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Abstract

Xanthine oxidase (XO) and copper, zinc superoxide dismutase (Cu, Zn-SOD) are function-related proteins in vivo. Thermodynamics of
the interaction of bovine milk XO with bovine erythrocyte Cu, Zn-SOD has been studied using isothermal titration calorimetry (ITC) and
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uorescence spectroscopy. The binding of XO to Cu, Zn-SOD is driven by a large favorable enthalpy decrease with a large unfavora
eduction, and shows strong entropy–enthalpy compensation and weak temperature-dependence of Gibbs free energy change. A
arge positive molar heat capacity change of the binding, 3.02 kJ mol−1 K−1, at all temperatures examined suggests that either hydrogen
r long-range electrostatic interaction is a major force for the binding. XO quenches the intrinsic fluorescence of Cu, Zn-SOD an
mall red shift in the fluorescence emission maximum of the protein. A small salt concentration dependence of the binding affinity
y fluorescence spectroscopy and a large unfavorable change in entropy for the binding measured by ITC suggest that long-range

orces do not play an important role in the binding. These results indicate that XO binds to Cu, Zn-SOD with high affinity and that
ond is a major force for the binding.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Protein–protein interactions (PPIs) play key roles in many
ssential biological processes such as the assembly of cellular
omponents, the transport machinery across the various bio-
ogical membranes, signal transduction, and the regulation of
ene expression and enzymatic activities[1–4]. Aberrant or
erturbed PPIs have been implicated in a number of diseases
uch as Alzheimer’s disease and cancer[3].

Isothermal titration calorimetry (ITC) is an important tool
or the study of both thermodynamic and kinetic properties
f biological macromolecules by virtue of its general appli-
ability and high precision, as shown by recent developments

∗ Corresponding author. Tel.: +86 27 8721 4902; fax: +86 27 8766 9560.
E-mail address:liangyi@whu.edu.cn (Y. Liang).

[1,5–10]. This method has yielded a large amount of us
thermodynamic data on PPIs[1,5,6,9–18].

Xanthine oxidase (XO, EC 1.2.3.2), a very import
enzyme in the purine metabolism, is a 290 kDa homod
possessing two iron-sulfur centers and one flavin ade
dinucleotide (FAD) in addition to one molybdenum cente
each of the subunits[19,20]. It catalyzes the oxidation of h
poxanthine to xanthine and of xanthine to uric acid, produ
two reactive oxygen species (ROS), superoxide anion
cal (O2

•−) and hydrogen peroxide (H2O2) [21–23]. Highe
amounts of ROS are thought to underlie the pathoge
of various diseases, including cancer and influenza viru
fection[23,24]. Whereas copper, zinc superoxide dismu
(Cu, Zn-SOD, EC 1.15.1.1), a 32 kDa homodimer contai
two copper and two zinc ions per dimer[25]. It catalyzes th
dismutation of O2•− to H2O2 and molecular oxygen by a
ternately oxidizing and reducing the copper[26–28], and ha
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great physiological significance and therapeutic potential for
diseases associated with ROS[23,24,29]. Because XO and
Cu, Zn-SOD are function-related proteins in vivo[23,30],
it is of interest to determine whether XO binds to Cu, Zn-
SOD with high affinity. The purpose of this investigation is
to provide detailed thermodynamic and kinetic data for the
interaction of XO with Cu, Zn-SOD to furnish insights into
the mechanism of the binding.

In two previous publications from this laboratory[21,28],
the oxidation of xanthine catalyzed by XO and the dismuta-
tion of O2

•− catalyzed by Cu, Zn-SOD were investigated by
isothermal calorimetry. In this study, ITC and fluorescence
spectroscopy were combined to study the interaction between
bovine milk XO and bovine erythrocyte Cu, Zn-SOD. The
results obtained indicate that XO binds to Cu, Zn-SOD with
high affinity and that hydrogen bond is a major force for the
binding.

2. Experimental

2.1. Materials

Bovine milk XO (Sigma Chemical Co., St. Louis, MO,
USA) was centrifugated at 4◦C for 7 min at 6000 rpm. The
upper layer was removed and the pellet was redissolved
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Northampton, MA, USA). All solutions were thoroughly de-
gassed before use by stirring under vacuum. Before each ex-
periment, the ITC sample cell was washed several times with
HEPES buffer. The sample cell was loaded with 1.43 cm3

of Cu, Zn-SOD solution (1.30�mol dm−3) and the reference
cell contained doubly distilled water. Titration was carried
out using a 0.25 cm3 syringe filled with XO solution, with
stirring at 300 rpm. The concentrations of XO were varied
between 35.0 and 52.0�mol dm−3. Injections were started
after baseline stability had been achieved. A titration exper-
iment consisted of 28 consecutive injections of 0.0100 cm3

volume and 20 s duration each, with a 4 min interval between
injections. Heats of dilution were determined by injecting
XO into the buffer alone and the total observed heats of bind-
ing were corrected for the heat of dilution. The resulting data
were fitted to a single set of identical sites model using Mi-
croCal ORIGIN software supplied with the instrument, and
the intrinsic molar enthalpy change for the binding,�bH

◦
m,

the binding stoichiometry,n, and the intrinsic binding con-
stant,Kb, were thus obtained. The intrinsic molar free en-
ergy change,�bG

◦
m, and the intrinsic molar entropy change,

�bS
◦
m, for the binding reaction were calculated by the fun-

damental equations of thermodynamics[6,7]:

�bG
◦
m = −RT ln Kb (1)
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n 0.01 mol dm HEPES buffer containing 0.15 mol dm
aCl and 0.001 mol dm−3 EDTA (pH 7.4). Because som
f FAD was also removed from XO during the proce
.025 cm3 of 0.002 mol dm−3 FAD solution was added in
cm3 of deflavoenzyme (20 g dm−3 in HEPES buffer) to

econstitute the holoenzyme[31]. Then XO was dialyze
gainst the buffer in the dark overnight in order to rem
odium salicylate and ammonium sulfate in sample c
letely. The concentration of XO was determined usin
olar extinction coefficient of 37,800 mol−1 dm3 cm−1 at
50 nm[32] and the activity of the enzyme was measu
pectrophotometrically by monitoring the formation of u
cid from xanthine at 295 nm[22]. Bovine erythrocyte Cu
n-SOD (Sigma) was used without further purification.
oncentration of Cu, Zn-SOD was determined at 258 nm
ng a molar extinction coefficient of 10,300 mol−1 dm3 cm−1

26] and the activity of the enzyme was determined by us
yrogallol autoxidation inhibition assay[33]. XO and Cu, Zn
OD were both considered as a dimer in the calculatio
oncentrations and molar ratios. FAD and xanthine were
ained from Sigma with purity 96% and >99%, respectiv
EPES was purchased from Promega Corporation (M
on, WI, USA). All chemicals used were made in China
f analytical grade. All reagent solutions used were prep

n 0.01 mol dm−3 HEPES buffer containing 0.15 mol dm−3

aCl (pH 7.4).

.2. Isothermal titration calorimetry

ITC measurements were performed at 20.0, 25.0, 30.0
7.0◦C by using a VP-ITC titration calorimeter (MicroC
bS
◦
m = �bH

◦
m − �bG

◦
m

T
(2)

he molar heat capacity change associated with the bin
eaction,�bCp,m, was thus obtained.

.3. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence spectroscopic experiments on
nteraction of XO, a quencher, with Cu, Zn-SOD were
ied out at 20.0, 25.0, 30.0, and 37.0◦C using a LS-55 lumi
escence spectrometer (Perkin-Elmer Life Sciences, Sh
T, USA). Because Cu, Zn-SOD contains a single t
ine residue (Tyr 108), which is completely conserved,
o tryptophan per subunit[34], and XO contains 34 tyro
ine residue and 11 tryptophan per subunit, the excit
avelength at 280 nm was used for the intrinsic fluoresc
easurements, and the emission spectra were record

ween 280 and 400 nm. The excitation and emission slits
oth 8 nm, and the scan speed was 100 nm min−1. 3.00 cm3

f Cu, Zn-SOD (2.78�mol dm−3) was placed in a 1 cm
hermostated quartz fluorescence cuvette and titrated
.0100 cm3 aliquots of XO (2.03�mol dm−3) with continu-
us stirring. After each titration, the solution was mixed th
ughly and allowed to equilibrate thermally for 5 min prio

he fluorescence measurements. The fluorescence me
ents of Cu, Zn-SOD and XO were carried out with

ical density less than 0.1 at 258 and 295 nm, respect
n order to avoid the inner filter effects[22]. The fluores
ence data for two control systems, the buffer titrated
.0100 cm3 aliquots of XO and Cu, Zn-SOD titrated w
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Table 1
Thermodynamic parameters for the interaction of XO with Cu, Zn-SOD at different temperatures using ITCa

T (K) n Kb × 10−6 �bH
◦
m (kJ mol−1) �bG

◦
m (kJ mol−1) �bS

◦
m (J mol−1 K−1)

293.15 2.73± 0.06 1.20± 0.09 −201.1± 10.9 −34.0± 0.2 −569
298.15 3.46± 0.07 0.198± 0.011 −191.7± 6.6 −30.2± 0.1 −541
303.15 3.30± 0.16 0.195± 0.017 −167.7± 12.5 −30.7± 0.2 −452
310.15 2.73± 0.12 0.961± 0.142 −157.7± 9.2 −35.5± 0.4 −394

a Errors shown are standard errors of the mean. Experiments were performed in 0.01 mol dm−3 HEPES buffer containing 0.15 mol dm−3 NaCl (pH 7.4).

0.0100 cm3 aliquots of buffer, were also measured under the
same condition and used to correct the observed fluores-
cence and the dilution effects. Salt concentration dependence
of the fluorescence intensity for the interaction was deter-
mined in 0.01 mol dm−3 HEPES buffer at NaCl concentra-
tions in the 0–1 mol dm−3 range (0, 0.050, 0.15, 0.30, 0.50,
and 1.0 mol dm−3) and at 25.0◦C. Then log(F0�F/F�Fmax)

F
i
(
X
X
(
m
o

was plotted against log[XO], and the value ofKb at each
NaCl concentration was determined from the linear plot by
assuming the relation that the pKb of the complex equals the
value of [XO] when log(F0�F/F�Fmax) = 0 [35,36]. Here,
F0 is the fluorescence intensity of Cu, Zn-SOD alone,F is
the fluorescence intensity of Cu, Zn-SOD in the presence of a
concentration of XO, and�F and�Fmaxare the fluorescence
intensity changes of Cu, Zn-SOD in the presence of a con-
centration of XO and saturated with XO, respectively. For the
intrinsic fluorescence experiments on Cu, Zn-SOD binding
to XO, 3.00 cm3 of XO (0.051�mol dm−3) was titrated with
0.0100 cm3 aliquots of Cu, Zn-SOD (23.8�mol dm−3) with
continuous stirring. The fluorescence data for two control
systems, the buffer titrated with 0.0100 cm3 aliquots of Cu,
Zn-SOD and XO titrated with 0.0100 cm3 aliquots of buffer,
were also measured under the same condition and used to
correct the observed fluorescence and the dilution effects.

3. Results

3.1. Thermodynamic analysis of the interaction of XO
with Cu, Zn-SOD using ITC

Fig. 1A shows the ITC curve of the interaction of XO with
C e
h at of
d he
c ites
m
0 ic
p
s

ig. 1. ITC measurements of the binding of XO to Cu, Zn-SOD at 37.0◦C
n 0.01 mol dm−3 HEPES buffer containing 0.15 mol dm−3 NaCl (pH 7.4).
A) Typical calorimetric titration of Cu, Zn-SOD (1.27�mol dm−3) with
O (39.7�mol dm−3). (B) The control experiment was performed in which
O solution was injected into the buffer alone. (C) Plot of the heat evolved

kJ) per mole of XO added, corrected for the heat of dilution, against the
olar ratio of XO to Cu, Zn-SOD. The data (�) were fitted to a single set
f identical sites model and the solid line represents the best fit.
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u, Zn-SOD at 37.0◦C, andFig. 1B displays a plot of th
eat evolved per mole of XO added, corrected for the he
ilution, against the molar ratio of XO to Cu, Zn-SOD. T
alorimetric data were fitted to a single set of identical s
odel yielding�bH

◦
m = −157.7± 9.2 kJ mol−1, n= 2.73±

.12, andKb = (0.961± 0.142)× 106. The thermodynam
arameters obtained at 20.0, 25.0, 30.0, and 37.0◦C were
ummarized inTable 1. As shown inTable 1, the values ofnat
he four temperatures examined were all around 3, sugge

stoichiometry of one Cu, Zn-SOD subunit binding w
hree XO subunits.

Fig. 2shows the temperature dependence of the intr
hermodynamic parameters for the binding of XO to Cu,
OD. As shown inFig. 2, the molar heat capacity changes
ociated with the binding,�bCp,m, were 2.72 kJ mol−1 K−1

or the plot of�bH
◦
m versusT and 3.31 kJ mol−1 K−1 for

he plot of�bS
◦
m versus lnT with linear correlation coeffi

ients of 0.97 and 0.98, respectively. The values of�bCp,m
btained from the above two plots were square with e
ther. The above results indicated that the molar heat c

ty change of the binding was independent of tempera
n the range studied. A plot of�bH

◦
m versusT�bS

◦
m for the
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Fig. 2. Temperature dependence of the intrinsic thermodynamic parameters
for the binding of XO to Cu, Zn-SOD. The intrinsic molar enthalpy change
(�), the intrinsic molar free energy change (�), and the intrinsic molar
entropy change (�) were determined using ITC as described inSection 2.
The molar heat capacity change associated with the binding,�bCp,m, was
determined by linear regression analysis of the plot by�bH

◦
m = �bCp,mT

+ �H◦ (A) and�bS
◦
m = �bCp,m lnT + �S◦ (C), respectively using the data

in (A) and (C).

binding at different temperatures showed a slope of 0.96 with
a linear correlation coefficient of 0.99 and an enthalpy inter-
cept of−38.9 kJ mol−1, indicating strong enthalpy–entropy
compensation. The ITC experiments show that XO binds to
Cu, Zn-SOD with favorable enthalpy, unfavorable entropy,
and high affinity.

3.2. Fluorescence quenching studies on the interaction
of XO with Cu, Zn-SOD

The intrinsic tyrosine fluorescence of a protein can be ex-
ploited to detect the local changes of its environment. As
shown inFig. 3A, a regular decrease in the intrinsic fluo-
rescence intensity of Cu, Zn-SOD tyrosine residues together
with a small red shift of fluorescence emission maximum
from 307.5 to 309.0 nm takes place upon increasing the con-
centration of XO at 25.0◦C. The quenching phenomenon was
caused by the binding of XO to Cu, Zn-SOD, but not by the

Fig. 3. Fluorescence titration measurements of the binding of XO to Cu, Zn-
SOD at 25.0◦C in 0.01 mol dm−3 HEPES buffer containing 0.15 mol dm−3

NaCl (pH 7.4). (A) Intrinsic fluorescence emission spectra of Cu, Zn-
SOD (2.78�mol dm−3) titrated with XO (2.03�mol dm−3). The arrow rep-
resents the concentration of XO increases gradually from 0 (the top) to
0.127�mol dm−3 (the bottom). (B) Linear plot of log(F0�F/F�Fmax) for
the interaction of Cu, Zn-SOD with XO against log[XO]. The solid squares
are the experimental data and the straight line represents the best fit. The
linear correlation coefficient of the fit is 0.98. Fluorescence was excited at
280 nm and the titration experiment consisted of 20 consecutive injections.

concentration decrease of Cu, Zn-SOD, which had been sub-
tracted from the interaction. The quenching of fluorescence
intensity of the protein upon the addition of XO suggests that
the two tyrosine residues are either directly involved in XO
binding or in the vicinity of the binding pocket. The data
were fitted to log(F0�F/F�Fmax) versus log[XO] (Fig. 3B)
yielding the intrinsic binding constant for the binding at this
temperature.

Salt concentration dependence of the intrinsic binding
constants for the interaction of XO with Cu, Zn-SOD was
determined by fluorescence spectroscopy in 0.01 mol dm−3

HEPES buffer at NaCl concentrations in the 0–1 mol dm−3

range and at 25.0◦C (Table 2). At physiologic ionic strength
(0.15 mol dm−3 NaCl, pH 7.4), theKb was determined to be
(6.62± 1.27)× 106, and the data at 1.0 mol dm−3 NaCl af-
forded the nonionic contribution[18]. As shown inTable 2,
the value ofKb was only 1.6-fold increased when NaCl con-
centration decreased from 1.0 mol dm−3 to zero, suggesting
a minor role of long-range electrostatic forces for the binding
[15,18,37].

As shown inFig. 4, a regular decrease in the intrinsic flu-
orescence intensity of XO but no shift of fluorescence emis-
sion maximum occurs upon increasing the concentration of
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Table 2
Salt concentration dependence of the intrinsic binding constants for the inter-
action of XO with Cu, Zn-SOD as determined by fluorescence spectroscopy
at 25.0◦Ca

CNaCl (mol dm−3) Kb × 10−6

0 7.75± 1.20
0.050 6.90± 0.71
0.15 6.62± 1.27
0.30 6.33± 2.20
0.50 5.49± 0.84
1.0 4.90± 0.60

a Errors shown are standard errors of the mean. Experiments were per-
formed in 0.01 mol dm−3 HEPES buffer containing different concentrations
of NaCl (pH 7.4).

Fig. 4. Fluorescence titration measurements of the binding of Cu, Zn-
SOD to XO at 25.0◦C in 0.01 mol dm−3 HEPES buffer containing
0.15 mol dm−3 NaCl (pH 7.4). (A) Intrinsic fluorescence emission spec-
tra of XO (0.051�mol dm−3) titrated with Cu, Zn-SOD (23.8�mol dm−3).
The arrow represents the concentration of Cu, Zn-SOD increases gradually
from 0 (the top) to 1.87�mol dm−3 (the bottom). (B) The intrinsic fluores-
cence emission maximum of XO against the concentration of Cu, Zn-SOD.
Fluorescence was excited at 280 nm and the titration experiment consisted
of 23 consecutive injections.

Cu, Zn-SOD. The quenching phenomenon was caused by the
binding of Cu, Zn-SOD to XO, but not by the concentration
decrease of XO, which had been subtracted from the interac-
tion. The fluorescence quenching experiments show that the
interaction of XO with Cu, Zn-SOD with high affinity and
small structural changes.

4. Discussion

It is well known that the interactions between different
proteins display certain common properties[1,9,38,39]. The
negative molar heat capacity changes associated with PPIs
and other non-covalent association reactions, for example,
are usually attributed to the hydrophobic interaction arisen
from the reduction in the number of nonpolar surface-exposed
groups[1,6,16,38–41]. In contrary, the positive molar heat ca-
pacity changes associated with PPIs and other non-covalent
association reactions, which are very rare[18,42,43], are
commonly attributed to either hydrogen bonds or long-range
electrostatic interactions arisen from the reduction in the
number of polar surface-exposed groups, although other fac-
tors may contribute to�bCp,m [1,14,17,18,41–45]. An un-
expected, large positive molar heat capacity change of the
binding of XO to Cu, Zn-SOD, 3.02 kJ mol−1 K−1 (the aver-
age of the two values of�bCp,m in Fig. 2), at all temperatures
examined suggests that either hydrogen bond or long-range
electrostatic interaction is a major force for the binding. This
is the first large positive value of�bCp,m reported for a PPI.
To check that it is really unusual, we looked at the papers by
Stites[1] and by Spolar and Record[38], which give�bCp,m
values for a number of PPIs, and found that none of them
is positive. Schreiber and Fersht[37] have pointed out that
P rogen
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t ding
a large
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PIs are sometimes controlled by electrostatics and hyd
ond. Janin[46] has pointed out that long-range electrost

orces contribute to a favorable change in entropy of in
ction by maximizing the frequency of productive enco

ers. A small salt concentration dependence of the bin
ffinity measured by fluorescence spectroscopy and a
nfavorable change in entropy for the binding measure

TC suggest that long-range electrostatic forces do not
n important role[15,18,37,46]in the binding of XO to Cu
n-SOD. These results indicate that hydrogen bond is a

or force for the binding. The formation of hydrogen bo
etween XO and Cu, Zn-SOD is attribute to their sur
tructures, on which there are many hydrogen bond do
r acceptors, for example, Arg 37, Asn 19, and Tyr 56
O [20], and Arg 127, Asp 129, and Asn 90 of Cu, Zn-S

27]. Because the site(s) of the interaction between the
roteins is unknown at the present time, we cannot inte

he results specifically in structural terms.
It remains unclear whether the�bCp,m effect is the re

ult of dissociation of one of the interacting components
imer of XO or Cu, Zn-SOD. Dissociation of a dimeric p

ein usually results in a pronounced red shift of the intri
uorescence emission maximum[8]. Only a small red shif
f the intrinsic fluorescence emission maximum for Cu,
OD titrated with XO, however, occurred upon increas

he concentration of XO. Meanwhile, no shift of the intr
ic fluorescence emission maximum for XO titrated with
n-SOD was observed during the increase of the conce

ion of Cu, Zn-SOD. The results showed that dissociatio
ne of the interacting proteins did not take place during
inding of XO to Cu, Zn-SOD. Although the results fro
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fluorescence spectroscopy showed that XO binds to Cu, Zn-
SOD with small conformational changes, the possibility that
the molar enthalpy change accompanying the conformational
change in the proteins is a possible source of�bH

◦
m cannot

be excluded.
Another surprising feature of the thermodynamics of

the interaction of XO with Cu, Zn-SOD is the presence
of entropy–enthalpy compensation, which accompanies the
formation of hydrogen bonds[18,45] but not the normal
hydrophobic interaction[1,6,16,38–41]. A large�bCp,m,
either negative or positive, leads to significant temperature
variations in�bH

◦
m and�bS

◦
m which, nevertheless, tend to

compensate to give relative smaller changes in the more func-
tionally significant Gibbs free energy change,�bG

◦
m, which

is then less sensitive to temperature fluctuations[45].
Combining the results from ITC and fluorescence spec-

troscopy, we conclude that XO binds to Cu, Zn-SOD with
high affinity and small structural changes and that hydrogen
bond is a major force for the binding.
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