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ABSTRACT

An affinity protocol for purification of xanthine oxidase (XOD) from Arthrobacter M3 was developed. The
isolation procedure consisted of only three steps, ammonium sulfate precipitation, affinity extraction to
exclude the major impurities, and the final refining procedure with DEAE ion-exchange chromatography
for removal of minor contaminants. In this affinity preparation, guanine, an analogue of xanthine, was
chosen as the affinity ligand, and was coupled with Sepharose 4B through spacers composed of epichloro-
hydrin and ethylenediamine. Crude protein has been run through ammonium sulfate precipitation and
the affinity column, 99.1% of proteins were removed. After DEAE ion-exchange chromatography, the
purity of the refined XOD was 97.5% by Native-PAGE analysis. The activity recovery of purified XOD
(36.1%) was almost higher than that of other methods reported. Reducing SDS-PAGE analysis showed
that the purified XOD (one band in Native-PAGE analysis) showed two polypeptides with the molecular
weights ~35 kDa and ~100 kDa, respectively. The desorption constant Ky and the theoretical maximum

absorption Qmax on the affinity medium were 3.0 pg/ml and 2.2 mg/g medium in absorption analysis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Xanthine oxidase is a molybdo-flavin enzyme with a quaternary
structure; each subunit contains molybdopterin, flavin adenine
dinucleotide (FAD), and also iron-sulfur center [1]. In vivo it mainly
catalyzed the oxidation of hypoxanthine to xanthine and xan-
thine to uric. This enzyme is widely used as a detection reagent
for purines, superoxide dismutase, phosphates of blood serum [2],
nucleotidase [3]. Moreover, this enzyme played a key role in car-
diovascular diseases and innate immune, and could be employed
as antimicrobial agents.

In previous reports, few articles were involved with the purifi-
cation of xanthine oxidase. More protocols were focusing on the
separation of xanthine dehydrogenase (XDH), which could be con-
verted to XOD by oxidation [4], and these two enzymes were
alternative forms from the same gene product. The purification
of XOD/XDH is a challenging task, and the previous protocols
usually contained several different steps such as heat treatment,
salting-out, organic solvent precipitation, and chromatography.
XDH from Comamonas acidovorans was purified through freeze-
melt, heat treatment, ion-exchange chromatography on DE-52,
gel filtration on Sephacryl S-300, hydrophobic chromatography
on Phenyl Sepharose [5]. XDH from Clostridium purinolyticum was
purified by cell rupture, ion-exchange chromatography on DEAE
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Sepharose, hydrophobic chromatography on Phenyl-Sepharose
CL-6B, ion-exchange chromatography on SP-Sepharose and prepar-
ative CM-HPLC column [6]. XDH from Eubacterium barkeri was
purified by ammonium sulfate, ion-exchange chromatography on
DEAE Sephacel, ultrafiltration, and gel filtration on Sepharose CL
6B [7]. A rather efficient method was affinity chromatography, in
which benzamidine was used as ligand for purification of XOD [8].
However, there is a need to develop a novel purification proto-
col for recovery of XOD/XDH on production scale, in few steps and
meanwhile higher efficiency.

The present work describes the reformed purification of
XOD from Arthrobacter M3, and this protocol consists of only
three steps: ammonium sulfate precipitation, affinity chromatog-
raphy, and DEAE ion-exchange chromatography for refining
enzyme.

2. Materials and methods
2.1. Materials

The strain Arthrobacter M3 has been screened from soil and
stored in our own laboratory. Guanine was obtained from Bio Basic
INC. Canada. Sepharose 4B was purchased from Pharmacia Biotech,
Sweden. Xanthine oxidase standard was obtained from Sinobio,
China.

All the other reagents were of analytical grade from commercial
supply.
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2.2. Preparation crude extract of Arthrobacter M3

Arthrobacter M3 was grown at 37 °C overnight in LB medium.
Then the culture was transferred into 100 ml induction medium as
previously described [9]. The cells were harvested by centrifuga-
tion at 4500 x g for 20 min at 4 °C and were re-suspended in 20 mM
sodium phosphate (pH 7.0). The cells were disrupted by sonication
and centrifuged at 10,000 x g for 30 min at 4°C. The supernatant
was then used for assay of enzyme activity. The protein concen-
tration was determined by the Bradford method [10] using bovine
serum albumin as the standard.

2.3. The preparation of the affinity medium

Sepharose 4B was first modified by epichlorohydrin, and then
was linked to guanine (ligand) through spacers composed of
ethylenediamine and epichlorohydrin by referring from Lietal.[11]
and Xin et al. [12,13]. The information of ligand on the medium was
obtained via electrospray ionization mass spectrometry (ESI-MS)
according to the method reported [13].

2.4. Adsorption analysis

The adsorption capacity of this affinity medium was analyzed
on the basis of the method reported [13]. Varying amount of xan-
thine oxidase solutions (2 ml) (at 0.3, 0.4, 0.5, 0.6, 0.8, 0.95, 1.1, 1.6,
2.4 mg), previously dialyzed against 20 mM sodium phosphate (pH
7.0), were mixed with 0.5 g of each affinity sorbent. The suspen-
sions were shaken for 2 h at 25°C to achieve system equilibrium,
and then centrifuged (1500 x g, 5 min). The supernatants were sub-
jected to activity analysis. Each experiment included a control to
ensure that no loss of activity occurred under these conditions. The
data were analyzed via the Scatchard method. Qmax (the theoretical
maximum adsorption capacity) and Ky (the constant of desorption)
were determined.

All the tests were repeated at least three times.

2.5. Condition for purification of xanthine oxidase

Arthrobacter M3 suspended in 20mM sodium phosphate pH
7.0 was disrupted by sonication and centrifuged at 10,000 x g
for 30 min at 4°C. First, a saturated solution of ammonium sul-
fate was added to the supernatant to achieve 10% saturation.
The supernatant was left at 4°C with the ammonium sulfate for
30 min. The protein precipitate was then removed by centrifuga-
tion at 10,000 x g for 30 min at 4°C. Second, a saturated solution
of ammonium sulfate was continued to add to the supernatant
until achieving 30% saturation. After 30 min, the protein precipi-
tate was collected by centrifugation at 10,000 x g for 30 min, and
then dissolved in 40 ml of 20 mM sodium phosphate (pH 7.0).

The equilibrated affinity column (25 mm x 80 mm) (~110 mg
total proteins, ~2440U) was loaded with that 40 ml supernatant
at 2ml/min and washed with equilibrating buffer until Agonm
base line was achieved, and further eluted with 20 mM sodium
phosphate/0.3 M NaCl (pH 7.0). 29 ml of elution (~3.6 mg proteins,
~1805 U) was collected and tested for activity and protein concen-
tration.

Active fractions desalted and concentrated (~17.5ml, con-
tained ~3.4mg proteins) were applied to the equilibrated
DEAE-Sepharose CL 4B column (25 mm x 80 mm), The column was
washed with equilibrating buffer until A280 nm base line was
achieved, and then eluted with 20 mM sodium phosphate/0.5 M
NaCl (pH 7.0). 27 ml of elution (~1.2 mg proteins, ~1255U) was
collected and tested for activity and protein concentration.

The concentrations of crude and purified enzymes were deter-
mined by the Bradford method using bovine serum albumin as a

standard. The purified enzyme was further analyzed with Native-
PAGE (10.0%) and SDS-PAGE (12.0%) under reducing conditions.
The purification process was repeated for more than three times.

2.6. Assay of xanthine oxidase activity

Xanthine oxidase activity was assayed by quantifying H, O, pro-
duced from the coupling reaction with horseradish peroxidase
(0.01 mg/ml) and aminopyrine. One unit of xanthine oxidase activ-
ity was defined as the formation of 1 wmol H,0; per min at 37°C
[14].

2.7. SDS-PAGE and native-PAGE analysis

Reducing SDS-PAGE (12.0%T) analysis was carried out on a
Mini-protean II system from Bio-Rad (Hercules, CA, USA). For gel
electrophoresis 10 pl samples were mixed with 10 plloading buffer
(2% SDS, 350 mM DTT, 25% (v/v) glycerol, 0.01% Bromophenol Blue
in 62.4 mM Tris-HCl, and pH 6.8) and incubated at 95°C for 5 min
before loading. Proteins were separated on a 12.0% SDS polyacry-
lamide gel. The amount of protein loaded from lane 1-8 were
269pg, 9.2 g, 2 ug, 1.6 ug, 0.4 g, 0.2 pg, 0.45 ug, 0.46 pg. Gels
were stained with Coomassie Blue R, destained and imaged using
Gelpro Analyser 3.0 software (Media Cybernetics, Inc.) for analysis
of purity and molecular mass.

Native-PAGE (10.0%T) analysis was carried out on a Mini-
protean II system from Bio-Rad (Hercules, CA, USA). For gel
electrophoresis 10wl samples (0.45 .g) were mixed with 10 pl
loading buffer (25% (v/v) glycerol, 0.01% Bromophenol Blue in
62.4 mM Tris-HCl, and pH 6.8). Proteins were separated on a 10.0%
Native polyacrylamide gel. One portion of gels was stained with
Coomassie Blue R, and the other portion of gels were stained with
solution for the detection of xanthine oxidase activity to do activity
stain in situ in the native gel. All gels were destained and imaged
using Gelpro Analyser 3.0 software (Media Cybernetics, Inc.) The
protein purity on Native-PAGE was determined by densitometry
analysis.

2.8. HPLC analysis

The purified protein samples were analyzed using a Knauer sys-
tem (Berlin, German) composed of 2 K501 pumps and 1 K2501
UV-monitor. The samples were injected into a Vydac C18 column
(Alltech Associates, Inc. IL, USA) (4.6 mm x 250 mm) at 1 ml/min
and eluted with a gradient of acetonitrile/0.05% TFA from 10% to
60% in 20 min in 0.05% TFA.

2.9. Mass spectra of xanthine oxidase

The bands of XOD were excised from Native-PAGE (10.0%).
The gels were destained by 200-400 .1 100 mmol/l NH4HCO3/30%
acetonitrile. After lyophilization, 5l trypsin (2.5-10ng/wl) was
added at 37°C overnight and then lyophilized. Peptide mass
spectra were acquired in positive reflector mode on a 4800
Plus MALDI-TOF/TOF™ Analyzer (Applied Biosystems, Foster
City, CA, USA) using 2kV of acceleration voltage. The results
were subsequently investigated with the Matrix Science website
(http://www.matrixscience.com/), using “Mascot Search — Peptide
Mass Fingerprint” to search for homologous proteins in the NCBInr
(National Center for Biotechnology Information non-redundant)
database.
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Fig. 1. The theoretical structure and ESI-MS analysis of affinity ligand. (A) Guanine was coupled with Sepharose 4B through spacers composed of epichlorohydrin and
ethylenediamine with theoretical molecular formula C;9H33N709 and molecular mass of 503.3. (B) With an ESI-MS cone voltage of 70V. The principal peaks [M+H]" and

[M+2H]?* were at 454.2 and 227.6.

3. Results
3.1. Affinity medium preparation and adsorption analysis

The affinity medium was synthesized through guanine was
coupled with Sepharose 4B through spacers composed of
epichlorohydrin and ethylenediamine. In order to confirm infor-
mation of the affinity ligand, the medium was hydrolyzed with 6 M
HCI and purified with ion-exchange chromatography. According
to the principle of chemical reaction during the process of affin-
ity ligand synthesis and hydrolyzation of the affinity medium, the
theoretical ligand with a galactofuranose on affinity medium was
shown in Fig. 1(A) with the molecular mass of 503.3. Parts of oxygen
and hydrogen may be removed during hydrolyzation. Hence the
molecular mass of the hydrolyzed affinity ligand was determined
as 453.2 by ESI-MS. So the principal peaks [M+H]* and [M+2H]?*
were at 454.2 and 227.6.

Equilibrium adsorption studies were employed to character-
ize the interaction of the enzyme and the affinity medium. The
approach provides a relationship between the concentration of the
enzyme in the solution and the amount of enzyme absorbed on
affinity medium. According to the Scatchard method [13], the data
should fit to:

Q max|[Cx]

Q= Ki+ [Cx]

(1)

In Eq. (1), Q is the enzyme adsorption amount of the medium
(1g/g), Qmax is the theoretical maximum absorption of xanthine
oxidase to the medium (g/g), [C*] is the concentration of xanthine

oxidase in solution (g/ml), and Ky is the desorption constant. Eq.
(1) could be transformed to:

Q Q . Qmax
[Cs] ~ Kd ' Kd

According to the Scatchard method, a plot of Q and Q/[C¥]
should follow a straight line. The batch adsorption of xanthine oxi-
dase on affinity medium in Fig. 2(A) and (B) indicated that the
respective correlation coefficient R? was 0.991 and the model fit
the data well. From Fig. 2(A) and (B), the desorption constant Ky
was 3.0 wg/ml, and the theoretical maximum absorption Qmax was
2.2 mg/g medium.

3.2. Result of xanthine oxidase recovery

The supernatant of disrupted Arthrobacter M3 was first loaded
onto the equilibrated affinity column and washed with 20 mM
sodium phosphate (pH 7.0) until A280 nm base line was achieved,
then eluted with 20 mM sodium phosphate/0.3 M NaCl (pH 7.0). As
a result, two peaks having absorbance at 280 nm were obtained as
shown in Fig. 3(A-1). Proteins in flow through peak at 0-49 min
could not bind onto the affinity column. High xanthine oxidase
activity was detected in peak eluted at 55-69 min. Finally, the
active fractions eluted from affinity medium were applied to the
equilibrated DEAE-Sepharose CL 4B column, and then the column
was washed with 20 mM sodium phosphate (pH 7.0) until Ag0nm
base line was achieved, and then eluted with 20 mM sodium phos-
phate/0.5M NaCl (pH 7.0). High xanthine oxidase activity was
detected in peak eluted at 53-68 min as shown in Fig. 3(A-2).
During the whole process, ~1.2mg of protein was obtained in
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Fig. 2. Adsorption analysis of affinity medium. (A) Equilibrium adsorption of the xanthine oxidase on affinity medium in a batch system (pH 7.0, 25 °C). (B) Plot describing
the equilibrium of the absorption on medium and the enzyme concentrations in liquid phase. The respective correlation coefficient was 0.991; the desorption constant K4 of
medium was 3.0 ug/ml; the theoretical maximum absorption Qmax of medium was 2.2 mg/g medium.
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Fig. 3. Elution profiles of purified enzyme. (A-1) The ammonium sulphate extract was applied on affinity column, ~3.6 mg of enzyme was obtained in elution peak, and the
specific activity was 498 U/mg. (A-2) The affinity eluted solution was further purified by DEAE-Sepharose CL 4B medium, ~1.2 mg of xanthine oxidase was obtained in elution

peak, and the specific activity was 1033 U/mg.

Table 1
The recovery of purification for xanthine oxidase.
Step Protein Activity
mg Yield (%) Total activity (U) Specific activity (U/mg) Yield (%) Purification factor
Crude sample 403 100 3486 8.6 100 1
30% ammonium sulfate precipitation 110 273 2440 222 70.0 2.7
Affinity medium 3.6 0.9 1805 498 51.8 58
DEAE-CL 4B 1.2 0.3 1255 1033 36.1 120

elution peak with a yield of 0.3% starting with ~403 mg of pro-
tein (Table 1). Compared with the other methods (Table 2), as 19%
of Xiang et al. [5], 3.2% of Self et al. [6], 5.7% of McManaman et al.
[8], 38% of Thomas et al. [7], the xanthine oxidase activity recov-
ery of this whole purification process (36.1%, Table 1) is almost
higher.

3.3. Criteria of homogeneity

Reducing SDS-PAGE (12.0%) analysis showed that the xanthine
oxidase had two heterogonous polypeptides with the mass of
~35kDa and ~100kDa respectively in Fig. 4(A-1). The protein
purity of enzyme purified was up to 96% according to HPLC anal-
ysis in Fig. 4(A-3). And the specific activity of this enzyme was
1033 U/mg.

The only one purified protein band on Native-PAGE gel was
hydrolyzed into peptide fragments by trypsin, and conducted to
PMF analysis with MALDI-TOF MS. The resulting MS data were
investigated with the “Matrix Science online service” to search for
homologous proteins. The 10 peptide fragments from XOD were
identical with segments of xanthine dehydrogenase (molybdenum
binding subunit apoprotein) from Arthrobacter sp. FB24 (score 361,
error 80 ppm) (Fig. 5).

Table 2
Comparison of purification methods for xanthine oxidase.

4. Discussion

Compared with the previous methods reported, only three steps
involved with guanine affinity medium successfully purified xan-
thine oxidase in this work. Xanthine oxidase is a molybdo-flavin
enzyme, and its molybdenum center plays a role of oxidative
hydroxylation on the acceptor carbon atom of aromatic ring
of the substrate as xanthine and hypoxanthine [15]. Guanine
was chosen as a potential affinity ligand based on its structural
similarity to the XOD substrates, and was chemically coupled
with amino-Sepharose through spacers as epichlorohydrin and
ethylenediamine to prepare an immobilized affinity medium. Dur-
ing our experiments, another affinity medium, in which guanine
(ligand) and amino-sepharose were linked through different spac-
ers composed of epichlorohydrin and cyanuric chloride, had less
than half of adsorption capacity than affinity medium in this work
(datanotshown). This may be the steric hindrance effect of cyanuric
chloride during the combination of molybdenum binding sites and
guanine ligand.

In this work, the crude enzyme extracted from Arthrobacter M3
contained some proteins having similar structure with XOD, and
the result of reducing SDS-PAGE analysis also showed that the elu-
tion fractions of affinity medium still contained a small portion of
contaminants. To obtain highly pured xanthine oxidase, a final step
of DEAE-Sepharose CL 4B chromatography was applied, and the

Specific activity (U/mg)

Purification factors Source

Purification Activity recovery (%)

1. Method one [5] (A, B, C, D, E) 19 50
2. Method two [6] (B, E, F, G) 3.2 -
3. Method three [7] (H, B, I, C) 38 164
4. Method four [8] (A, H, ]) 5.7 2785
5. This work (H, ], B) 36.1 1033

108 Comamonas acidovoran
- Clostridium purinolyticum
39 Eubacterium barkeri
199 Rat liver
120 Arthrobacter M3

A, heat treatment; B, DEAE chromatography; C, gel filtration chromatography; D, Cibacron blue agrose chromatography; E, phenyl sepharose chromatography; F, SP-sepharose
chromatography; G, preparative CM-HPLC chromatography; H, ammonium sulfate precipitation; I, ultrafiltration; ], affinity chromatography.



Fig.4. Analysis of purified enzyme. (A-1) Reducing SDS-PAGE (12.0%) analysis showed that the xanthine oxidase had two polypeptides with the molecular weights of ~35 kDa
and ~100 kDa respectively. Lane marker was molecular marker; Lane 1 was total protein extract from Arthrobacter M3; Lane 2 was 30% saturation ammonium sulfate; Lane
3 was the flow-through fraction of affinity medium; Lanes 4 and 5 were two elution fractions of affinity medium containing xanthine oxidase; Lane 6 was the flow-through
fraction of DEAE-Sepharose CL 4B medium; Lanes 7 and 8 were two elution fractions of DEAE-Sepharose CL 4B medium containing xanthine oxidase. (A-2) Native-PAGE
(10.0%) analysis for the xanthine oxidase purified by DEAE-Sepharose CL 4B medium, and the result showed that the purity of xanthine oxidase was about 97.5%. Lanes 1 and
2 were stained by Coomassie Blue R; Lane 3 was stained by the detection solution for xanthine oxidase activity (A-3) HPLC analysis of purified enzyme on Vydac C18 column
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examine results from HPLC analysis showed that the purity of this
enzyme was up to 96% in Fig. 4(A-3).

For comparison of this work and the previous reported meth-
ods, different purification steps, activity yields, and specific activity
were listed, which might reflect the obvious advantages such as
fewer steps, better activity recoveries, and higher purity from our
work. Coupled with time-saving operation and accessible reagent,
this novel affinity purification protocol is of great potential for
industrial application.

Furthermore, the related research about the other character-
ization of xanthine oxidase, such as the kinetic parameters (Kp
and Vmax), the molecular mass, and isoelectric point et al. is in
progress.
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