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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
fluorescence spectroscopy. The binding of XO to Cu, Zn-SOD is driven by a large favorable enthalpy decrease with a large unfavorable entropy
reduction, and shows strong entropy—enthalpy compensation and weak temperature-dependence of Gibbs free energy change. An unexpecte
large positive molar heat capacity change of the binding, 3.02 kd'rKof!, at all temperatures examined suggests that either hydrogen bond
or long-range electrostatic interaction is a major force for the binding. XO quenches the intrinsic fluorescence of Cu, Zn-SOD and causes a
small red shift in the fluorescence emission maximum of the protein. A small salt concentration dependence of the binding affinity measured
by fluorescence spectroscopy and a large unfavorable change in entropy for the binding measured by ITC suggest that long-range electrostatic
forces do not play an important role in the binding. These results indicate that XO binds to Cu, Zn-SOD with high affinity and that hydrogen
bond is a major force for the binding.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Isothermal titration calorimetry; Protein—protein interactions; Superoxide dismutase; Thermodynamics; Xanthine oxidase

1. Introduction [1,5-10]. This method has yielded a large amount of useful
thermodynamic data on PHI5,5,6,9-18].

Protein—protein interactions (PPIs) play key rolesinmany  Xanthine oxidase (XO, EC 1.2.3.2), a very important
essential biological processes such as the assembly of cellulaenzyme in the purine metabolism, is a 290 kDa homodimer
components, the transport machinery across the various biopossessing two iron-sulfur centers and one flavin adenine
logical membranes, signal transduction, and the regulation ofdinucleotide (FAD) in addition to one molybdenum center in
gene expression and enzymatic activifies4]. Aberrant or each of the subunifd49,20]. It catalyzes the oxidation of hy-
perturbed PPIs have been implicated in a number of diseasepoxanthine to xanthine and of xanthine to uric acid, producing
such as Alzheimer’s disease and cari8gr two reactive oxygen species (ROS), superoxide anion radi-

Isothermal titration calorimetry (ITC) is an importanttool cal (;*~) and hydrogen peroxide ¢g®,) [21-23]. Higher
for the study of both thermodynamic and kinetic properties amounts of ROS are thought to underlie the pathogenesis
of biological macromolecules by virtue of its general appli- of various diseases, including cancer and influenza virus in-
cability and high precision, as shown by recent developmentsfection[23,24]. Whereas copper, zinc superoxide dismutase

(Cu, Zn-SOD, EC 1.15.1.1), a 32 kDa homodimer containing
two copper and two zinc ions per dim@5]. It catalyzes the

* Corresponding author. Tel.: +86 27 8721 4902; fax: +86 27 8766 9560, dismutation of @*~ to H,O, and molecular oxygen by al-
E-mail addressliangyi@whu.edu.cn (Y. Liang). ternately oxidizing and reducing the cop|j28—28], and has
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great physiological significance and therapeutic potential for Northampton, MA, USA). All solutions were thoroughly de-
diseases associated with R(¥3,24,29]. Because XO and gassed before use by stirring under vacuum. Before each ex-
Cu, Zn-SOD are function-related proteins in vif23,30], periment, the ITC sample cell was washed several times with
it is of interest to determine whether XO binds to Cu, Zn- HEPES buffer. The sample cell was loaded with 1.48 cm
SOD with high affinity. The purpose of this investigation is  of Cu, Zn-SOD solution (1.3@mol dm~3) and the reference
to provide detailed thermodynamic and kinetic data for the cell contained doubly distilled water. Titration was carried
interaction of XO with Cu, Zn-SOD to furnish insights into  out using a 0.25 cfsyringe filled with XO solution, with
the mechanism of the binding. stirring at 300 rpm. The concentrations of XO were varied
In two previous publications from this laboratdg4,28], between 35.0 and 52yimol dm 3. Injections were started
the oxidation of xanthine catalyzed by XO and the dismuta- after baseline stability had been achieved. A titration exper-
tion of O,*~ catalyzed by Cu, Zn-SOD were investigated by iment consisted of 28 consecutive injections of 0.0108 cm
isothermal calorimetry. In this study, ITC and fluorescence volume and 20 s duration each, with a 4 min interval between
spectroscopy were combined to study the interaction betweeninjections. Heats of dilution were determined by injecting
bovine milk XO and bovine erythrocyte Cu, Zn-SOD. The XO into the buffer alone and the total observed heats of bind-
results obtained indicate that XO binds to Cu, Zn-SOD with ing were corrected for the heat of dilution. The resulting data
high affinity and that hydrogen bond is a major force for the were fitted to a single set of identical sites model using Mi-

binding. croCal ORIGIN software supplied with the instrument, and
the intrinsic molar enthalpy change for the bindindg, Hyy,,

2. Experimental the binding stoichiometryp, and the intrinsic binding con-
stant,Ky, were thus obtained. The intrinsic molar free en-

2.1. Materials ergy changeApGp,, and the intrinsic molar entropy change,

ApSy, for the binding reaction were calculated by the fun-
Bovine milk XO (Sigma Chemical Co., St. Louis, MO, damental equations of thermodynamiés]:
USA) was centrifugated at“€ for 7 min at 6000 rpm. The
upper layer was removed and the pellet was redissolved2bGm = —RT In Ky (1)
in 0.01 mol dn3 HEPES buffer containing 0.15 mol dra ARHE — ArGO
o bfm bYm

NaCl and 0.001 moldm? EDTA (pH 7.4). Because some  ApSp, = T 2)
of FAD was also removed from XO during the process,
0.025 cn? of 0.002 mol dn3 FAD solution was added into  The molar heat capacity change associated with the binding
1cn? of deflavoenzyme (20gdn? in HEPES buffer) to  reaction,ApCp m, was thus obtained.
reconstitute the holoenzyni81]. Then XO was dialyzed
against the buffer in the dark overnight in order to remove 2.3. Intrinsic fluorescence spectroscopy
sodium salicylate and ammonium sulfate in sample com-
pletely. The concentration of XO was determined using a  Intrinsic fluorescence spectroscopic experiments on the
molar extinction coefficient of 37,800 moldm®cm! at interaction of XO, a quencher, with Cu, Zn-SOD were car-
450nm[32] and the activity of the enzyme was measured ried out at 20.0, 25.0, 30.0, and 37@ using a LS-55 lumi-
spectrophotometrically by monitoring the formation of uric nescence spectrometer (Perkin-Elmer Life Sciences, Shelton,
acid from xanthine at 295 nif22]. Bovine erythrocyte Cu,  CT, USA). Because Cu, Zn-SOD contains a single tyro-
Zn-SOD (Sigma) was used without further purification. The sine residue (Tyr 108), which is completely conserved, and
concentration of Cu, Zn-SOD was determined at 258 nm us- no tryptophan per subunj84], and XO contains 34 tyro-

ing a molar extinction coefficient of 10,300 mdldm® cm—1 sine residue and 11 tryptophan per subunit, the excitation
[26] and the activity of the enzyme was determined by using a wavelength at 280 nm was used for the intrinsic fluorescence
pyrogallol autoxidation inhibition ass§$3]. XO and Cu, Zn- measurements, and the emission spectra were recorded be-

SOD were both considered as a dimer in the calculations of tween 280 and 400 nm. The excitation and emission slits were
concentrations and molar ratios. FAD and xanthine were ob- both 8 nm, and the scan speed was 100 nnTiB.00 cn?
tained from Sigma with purity 96% and >99%, respectively. of Cu, Zn-SOD (2.7g.moldm3) was placed in a 1cm
HEPES was purchased from Promega Corporation (Madi- thermostated quartz fluorescence cuvette and titrated with
son, WI, USA). All chemicals used were made in China and 0.0100 crd aliquots of XO (2.03wmol dm~3) with continu-

of analytical grade. All reagent solutions used were preparedous stirring. After each titration, the solution was mixed thor-
in 0.01 mol dnT3 HEPES buffer containing 0.15 mol dri oughly and allowed to equilibrate thermally for 5 min prior to

NaCl (pH 7.4). the fluorescence measurements. The fluorescence measure-
ments of Cu, Zn-SOD and XO were carried out with op-
2.2. Isothermal titration calorimetry tical density less than 0.1 at 258 and 295 nm, respectively,

in order to avoid the inner filter effecf2]. The fluores-
ITC measurements were performed at 20.0, 25.0, 30.0, andcence data for two control systems, the buffer titrated with
37.0°C by using a VP-ITC titration calorimeter (MicroCal, 0.0100cm aliquots of XO and Cu, Zn-SOD titrated with
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Table 1

Thermodynamic parameters for the interaction of XO with Cu, Zn-SOD at different temperatures using ITC

T (K) n Kp x 1076 ApH, (kI molt) ApGE, (kImol?) ApSS, (ImortK—1h
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 —-355+04 -394

a Errors shown are standard errors of the mean. Experiments were performed in 0.01Th&lBRES buffer containing 0.15 mol dri NaCl (pH 7.4).

0.0100 cr aliquots of buffer, were also measured under the was plotted against log[XO], and the value Kf at each
same condition and used to correct the observed fluores-NaCl concentration was determined from the linear plot by
cence and the dilution effects. Salt concentration dependencedssuming the relation that the pKf the complex equals the
of the fluorescence intensity for the interaction was deter- value of [XO] when log(bAF/FAFmax) = 0 [35,36]. Here,
mined in 0.01 mol dm® HEPES buffer at NaCl concentra-  Fo is the fluorescence intensity of Cu, Zn-SOD aloRes
tions in the 0—1 mol dm? range (0, 0.050, 0.15, 0.30, 0.50, the fluorescence intensity of Cu, Zn-SOD in the presence of a
and 1.0 mol dm?®) and at 25.0C. Then log(loAF/F AFmay) concentration of XO, and F andAFpaxare the fluorescence
intensity changes of Cu, Zn-SOD in the presence of a con-
centration of XO and saturated with XO, respectively. For the

Time / min intrinsic fluorescence experiments on Cu, Zn-SOD binding
0 20 40 60 80 100 120 to X0, 3.00 cnd of XO (0.051umol dmi~3) was titrated with
o o] 0.0100 cn aliquots of Cu, Zn-SOD (23.8mol dni3) with
continuous stirring. The fluorescence data for two control
5 il systems, the buffer titrated with 0.0100¢@liquots of Cu,
Zn-SOD and XO titrated with 0.0100 chaliquots of buffer,
104 ] were also measured under the same condition and used to
correct the observed fluorescence and the dilution effects.
% -151 1
= (A)
5 20— 3. Results
S I 11 '
3.1. Thermodynamic analysis of the interaction of XO
-5 . with Cu, Zn-SOD using ITC
-10+ . Fig. 1A shows the ITC curve of the interaction of XO with
Cu, Zn-SOD at 37.0C, andFig. 1B displays a plot of the
-154 . heat evolved per mole of XO added, corrected for the heat of
(B) dilution, against the molar ratio of XO to Cu, Zn-SOD. The
20— calorimetric data were fitted to a single set of identical sites
g 0] ] model yieldingAp HS, = —157.74+ 9.2kJmot ', n=2.73+
9 0.12, andKp, = (0.961+ 0.142) x 10°. The thermodynamic
g 40 1 parameters obtained at 20.0, 25.0, 30.0, and 37.@ere
B -60- - summarizedifTable 1. As shown iffable 1, the values ofat
= 40 ] the four temperatures examined were all around 3, suggesting
§ a stoichiometry of one Cu, Zn-SOD subunit binding with
= -100+ ] three XO subunits.
1201 © ] Fig. 2shows the temperature dependence of the intrinsic

T T T T T T

thermodynamic parameters for the binding of XO to Cu, Zn-

SOD. As shownitig. 2, the molar heat capacity changes as-

sociated with the binding\,C,, m, were 2.72 kI mott K1

Fig. 1. ITC measurements of the binding of XO to Cu, zn-SOD at3z.0  for the plot of ApHp, versusT and 3.31kJ mol K~ for

in 0.01 mol dnT3 HEPES buffer containing 0.15 mol dri NaCl (pH 7.4). the plot of Ay Sy, versus InT with linear correlation coeffi-

(A) Typical calorimetric titration of Cu, Zn-SOD (1.3@mol dm3) with cients of 0.97 and 0.98, respectively. The valueaApC, m

XO (39.7pumol dm~3). (B) The control experiment was performed in which obtained from the above two p|OtS were square with each

XO 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 other. The above results indicated that the molar heat Capac-

molar ratio of XO to Cu, Zn-SOD. The datll) were fitted to a single set Ity change of the binding was independent of temperature
of identical sites model and the solid line represents the best fit. in the range studied. A plot akpHy;, versusTAp Sy, for the

Molar Ratio
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e ] Fig. 3. Fluorescence titration measurements of the binding of XO to Cu, Zn-
s, -0.52] 4 SOD at 25.0C in 0.01 mol dn® HEPES buffer containing 0.15 mol drh
vy, m| 1 NaCl (pH 7.4). (A) Intrinsic fluorescence emission spectra of Cu, Zn-
<

SOD (2.78umol dm3) titrated with XO (2.03umol dm3). The arrow rep-
A e T resents the concentration of XO increases gradually from O (the top) to
5.68 5.69 5.70 571 572 573 5.74 0.127pmol dm2 (the bottom). (B) Linear plot of lod{gAF/FAFmay) for

InT the interaction of Cu, Zn-SOD with XO against log[XQ]. The solid squares
are the experimental data and the straight line represents the best fit. The

Fig. 2. Temperature dependence of the intrinsic thermodynamic parameters””ear correlation coefficient of the fit is 0.98. Fluorescence was excited at
for the binding of XO to Cu, Zn-SOD. The intrinsic molar enthalpy change 280 nm and the titration experiment consisted of 20 consecutive injections.
(M), the intrinsic molar free energy chang®)( and the intrinsic molar
entropy change () were determined using ITC as describ&bation 2.
The molar heat capacity change associated with the bindipG,, m, was
determined by linear regression analysis of the plotgyZy, = ApCpmT

+ AH° (A) and ApSy, = ApCpm INT + AS (C), respectively using the data
in (A) and (C).

mn

-0.564 AyCp =331 = 0.46 kI mol K" 7

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
binding at different temperatures showed a slope of 0.96 with were fitted to log(lgAF/F AFmay) versus log[XO] (Fig. 3B)
alinear correlation coefficient of 0.99 and an enthalpy inter- yielding the intrinsic binding constant for the binding at this
cept of—38.9 kJmot?, indicating strong enthalpy—entropy temperature.

compensation. The ITC experiments show that XO bindsto  Salt concentration dependence of the intrinsic binding
Cu, Zn-SOD with favorable enthalpy, unfavorable entropy, constants for the interaction of XO with Cu, Zn-SOD was
and high affinity. determined by fluorescence spectroscopy in 0.01 mofdm
HEPES buffer at NaCl concentrations in the 0—1 motdm
range and at 25QC (Table 2). At physiologic ionic strength
(0.15mol dnt2 NaCl, pH 7.4), thép, was determined to be
(6.62+ 1.27) x 10°, and the data at 1.0 mol drd NaCl af-

The intrinsic tyrosine fluorescence of a protein can be ex- forded the nonionic contributiofi8]. As shown inTable 2,
ploited to detect the local changes of its environment. As the value oKy was only 1.6-fold increased when NaCl con-
shown inFig. 3A, a regular decrease in the intrinsic fluo- centration decreased from 1.0 mold#rto zero, suggesting
rescence intensity of Cu, Zn-SOD tyrosine residues togethera minor role of long-range electrostatic forces for the binding
with a small red shift of fluorescence emission maximum [15,18,37].
from 307.5 to 309.0 nm takes place upon increasing the con-  As shown inFig. 4, a regular decrease in the intrinsic flu-
centration of XO at 25.0C. The quenching phenomenonwas orescence intensity of XO but no shift of fluorescence emis-
caused by the binding of XO to Cu, Zn-SOD, but not by the sion maximum occurs upon increasing the concentration of

3.2. Fluorescence quenching studies on the interaction
of XO with Cu, Zn-SOD
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Table 2 4. Discussion
Salt concentration dependence of the intrinsic binding constants for the inter-

action of XO with Cu, Zn-SOD as determined by fluorescence spectroscopy It is well known that the interactions between different

at25.0¢ proteins display certain common propertjg®,38,39]. The

Cnac (mol dn™?) Kp x 10°° negative molar heat capacity changes associated with PPIs
0 7.75+1.20 and other non-covalent association reactions, for example,
8'220 g'gi 2; are usually attributed to the hydrophobic interaction arisen
030 6.334 2.20 fromthe reductionin the number of nonpolar surface-exposed
0.50 5.49+ 0.84 groupd1,6,16,38-41]. In contrary, the positive molar heat ca-
1.0 4.90+ 0.60 pacity changes associated with PPIs and other non-covalent

2 Errors shown are standard errors of the mean. Experiments were per-aSsociation reactions, which are very r§i8,42,43], are
formed in 0.01 mol dm® HEPES buffer containing different concentrations  commonly attributed to either hydrogen bonds or long-range

of NaCl (pH 7.4). electrostatic interactions arisen from the reduction in the
number of polar surface-exposed groups, although other fac-
1 —— tors may contribute ta\,Cp 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 not K1 (the aver-
age of the two values af,C, m in Fig. 2), at all temperatures
Y, examined suggests that either hydrogen bond or long-range
200 — 7 electrostatic interaction is a major force for the binding. This
is the first large positive value &,C, m reported for a PPI.
To check that it is really unusual, we looked at the papers by
Stites[1] and by Spolar and Recof88], which giveApC ) m
’ values for a number of PPIs, and found that none of them
L UL L L L L L is positive. Schreiber and Ferdi3{7] have pointed out that
310 315 320 325 330 335 340 345 350 355 PPIs are sometimes controlled by electrostatics and hydrogen
Wavelength / nm bond. Janij46] has pointed out that long-range electrostatic
forces contribute to a favorable change in entropy of inter-
(B) action by maximizing the frequency of productive encoun-
ters. A small salt concentration dependence of the binding
affinity measured by fluorescence spectroscopy and a large
unfavorable change in entropy for the binding measured by
eyt igypnliliyy sns snnnn | ITC suggest that long-range electrostatic forces do not play
340 | u i an important rolg15,18,37,46]jn the binding of XO to Cu,
Zn-SOD. These results indicate that hydrogen bond is a ma-
- . jor force for the binding. The formation of hydrogen bonds
130 T T between XO and Cu, Zn-SOD is attribute to their surface
0 5 10 15 20 structures, on which there are many hydrogen bond donors
[Cu,Zn-SOD] / umol dm-3 or acceptors, for example, Arg 37, Asn 19, and Tyr 562 of
XO [20], and Arg 127, Asp 129, and Asn 90 of Cu, Zn-SOD
Fig. 4. Fluorescence titration measurements of the binding of Cu, zn- [27]. Because the site(s) of the interaction between the two
SOD to XO at 25.0C in 0.01moldm3® HEPES buffer containing  proteins is unknown at the present time, we cannot interpret
0.15mol dnr3 NaCl (pH 7.4). (A) Intrinsic fluorescence emission spec- the results specifically in structural terms.
tra of XO (0.05Jumol dm3) titrated with Cu, Zn-SOD (23.8mol dm3). It remains unclear whether th&,C, m effect is the re-
The arrow represents the concentration of Cu, Zn-SOD increases gradually . - . pm
from 0 (the top) to 1.8fumol dm3 (the bottom). (B) The intrinsic fluores- SF‘“ of dissociation of one of th? mte':a(?tmg compongnts, the
cence emission maximum of XO against the concentration of Cu, zn-sob. dimer of XO or Cu, Zn-SOD. Dissociation of a dimeric pro-
Fluorescence was excited at 280 nm and the titration experiment consistedtein usually results in a pronounced red shift of the intrinsic
of 23 consecutive injections. fluorescence emission maximysy. Only a small red shift
of the intrinsic fluorescence emission maximum for Cu, Zn-
SOD titrated with XO, however, occurred upon increasing
Cu, Zn-SOD. The quenching phenomenon was caused by thehe concentration of XO. Meanwhile, no shift of the intrin-
binding of Cu, Zn-SOD to XO, but not by the concentration sic fluorescence emission maximum for XO titrated with Cu,
decrease of XO, which had been subtracted from the interac-zn-SOD was observed during the increase of the concentra-
tion. The fluorescence quenching experiments show that thetion of Cu, Zn-SOD. The results showed that dissociation of
interaction of XO with Cu, Zn-SOD with high affinity and  one of the interacting proteins did not take place during the
small structural changes. binding of XO to Cu, Zn-SOD. Although the results from
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fluorescence spectroscopy showed that XO binds to Cu, Zn-[12] J. Dong, C.A. Peters-Libeu, K.H. Weisgraber, B.W. Segelke, B.

SOD with small conformational changes, the possibility that
the molar enthalpy change accompanying the conformational

change in the proteins is a possible sourcégf{;;, cannot
be excluded.

Rupp, I. Capila, M.J. Hernaiz, L.A. LeBrun, R.J. Linhardt, Bio-
chemistry 40 (2001) 2826.

[13] M.J. Hernaiz, L.A. LeBrun, Y. Wu, J.W. Sen, R.J. Linhardt, N.H.H.
Heegaard, Eur. J. Biochem. 269 (2002) 2860.

[14] H.I. Jung, A. Cooper, R.N. Perham, Biochemistry 41 (2002) 10446.

Another surprising feature of the thermodynamics of [15] P.K. Nielsen, B.C. Bansager, C.R. Berland, B.W. Sigurskjold, B.

the interaction of XO with Cu, Zn-SOD is the presence
of entropy—enthalpy compensation, which accompanies th

formation of hydrogen bondgl8,45] but not the normal
hydrophobic interactiorf1,6,16,38-41]. A largeApCpm,

either negative or positive, leads to significant temperature

variations inApHy, and Ap Sy, which, nevertheless, tend to

compensate to give relative smaller changes in the more func-

tionally significant Gibbs free energy changs,Gy,, which
is then less sensitive to temperature fluctuatidis.

Combining the results from ITC and fluorescence spec-

Svensson, Biochemistry 42 (2003) 1478.

e[16] Z. Lin, F.P. Schwarz, E. Eisenstein, J. Biol. Chem. 270 (1995) 1011.

[17] K. Aoke, H. Taguchi, Y. Shindo, M. Yoshida, K. Ogasahara, K.
Yutani, N. Tanaka, J. Biol. Chem. 272 (1997) 32158.

[18] R.E. Hileman, R.N. Jennings, R.J. Linhardt, Biochemistry 37 (1998)
15231.

[19] V. Massey, L.M. Schopfer, T. Nishino, T. Nishino, J. Biol. Chem.
264 (1989) 10567.

[20] C. Enroth, B.T. Eger, K. Okamoto, T. Nishinoi, E.F. Pai, Proc. Natl.
Acad. Sci. U.S.A. 97 (2000) 10723.

[21] Y. Liang, C.X. Wang, S.S. Qu, Y.X. Wu, D.H. Li, G.L. Zou, Ther-
mochim. Acta 322 (1998) 1.

troscopy, we conclude that XO binds to Cu, Zn-SOD with [22] AK. Sau, S. Mitra, Biochim. Biophys. Acta 1481 (2000) 273.
high affinity and small structural changes and that hydrogen [23] T. Oda, T. Akaike, T. Hamamoto, F. Suzuki, T. Hirano, H. Maeda,

bond is a major force for the binding.
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