_ 400
40 { Zuo
8
gzm
w 3.0 1 §1m
@ € o
310 360 410 460
2.0 1 {nm)
1.0
0 T T T
0 0.5 1.0 1.5 2.0
[Cu?] (mM)
B 250 Y403
[Cu?*] (mM)
200 A -+ 0
. — 0.005
3 -~ 0.05
5 -+ 05
o 150 1 — 09
= = 15
@ o 20
2 100 A
S
=)
“ 50 4
0 4 . : it
310 360 410 460 500
A (nm)
Figure 8 Stern—Volmer plot and fluorescence emission

spectra (A) Stern—Volmer plot describing tryptophan quenching of
XO by Cu®'; the plot exhibits upward curvature at higher Cu®**
concentrations. The excitation wavelength was 295nm and the
emission spectra of XO and XO in the presence of different [Cu®']
(0.005—2 mM) were recorded between 310 and 500 nm; a single peak
at 405 nm, attributable to the Tryp residues in the protein, was
detectable (inset). (B) Fluorescence emission spectra of XO and XO
pre-incubated for 10 min with various Cu®" concentrations from 0.005
to 2mM, obtained upon excitation at 280 nm. A peak at 405 nm
attributable to the Tryp residues and a shoulder at 350 nm attributable
to the Tyr residues were detectable. Both peaks decreased with
increasing Cu®" concentration.

The fraction of total tryptophan residues accessible for
quenching was calculated according to Equation (5),
using the modified Stern—Volmer plot.

Fo/AF = 1/Ksvfal/[Q] + 1/fa (5)

where AF is equal to Fo—F and f; is the fraction of
accessible fluorophores; Fy, F, and [Q] are as defined
above. The ordinate intercept of the plot of Fo/AF vs. 1/
[Q] provides the accessible fluorophores at infinite
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quencher concentration and the value found in this case
was 30%, thus three tryptophans.

Upon excitation at 280 nm, the emission spectrum of
XO exhibited a shoulder at 350 nm in addition to the
peak at 405 nm previously observed; both emissions
were quenched upon addition of Cu®" [Fig. 8(B)]. As
evidenced by the normalized spectra shown in Fig. 9,
for Cu®" concentrations < 0.7mM (0.005-0.5 mM)
quenching was more drastic for the emission at 405 nm
than for that at 350 nm and was accompanied by a 5-nm
blue-shift of both peaks. For Cu®*" concentrations that
were above 0.7mM (0.9-2mM), the emission at
350 nm was quenched as well, and the emission maxima
returned at 405 and 350 nm (Fig. 9). The differential
quenching was also documented by changes in the fluor-
escence intensity ratio /495/l35¢ (Fig. 9, inset).

Effect of Cu’*on XO secondary structure Far-UV CD
spectra taken immediately after addition of increasing
concentrations of Cu?" to XO and after 30-min pre-
incubation of the enzyme with the metal, are shown in
Fig. 10(A and B), respectively. Secondary structure frac-
tions were calculated using the CD spectra deconvolu-
tion  program  CDNN  version 2.1 (http:/
bioinformatik.biochemtech.uni-halle.de/cdnn);  changes
in the fraction of various secondary structure elements as
a function of Cu?" concentration and pre-incubation time
are shown in Fig. 10(C—F). The changes were metal
concentration- as well as time-dependent and affected
essentially the a-helical content and S-sheet fraction of
the enzyme. Upon addition of Cu®’, the a-helical
content increased by up to 12% for metal concentrations
up to 1 uM, and then began to decrease, reaching 62%
of the control in 2 mM Cu®". After 5-min pre-incubation
of the enzyme with the metal, increases in the a-helical
content were no longer observed; instead decreases
going from 8% for 1 pM Cu*' to 44% for 2 mM Cu*"
were recorded. With prolonged pre-incubation, the
a-helical content further diminished with a 16%
reduction for 1 pM Cu?" and up to a 56% reduction for
2mM Cu*" [Fig. 10(C)]. Concomitantly, increases in
the B-sheet fraction were recorded that went from a 9%
increase with 1 pM Cu®" to a 37% increase with 2 mM
Cu*" immediately after addition of the metal. As the
pre-incubation time between XO and Cu”" increased, so
did the p-sheet fraction; after 30-min pre-incubation,
there was a 30% increase in B-sheet with Cu®" 1 pM
and a 49% increase with 2 mM Cu®" [Fig. 10(D)].
Only moderate changes were observed in the B-turn
content with a maximum increase of 20% observed
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Figure 9 Normalized fluorescence emission spectra of XO and XO
pre-incubated for 10 min with various Cu** concentrations The
Cu*" concentration is from 0.005 to 2 mM, and the spectra were
obtained upon excitation at 280 nm. At low Cu®' concentrations
(0.005—-0.5 mM) quenching was more drastic for the emission at
405 nm than for that at 350 nm and was accompanied by a 5-nm
blue-shift of both peaks; at higher Cu®>" concentrations (0.9—2 mM)
quenching of the emission at 350 nm occurred and, simultaneously
both peaks shifted back to their original position, respectively, at 350
and 405 nm. Inset: ratio Iyys/l3so at different Cu®" concentrations,
where / is the fluorescence intensity.

after  30-min  pre-incubation with 2mM  Cu**
[Fig. 10(E)]. The random coil fraction remained essen-
tially unchanged except that it increased by 5—8% with
2mM Cu®" as the pre-incubation time increased to
30 min [Fig. 10(F)].

Effect of Cu’" on the visible portion of XO CD
spectrum CD spectra of XO and XO in the presence of

various Cu”" concentrations were also recorded in the
visible region, from 350 to 700 nm (Fig. 11). The native
enzyme exhibited a peak at 432 nm, one at 450 nm and
a trough at 550 nm. Addition of 0.1 mM Cu** caused a
decrease in the peaks at 432 and 450 nm and a deepen-
ing of the trough at 550 nm, but the proportion between
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Figure 10 Far-UV CD spectra analysis Far-UV CD spectra taken (A) immediately after addition of increasing concentrations of Cu®" to XO
and (B) after 30-min pre-incubation of the metal with the enzyme. Changes in the a-helical fraction (C), the B-sheet fraction (D), the B-turn
fraction (E), and the random coil fraction (F) of the enzyme pre-incubated with various Cu®>' concentrations as a function of the time of
pre-incubation. (filled square) 0.001 mM Cu**, (filled triangle) 0.005 mM Cu?", (filled diamond) 0.05 mM Cu**, (open square) 0.5 mM Cu?",
(triangle) 0.9 mM Cu?’, (diamond) 1.5 mM Cu?*, (open circle) 2 mM Cu?’. The dotted lines represent the control value for the enzyme in the

absence of Cu®".

the 432- and 450-nm peaks remained unchanged.
Similar observations were made whether the enzyme and
the metal were pre-incubated for 0 min [Fig. 11(A)] or
30 min [Fig. 11(B)] except for a slight enhancement of
the effect after 30 min. Addition of 0.5 mM Cu®" led to
a CD spectrum similar to the control, except for a deeper
trough at 550 nm [Fig. 11(A)]; after 30-min pre-
incubation, the same peaks were obtained in the same
proportions but they were ~20% smaller [Fig. 11(B)].
When XO was exposed to 1.5 mM Cu®", a metal con-
centration causing drastic inhibition of the enzymatic
activity, the visible CD spectrum exhibited an enhanced
signal at 432nm (17% increase) and, especially, at
450 nm (28% increase); this resulted in an inverse pro-
portion of the 432-nm peak vs. the 450-nm peak com-
pared with the control [Fig. 11(A)]. After 30-min
pre-incubation, the signals decreased so that the 450-nm
peak was similar in height to the control while that at
432 nm was 12% lower than the control, changing the
ratio 432/450 nm from 1.06 for the control to 0.94 in the
presence of Cu®" [Fig. 11(B)].
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Figure 11 Visible region CD spectra of XO taken (A) immediately
after addition of increasing concentrations of Cu?' to the enzyme
and (B) after 30-min pre-incubation of the metal with the enzyme.

Discussion

The enzymatic activity studies presented here showed
that Cu®" was a reversible inhibitor as well as an activa-
tor of the XO-catalyzed oxidation of xanthine to uric
acid. The spectroscopic studies showed that Cu®* formed
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a complex with XO that resulted in specific alterations
around each reactive center along with alterations in the
secondary and, eventually, tertiary structure of the
enzyme. Binding studies based on absorbance changes at
350, 450, and 550 nm showed that the alterations detect-
able at the lowest Cu?" concentrations (starting at
0.05 mM) took place around the molybdenum center
with prompt saturation of a binding site. Over the same
metal concentration range, alterations were also detect-
able around the FAD center but to a lesser extent and
with no binding site saturation. Alterations around the
Fe/S centers, as revealed by absorbance decreases at
550 nm were not detectable until Cu”’ concentration
reached 0.4 mM. Absorbance changes at 277 nm were
mostly negligible until 0.5 mM Cu?’, indicating that the
initial alterations around the molybdenum and FAD
centers affected essentially the secondary structure of the
enzyme. The far-UV CD data revealed that indeed altera-
tions in the secondary structure of the enzyme were
detectable at the lowest Cu®>* concentrations probed.

Exposure of XO to Cu®" concentrations above a criti-
cal value of 0.7 mM, led to drastic inhibition of the
enzymatic activity that coincided with the cooperative
binding of additional Cu®" around the molybdenum
center, the binding of an additional Cu®" around the
FAD center and the progressive binding of probably
three Cu®" around the Fe/S centers. Drastic absorbance
changes were observed at 277 nm, indicating alterations
to the tertiary structure while far-UV CD data reflected
further alterations in the secondary structure.

The change in inhibition type from non-competitive to
mixed observed with prolonged pre-incubation (over
10 min) of XO with Cu*" coincided with progressive sat-
uration of the sites occupied by the metal, especially
around the Fe/S centers, and with increased stability of
the XO—Cu complex as indicated by the decreasing Ky
and AG values.

Determination of the apparent dissociation constant of
the metal—enzyme complex, based on the absorbance
changes observed for the molybdenum center and for the
FAD center, revealed two constants (K4q; and Ky,) in
each case, indicating the existence of sites with lower
affinity for Cu?®" that would be filled only after the metal
concentration reached the critical value of 0.7 mM. In
parallel with the kinetics results, filling of lower affinity
sites led to complete inactivation of the enzyme, while
filling of higher affinity sites resulted in limited inhi-
bition of the enzymatic activity. Cooperative binding
along with a single K4 value were deduced from the
absorbance changes observed for the Fe/S centers.

Consensus sequences for Cu?" binding sites have been
established, with His or Cys often identified as the
anchoring amino acid [35—-37]. To determine the precise
location of the Cu®" binding sites in XO would require
X-ray crystallography of the metal-enzyme complex.
However, the information gathered by various groups on
the enzyme structure [8,13,14] allowed us to make some
predictions regarding plausible binding sites for Cu®**. A
close examination of the enzyme structure reveals that
XO exhibits a number of potential binding sites for Cu*"
in the vicinity of each of its reactive centers. Figure 12
provides a schematic representation of the reactive
centers with some His and Cys residues located near
them along with the amino acids reported to be involved
in the substrate binding and the reaction catalysis [8,13—
15]. Most of these residues are deeply buried in the
protein but some, like His®”>, His®’, and His* (under-
lined in Fig. 12), are more exposed and thus more acces-
sible to Cu®". His®”>, in the molybdopterin-binding
domain, is part of a sequence that includes Arg®*’, one
of the key amino acids maintaining the substrate in the
proper orientation [38]. It is likely to be part of the first
binding site, leading to alterations in the molybdenum

H|s”7 Fe/S |

Fe/S I

Mo-co
914
863
875 HIS

1009~ T Arg®®° 508

His %*

Figure 12 Relative orientations of the reactive centers in bovine
milk XO and His residues potentially involved in Cu?*
binding Residues important in substrate binding and reaction
catalysis are also indicated and labeled in italics characters. The labels
for the most exposed His residues are underlined. Insets: additional His
and Cys residues potentially involved in Cu** binding around the Fe/S
II (@) and Fe/S 1 (b) centers. Images generated using the
Swiss-PdbViewer (http:/www.expasy.ch/spdbv) from the data of
Enroth et al. [13].
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center environment and hampering substrate binding
(Fig. 12). However, as indicated by the pH profiles
obtained in the presence of various Cu®" concentrations,
the binding did not affect ionization of Glu'*®' that is
involved in the reaction catalysis [16]. Next, the FAD
center was altered and the sequence including His™ is a
likely binding site. His®%, in the iron—sulfur-binding
domain, is part of the sequence Ile’’Cys’*Thr’’Leu®
His*'His**Val** Ala®*Val**Thr® that is near the FAD
center; the sequence also includes His®' and Cys’® resi-
dues. Subsequent alterations around the Fe/S centers
were possibly initiated with binding at the sequence
including His®” at low Cu®" concentrations, leading to
increasing alterations of the electron transfer to O, and
increasing inhibition of enzymatic activity. His® is part
of the sequence Lys®Ile®Ile®®His®’Phe®®Ser®”Ala’”
Asn’'Ala”?  Cys’Leu’*Ala’Pro’® that is close to
the FAD center and also includes Cys’® residue to
which Fe/S II is coordinated. In the vicinity of the
Fe/S 1 center, the sequence Lys”Thr’®Arg”’Leu’®
His*Pro!®Val'®! GIn'®Glu'% Arg! *Tle! 5 Ala! %L ys!*7
Ser'® His!®Gly'1%Ser'!!GIn! 2Cys!!> Gly!“Phe!!5Cys!!6
Thr'Pro' "®Gly'"® comprises two His and two Cys
residues, providing binding sites for Cu*". At higher Cu®"
concentrations corresponding to drastic inhibition of the
enzymatic activity, cooperative binding around the Fe/S
centers continued, involving less accessible His and Cys
residues. His®”’ and His®®® are deeply buried residues, part
of the molybdopterin-binding domain but close to the FAD
center; prior binding of Cu”" to the more accessible nearby
His® is likely to facilitate binding to residues His®”” and
His®®. Binding involving residue His®*? is likely to affect
the Fe/S II center as well as the FAD center (Fig. 12). The
cooperative binding observed around the molybdenum
center at higher Cu>" concentrations could involve residues
His® and His”; alternatively, residue His'? in the vicin-
ity of the Fe/S 1 center could also affect the molybdenum
center. Thus, from three potential binding sites around the
molybdenum center, one was probably common to the mol-
ybdenum and the Fe/S I centers; and from two potential
binding sites around the FAD center, one was probably
common to the FAD and the Fe/S I centers.

In limited concentrations and after brief pre-incubation
with XO, Cu®*' would enhance rather than inhibit the
enzymatic activity. A similar phenomenon was seen in
the study of the effect of Ni*" on horseradish peroxidase
activity [39]. As previously suggested, this transient
activity stimulation could be due to a stabilization of the
enzyme in its optimal conformation. Approximately
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one-third of all proteins are completely or partially
unfolded [40] and metals bind with higher affinity to the
folded state than to the unfolded state or partially folded
states of a protein [41]. It is likely that when Cu®*" was
in low concentration, binding first occurred with the
completely folded enzyme. With extended pre-incubation
time, or higher Cu*" concentrations, binding to the other
states of the enzyme took place and, eventually multiple
binding sites were filled leading to increasing inhibition
of the activity.
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