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Identification of an N-hydroxyguanidine reducing activity of xanthine oxidase
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A guanoxabenz [1-(2,6-dichlorobenzylideneamino)-3-hydroxyguanidine; an N-hydroxyguanidine] re-
ducing enzymatic activity of rat spleen cytosol was investigated. By means of protein purification and
N-terminal amino acid sequencing, the reducing activity was shown to reside in xanthine oxidase. The
action of the enzyme on guanoxabenz resulted in the formation of guanabenz [1-(2,6-dichlorobenzylidene-
amino)-3-guanidine]; the product formation could be monitored by HPLC and its identity was confirmed
by NMR analysis. The reduction of guanoxabenz required xanthine or NADH as reducing substrates,
while the process could be blocked by allopurinol, a selective inhibitor of xanthine oxidase. By using
bovine milk xanthine oxidase, the guanoxabenz reducing activity of the enzyme was also verified. We
conclude that guanoxabenz is a novel electron acceptor structure for xanthine oxidase.
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In the course of our studies of the pharmacology ofA2-adre-
noceptors, we discovered that1-(2,6-dichlorobenzylidene-
amino)-3-hydroxyguanidine (guanoxabenz), which is an N-hy-
droxyguanidine derivative, had peculiar properties since, in
some tissues, it appeared to bind toA2-adrenoceptors with low
affinity only, whereas in other tissues it appeared to bind also
with high affinity [123]. In more recent studies, we provided
evidence that this apparent bimodal property of guanoxabenz
was due to its tissue-specific conversion to a metabolite that
possessed high affinity forA2-adrenoceptors [4].

The present study was initiated to elucidate which enzyme
is responsible for the activation of guanoxabenz. We found ini-
tially that the majority of the guanoxabenz-converting activity
resided in the cytosolic fractions of many tissues. By means of
protein purification from the rat spleen cytosol, we show here
that the guanoxabenz converting activity resides in xanthine oxi-
dase (XO). Moreover, we show that the activity can also be
reproduced with bovine milk XO.

XO is a molybdoprotein present in various tissues of animals
[5]. The enzyme is known to catalyse the oxidation and reduc-
tion of a wide variety of substances, that also includes N-reduc-
tions [6]. The enzyme is naturally involved in oxidative hydrox-
ylation of substrates such as xanthine and hypoxanthine, in
which case O2 is the physiological electron acceptor. With re-
spect to other substrates undergoing reduction by XO, the reduc-
tion of nitro compounds can be observed essentially only under
anaerobic conditions [7, 8]. In contrast, it has been found that N-
reduction of 6-N-aminopurine to adenine by XO is just slightly
inhibited by oxygen [9]. Our present results show that both xan-
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thine and NADH can serve as electron donators in the reduction
of guanoxabenz by XO under anaerobic conditions. The cata-
lytic reduction of guanoxabenz was insensitive to blockade by
oxygen when NADH was used as electron donator. However,
when xanthine was used, the reduction was partially inhibited in
the presence of oxygen.

MATERIALS AND METHODS

Materials. [3H]RX821002 (59 Ci/mmol) was from Amers-
ham. Guanoxabenz was a gift from Rousell. Allopurinol,1-(2,6-
dichlorobenzylideneamino)-3-hydroxyguanidine (guanabenz),
xanthine, NADH and bovine XO (grade I from buttermilk) were
from Sigma. DEAE-Sepharose CL-6B and the SuperdexTM 200
HR 10/30 column were from Pharmacia Biotech. Hydroxyapa-
tite (Macro-Prep Ceramic Hydroxyapatite) was from BioRad.

Preparation of HT-29 cell membranes.HT-29 cell mem-
branes were prepared in order to obtain a source ofA2-adreno-
ceptors for the guanoxabenz/guanabenz-binding assays (e.g.
guanoxabenz-converting activity assays). HT-29 cells were
grown in Dulbecco’s Modified Eagle medium supplemented
with 10% foetal calf serum,100 units/ml penicillin and100 µg/
ml streptomycin at 37°C in 5% CO2 in an air-ventilated humidi-
fied incubator in 55-cm2 Costar cell-culture dishes. Cell mem-
branes were prepared by rinsing HT-29 cells twice with Hanks’
balanced salt solution buffer. The cells were scraped off the
plates into 5 ml 2 mM Tris/HCl,1 mM EDTA, pH 7.5, then ho-
mogenised by using an Ultra-Turrax homogeniser (IKA T25,
equipped with an 8-mm diameter probe). The homogenate was
centrifuged at 6003g for 5 min, the supernatant was decanted,
and then centrifuged at 30 0003g for 15 min at 4°C in a Beck-
man J2221 centrifuge. The resulting pellet was resuspended at
a protein concentration of about 0.6 mg/ml in 50 mM Tris,
1.5 mM EDTA, pH 7.5, and stored frozen at280°C until further
used. Protein was determined according to the method of Lowry
et al. [10].

Preparation of rat spleen cytosol.Rat spleens were homo-
genised (1 :10, mass/vol.) in ice-cold 20 mM Tris,1.5 mM
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EDTA, pH 7.5, with a glass/Teflon homogeniser. The homoge-
nate was centrifuged at 30 0003g for 15 min at 4°C in a Beck-
man J2221 centrifuge and the supernatant stored frozen at
280°C. After thawing, the sample was centrifuged at 700003g
for 1 h in an ultracentrifuge at 4°C and the supernatant decanted
and used for the enzyme purification.

Enzyme activity test by B2-adrenoceptor-binding assay.
Detection of guanoxabenz-converting activity during protein pu-
rification was performed by incubating HT-29 cell membranes
containing approximately 40 pMA2-adrenoceptors (about 60µg
membrane protein) with1 nM [3H]RX821002, 1 µM guanoxa-
benz, 1mM NADH, 1mM EDTA, 33 mM Tris/HCl, pH 7.5,
with 25 µl of the fractions eluted from the different purification
steps, for1 h at 25°C in a total volume of150 µl. When the
activity of bovine milk XO was evaluated, varying concentra-
tions of guanoxabenz were added into150 µl assays that con-
tained 0.004 unit/ml bovine milk XO, HT-29 cell membranes
(<40 pM A2-adrenoceptors),1 nM [3H]RX821002,1 mM EDTA
and 33 mM Tris/HCl, pH 7.5. Xanthine (100 µM) or allopurinol
(20 µM) was also added when indicated in the text. The assays
were stopped by filtration and washing with 20 ml ice-cold
50 mM Tris/HCl, pH 7.5, on GF/C glass-fibre filters. The filters
were then subjected to scintillation radioactivity counting. When
the activity of the enzyme was followed routinely during the
chromatographic purification, the activity was calculated relative
to the maximal inhibition of [3H]RX821002 binding obtained in
a particular experiment. However, for the tests where competi-
tion curves had been obtained, the data were analysed using the
BindAid radioligand-binding analysis package (Wan System),
essentially as described [11213], the purpose being to obtain
the apparentKi values of the guanoxabenz/guanabenz mixtures.
The degree of conversion of guanoxabenz to guanabenz could
then be approximated from the formula :

q 5
Ka (Kx 2 Kr)

Kr (Kx 2 Ka)
,

where q is the fraction of guanabenz in a guanoxabenz/guana-
benz mixture,Ka the knownKi of guanabenz,Kx the knownKi

of guanoxabenz andKr the apparentKi of the reaction mixture
containing both guanoxabenz and guanabenz. The followingKi

values were used in the calculations:Kx 5 7200 nM (Ki value
of guanoxabenz for the HT-29 cellA2-adrenoceptors) andKa 5
25 nM (Ki value of guanabenz forA2-adrenoceptors) [1].

Purification procedure. The rat spleen cytosol (210 ml)
was loaded onto a DEAE-Sepharose CL-6B column
(115 cm32.6 cm) equilibrated with 20 mM Tris,1.5 mM EDTA,
pH 7.5. The column was then washed with the same buffer until
no absorbance at 280 nm was detectable in the eluate. The pro-
tein was then eluted with 500 ml linear gradient of 202400 mM
NaCl in the same buffer. Fractions containing guanoxabenz-con-
verting activity were pooled and directly loaded onto a BioRad
Macro-Prep Ceramic hydroxyapatite column (9 cm31.5 cm)
equilibrated with100 mM potassium phosphate, pH 7.5. The
protein was eluted with140 ml linear gradient of1002400 mM
potassium phosphate, pH 7.5. The fractions containing guanoxa-
benz converting activity were pooled and concentrated in a
Millipore Ultrafree-15 Centrifugal filter device (Biomax 30
membrane) to a final volume of about1 ml. Aliquots of 200µl
of the concentrate were then applied to a SuperdexTM 200 HR
10/30 column and eluted with 20 mM Tris,1.5 mM EDTA,
pH 7.5. The fractions containing guanoxabenz-converting activ-
ity were pooled, concentrated<10X in Millipore Ultrafree-15
Centrifugal filter device, then reapplied to the SuperdexTM 200
HR 10/30 column. After the second SuperdexTM 200 run, the
active fractions were again pooled, concentrated and stored at
280°C until analysed further.

Gel electrophoresis and protein sequence analysis.The
purity of the final enzyme preparation was checked by non-de-
naturing 6% PAGE, and 8% SDS/PAGE according to the
method of Laemmli [14]. Molecular-mass standards used were
Pharmacia high molecular-mass electrophoresis calibration kit
containing thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(232 kDa), lactate dehydrogenase (140 kDa) and albumin
(67 kDa) as standards and Pharmacia high molecular-mass SDS
electrophoresis calibration kit containing myosin (212 kDa), A2-
macroglobulin (170 kDa),β-galactosidase (116 kDa), transferrin
(76 kDa) and glutamic dehydrogenase (53 kDa). Gels were
stained for proteins with silver nitrate according to the method
of Nesterenko et al. [15], or with Coomassie brilliant blue G250.
For the protein sequence analysis, the purified enzyme was elec-
trophoresed by an 8% SDS/PAGE, whereafter the protein bands
were transferred to a poly(vinylidene difluoride) protein se-
quencing membrane (BioRad) by electroblotting. The poly(vi-
nylidene difluoride) membrane was stained with Coomassie bril-
liant blue, bands cut out and subjected to N-terminal amino acid
sequence analysis using an automated Edman degradation se-
quence analyser.

Reduction of guanoxabenz by milk xanthine oxidase.Aer-
obic incubations.Incubations were carried out at room temper-
ature in the presence of atmospheric oxygen. The standard incu-
bation mixture contained 250µM guanoxabenz, 250µM NADH
and/or 250µM xanthine, 0.1 unit/ml bovine milk XO (according
to producers definition one unit will convert1.0 µmol/min xan-
thine to uric acid at pH 7.5 at 25°C) in 25 mM Tris/HCl,1 mM
EDTA, 1mM dithiothreitol, pH 7.5, in a total volume of1 ml.
In some incubations, 20µM allopurinol was also included. Re-
action was started by the addition of enzyme and terminated
after 30 min by boiling for 5 min. The samples were then centri-
fuged at 20 0003g at 4°C and 50µl aliquots of the supernatant
were directly analysed by HPLC.

Anaerobic incubations.Anaerobic incubations were per-
formed essentially as described above for the aerobic incuba-
tions with the exception that, prior to incubation, all solutions
were gassed for10 min with argon, whereafter incubations were
performed in test-tubes air-tightened with rubber stoppers. In
order to obtain enough product for NMR analysis, 2.5 ml1mM
guanoxabenz,1 mM xanthine and 0.2 units/ml XO in 25 mM
Tris/HCl, 1 mM EDTA, 1mM dithiothreitol, pH 7.5, was incu-
bated for1 h at 25°C. The reactions were terminated by boiling
the reaction mixtures for 5 min. The samples were then centri-
fuged at 200003g at 4°C and the supernatants were directly
analysed by HPLC.

HPLC analysis. 50 µl aliquots of the supernatants were in-
jected onto a Waters 2690 Separation Module equipped with a
103250 VydacTM RP C18, 90A, 201HS52 column, equilibrated
with methanol/20 mM ammonium acetate (30:70, by vol.),
pH 4.5. The flow rate was 0.15 ml/min and a photo diode array
detector was used to record chromatograms. Standard curves for
guanoxabenz and guanabenz (52200µM) were constructed by
introducing known amounts of substance into the incubation
buffer and treating in the same way as the experimental incuba-
tion mixtures. Standard curves were linear over the range used,
with correlation coefficients being better than 0.999. The reten-
tion time was 25.5 min for guanoxabenz and 31.5 min for guana-
benz. The amounts of guanabenz in the incubation mixtures
were determined using the Millenium Chromatography Man-
ager PDA software package.

NMR recordings. The HPLC fractions corresponding to the
product peak were collected, lyophilized, dissolved in dimethyl-
sulfoxide and used for NMR analysis. Sample concentration for
the enzymatically prepared sample was estimated to be 200µM.
Reference spectra were obtained for guanabenz and guanoxa-
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Fig. 1. Elution of the guanoxabenz-reducing enzyme of rat spleen
cytosol from a SuperdexTM 200 HR 10/30 column.The chromatogram
represents a second SuperdexTM run (see Materials and Methods for de-
tails). Shown is the protein content of the eluate monitored by the absor-
bance at 280 nm (r––––r), and the enzyme activity (j– – –j) mea-
sured as the inhibition induced by addition of 25µl eluate to a binding
assay containing [3H]RX821002, HT-29 cellA2-adrenoceptors and1 µM
guanoxabenz (see Materials and Methods for details). The enzyme activ-
ity is expressed in relative to of the activity obtained in the fraction
giving the maximal inhibition of [3H]RX821002 binding (fraction 35).

benz samples at10 mM. Spectra were recorded at 270.17 MHz,
using a JEOL EX 270 spectrometer equipped with a 5-mm in-
versely configured probe, 2000 transients were collected with a
spectral width of 3000 Hz consisting of 65 k data points, and at
399.78 MHz using a JEOL EX 400 spectrometer equipped with
a standard 5-mm probe. 2000 transients were collected with a
spectral width of 5000 Hz consisting of 65 k data points. The
processed data were compared with spectra obtained for the ref-
erence compounds.

Spectrophotometric assays.Guanoxabenz-reducing activity
of bovine XO was characterized under anaerobic conditions
using a spectrophotometric method. The standard incubation
mixture contained 50µM xanthine or 250µM NADH, 0.05
units/ml or 0.15 units/ml XO, and varying concentrations of gua-
noxabenz in 25 mM Tris/HCl,1mM EDTA, 1 mM dithiothrei-
tol, pH 7.5, in a total volume of1 ml. As anaerobic controls
served incubation mixtures where guanoxabenz was excluded.
Prior to incubation, all solutions were gassed for at least10 min
with argon. The reaction was started by the injection of milk
XO to a Helma sealable cuvette for anaerobic applications. The
rate of xanthine oxidation was monitored by observing the rate
of formation of uric acid by measuring the increase in absor-
bance at 295 nm (εuric acid 5 12.6 mM21 cm21), while the rate of
NADH oxidation was followed at 340 nm (εNADH 5 6.2 mM21

cm21). Km and Vmax values for the catalysis of guanoxabenz re-
duction by xanthine and NADH were determined by fitting the
data to the Michaelis-Menten equation,V 5 Vmax [S]/([S] 1 Km),
using non-linear least squares regression. Statistical testing for
the eventual deviation of the data from the Michaelis-Menten
equation was performed by once again fitting the same data to
the logistic function, (V 5 Vmax [S]n/([S]n 1 Kn), and comparing
the significance of the reduction in sums of squares with the
sums of squares for the Michaelis-Menten fit using the extra
sums of squares principle [16]. An f value indicating a reduction
of the sums of square atP ,0.05 was taken to indicate a signifi-
cant deviation from the hyperbolic Michaelis-Menten relation.

Fig. 2. Analysis of the protein product obtained from the last Super-
dex 200HR 10/30 step by PAGE.(A) Non-denaturing 6% PAGE; (B)
8% SDS/PAGE gel stained with Coomassie blue. For (A) and (B): lane
1, marker proteins ; lane 2, enzyme preparation. The arrow indicates the
sequenced protein band corresponding to XO.

RESULTS

Purification of spleen guanoxabenz-converting activity.The
enzyme activity was monitored during the purification by evalu-
ating the guanoxabenz-reducing capacity of the fractions using
1 mM NADH as cofactor. The activity could be detected as an
increase in the ability of1 µM guanoxabenz to compete with the
binding of theA2-adrenoceptor radioligand [3H]RX821002 toA2-
adrenoceptors in HT-29 cell membranes. A single peak of gua-
noxabenz-reducing activity was eluted from the DEAE-Sepha-
rose column at about100 mM NaCl of a linear gradient of 202
400 mM NaCl, pH 7.5. After applying the active fraction from
the DEAE-Sepharose to a hydroxyapatite column, it was eluted
as a single peak close to 400 mM potassium-phosphate using
a potassium-phosphate gradient. The fractions with enzymatic
activities were loaded twice onto SuperdexTM 200 HR and, in
the second Superdex run, a single symmetric ultraviolet-absorb-
ing peak was obtained (Fig.1). The purification procedure re-
sulted in a final purification of the enzyme of about1000-fold
(data not shown). The absorbency ratioA280/A450 (the ratio of
protein to flavin) of the purified enzyme was 6.0. The purified
enzyme was analysed by 6% native PAGE, where one major
band of molecular mass 450610 kDa (mean6SEM,n 5 3) was
visualized by both silver and Coomassie blue staining (Fig. 2A).

The subunit structure of the final enzyme preparation was
further examined by 8% denaturing SDS/PAGE, whereupon
several bands were seen (Fig. 2B). The subunits separated by
SDS/PAGE were blotted onto a poly(vinylidene difluoride)
membrane and bands were subjected to N-terminal amino acid
sequencing. A SwissProt database search revealed that the N-
terminal amino acid sequence of the arrow-marked band
(Fig. 2B, molecular mass 8567 kD, n 5 3) was ANVQLFQE,
which matched eight amino acid residues of rat xanthine dehy-
drogenase and XO, starting at residue 543 of the published se-
quence [20].

Conversion of guanoxabenz by bovine milk XO under aero-
bic conditions. A guanoxabenz-reducing activity of commer-
cially available bovine milk XO was demonstrated using anA2-
adrenoceptor-binding assay. In this assay, competition curves of
guanoxabenz were obtained using theA2-adrenoceptor contain-
ing HT-29 cell membranes and theA2-adrenoceptor radioligand
[3H]RX821002, in the presence or absence of the bovine enzyme
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Fig. 3. Guanoxabenz-reducing activity of bovine XO demonstrated
by an B2-adrenoceptor assay.Shown in the figure are competition
curves of guanoxabenz using HT29 cell membranes in an assay supple-
mented with 0.004 units/ml bovine XO and using<1.1 nM
[3H]RX821002 as radioligand. Additions were (as indicated)100 µM
xanthine and 20µM allopurinol (n 5 2).

Fig. 4. 270-MHz 1H-NMR spectra of guanabenz, guanoxabenz and
the reduction product obtained from incubation of guanoxabenz to-
gether with XO in the presence of xanthine.Top panel, compound
isolated after bovine milk XO treatment of guanoxabenz, approximately
200µM. Mid panel, authentic sample of guanoxabenz, (approximately
10 mM) (centre). Bottom panel, authentic sample of guanabenz (approx-
imately10 mM). Scale shows chemical shift values with solvent dimeth-
ylsulfoxide as reference.

(see Materials and Methods) (Fig. 3). In the presence of bovine
milk XO, but without the addition of cofactors, theKi value of
guanoxabenz for the HT-29 cellA2-adrenoceptors was
720061100 nM, which corresponds to an essentially total ab-
sence of conversion of guanoxabenz to guanabenz. However,
when both XO and100 µM xanthine was added to the assays,
the apparentKi value of guanoxabenz decreased to180647 nM,
a value which corresponds to an approximately14% conversion
of guanoxabenz to guanabenz. When the XO was incubated with
20 µM allopurinol (an XO inhibitor), the decrease in theKi value
was abolished, its value being 52006500 nM (mean6SEM,

Fig. 5. Representative HPLC chromatogram of the anaerobic incu-
bation of guanoxabenz with the bovine milk XO.Shown in the figure
is the run of a 30-min incubation of 250µM guanoxabenz with 0.1 unit/
ml bovine milk XO in the presence of 250µM xanthine (A) and 250µM
xanthine and 20µM allopurinol (B). Indicated in the figure are guanoxa-
benz (1) and guanabenz product (2).

n 5 4), corresponding to only 0.13% conversion of guanoxa-
benz to guanabenz. Thus, the results indicate that bovine XO
can reduce guanoxabenz, using xanthine as reducing substrate.
Moreover, allopurinol seems to be capable of completely block-
ing the xanthine-activated conversion of guanoxabenz.

Analysis of the product by NMR. To obtain enough of the
N-hydroxyguanidine-derived product for NMR analysis,1mM
guanoxabenz was incubated under anaerobic conditions with
1 mM xanthine and milk XO (see Materials and Methods for
details). The reaction mixture was then purified by HPLC and
the fractions containing the product peak were collected, pooled,
lyophilised, and subjected to NMR analysis (Fig. 4). The
spectrum of the enzymatic reaction product (Fig. 4) corre-
sponded exactly to that of guanabenz, most notably only the
spectra of the sample and guanabenz showing a sharp singlet at
8.18 ppm.

Characterisation of the guanoxabenz-reducing activity of
milk XO. In the further characterisation of the influence of co-
factors, oxygen and allopurinol on the N-reduction of guanoxa-
benz by milk XO the formation of guanabenz was assayed under
different conditions by HPLC analysis. The retention time of
guanoxabenz was 25.5 min and that of guanabenz 31.5 min
(Fig. 5A). For the chromatogram where the corresponding incu-
bation had been performed with the addition of 20µM allopuri-
nol, the guanabenz peak was very small, indicating essentially
total blockade of the conversion of guanoxabenz (Fig. 5B).
Using the same system, the N-reduction of guanoxabenz was
followed in the absence and presence of xanthine (250µM),
NADH (250 µM) and allopurinol (20µM), both under aerobic
and anaerobic conditions (Table1). The N-reduction of gua-
noxabenz was sensitive to oxygen if xanthine was used as cofac-
tor (i.e. aerobically produced guanabenz amounts to less than
20% of that produced under anaerobic conditions). However, in
strong contrast to these results, in the presence of 250µM
NADH the conversion of guanoxabenz to guanabenz was not
inhibited by oxygen. The effects of xanthine and NADH were
not additive (Table1). Moreover, allopurinol blocked both the
xanthine-driven and the NADH-driven reduction of guanoxa-
benz (Table1). If neither xanthine or NADH were added to the
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Table 1. Electron donor and enzyme inhibitor specificities for N-
reduction of guanoxabenz to guanabenz by bovine milk XO under
anaerobic and aerobic conditions.Shown in the table is the influence
of xanthine (250µM), NADH (250 µM) and allopurinol (20µM) on the
initial rate of reduction of 250µM of guanoxabenz by 0.1 unit/ml bovine
milk XO under aerobic and anaerobic conditions. The amount of guana-
benz formed was measured by HPLC. Values represent mean6standard
deviation from three separate determinations.

Cofactors and inhibitor Guanabenz formed

aerobic anaerobic

nmol · min21 · unit21 XO

Xanthine 7.162.0 38.066.0
Xanthine1 Allopurinol 3.160.2 2.260.3
NADH 9.862.4 8.960.9
NADH 1 Allopurinol 1.660.2 1.660.2
Xanthine1 NADH 11.461.9 39.362.4
Xanthine1 NADH 1 Allopurinol 3.060.5 2.160.2

incubations, no formation at all of guanabenz was observed (data
not shown).

Studies of the kinetics of the anaerobic N-reduction of gua-
noxabenz.The efficiency of xanthine and NADH as electron
donating cofactors for the anaerobic N-reduction of guanoxa-
benz by bovine milk XO was characterised by light spectropho-
tometry, using xanthine and NADH as electron-donating cofac-
tors. Varying concentrations of guanoxabenz (52120 µM) were
incubated with bovine milk XO in the presence of 50µM xan-
thine or 250µM NADH. The reaction was followed by register-
ing the increase in the absorbance at 295 nm (i.e. the maximum
absorbance for uric acid), using xanthine as cofactor, or by the
decrease in absorbance at 340 nm when the reaction was driven
by NADH. The initial reaction rate was linear for at least
2.5 min for the xanthine and15 min for the NADH incubations.
To obtain blank control readings, an equal volume of the solvent
for guanoxabenz was added to the reaction mixture and the ini-
tial rate of the absorbance change was subtracted from the rate
readings of the test samples (Fig. 6). The N-reduction of gua-
noxabenz by bovine milk XO followed Michaelis-Menten kinet-
ics, as was indicated by essentially linear Lineweaver-Burk plots
(Fig. 6, inset), as well as an insignificat deviation from unity
of the logistic function slope factors in the curve-fitting tests
(see Materials and Methods for details). The apparentKm and
Vmax values for guanoxabenz were determined to be, for xanthine
as cofactorKm 5 39.067.1 µM and Vmax 5 72.465.0 nmol
· min21 · unit21, and for NADH as cofactorKm 5 65.264.5µM
andVmax 5 22.360.7 nmol · min21 · unit21 XO.

DISCUSSION

In the present study, a guanoxabenz metabolising enzyme
was purified from the rat spleen cytosol using DEAE-Sepharose,
hydroxyapatite and Superdex-200 HR chromatography. The en-
zymatic activity was monitored by evaluating the ability of the
chromatographic fractions to enhance the ability of guanoxabenz
to compete with the binding of anA2-adrenoceptor ligand atA2-
adrenoceptors in HT-29 cell membranes. This assay, which is
simple and convenient to perform, is founded on the basis that
the reduction product of guanoxabenz (i.e. guanabenz) shows
about100-fold higher affinity for theA2-adrenoceptors than does
guanoxabenz itself. We also established the identity of the reac-

Fig. 6. Analysis of the kinetics of guanoxabenz as cofactor in the
anaerobic oxidation of xanthine and NADH by 0.05 units/ml and
0.15 units/ml bovine milk XO, respectively.Shown is the effect of
varying concentrations of guanoxabenz on the initial rate of the oxidation
of 50 µM xanthine or 250µM NADH under anaerobic conditions. The
lines represent the best fit of the data to the Michaelis-Menten equation.
The insert shows the Lineweaver-Burk plot of the data. Each data point
represent the mean of three independent measurements.

tion product since it showed both identical chromatographic
properties and an identical NMR spectrum to that of guanabenz.

Although the final purified protein product appeared as a
single band on non-denaturing PAGE it was revealed to be com-
posed of several subunits on SDS/PAGE. The electrophoresis
pattern indicated that the enzyme was extensively proteolyzed
during the purification procedure [17]. XO is known for its abil-
ity to undergo extensive cleavage without concomitant reduction
in its molecular mass [18]. The enzyme remains catalytically
active because disulphide linkages and non-covalent forces
maintain the tertiary structure of the protein [19], thus explaining
why the enzymatic activity was not destroyed during the purifi-
cation procedure, even though we did not add protease inhibitors
to the chromatographic buffers. We found that the N-terminal
amino acid sequence of one of the purified subunits was iden-
tical to the eight N-terminal amino acid portion of an 85-kDa
fragment resulting from tryptic digestion of XO [20], thus giving
unequivocal evidence for the identity of the purified protein
product. However, although the protein of the final preparation
appeared to be essentially pure in a native polyacrylamide gel,
the absorbency ratioA280/A450 (the ratio of protein to flavin) of
the sample was about 6.0, which may indicate that our prepara-
tion contained some additional protein since, for highly purified
bovine XO the ratio is reported to be 5.1 [17, 21]. However, as
also commercially available bovine XO reproduced the gua-
noxabenz-reducing activity of the purified rat preparation, it
seems clear beyond doubt that XO is the major enzyme responsi-
ble for reducing guanoxabenz to guanabenz in the rat spleen
cytosol.

XO and xanthine dehydrogenase are two functional forms of
the xanthine oxidoreductase enzyme, also called type O and type
D. The distinction is determined by the preference of each en-
zyme for a different electron acceptor (oxygen and NAD1, re-
spectively), otherwise both forms have the same molecular mass
and similar structure of a homodimeric protein. Each subunit
contains one molybdenum centre, one FAD and two iron/sulphur
centres [22]. The natural reducing substrates xanthine and hypo-
xanthine are oxidised at the molybdenum centre, and from there
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the electrons are passed further via intramolecular electron
transfer to the iron-sulphur centres, and finally to the FAD centre
where the reducing equivalents are transferred to molecular oxy-
gen (type-O enzyme) or NAD1 (type-D enzyme) [23].

The xanthine oxidoreductase enzyme exists in rat tissues pre-
dominantly in the dehydrogenase form (type-D form) [22].
However, most purification procedures, as well as storage,
change it gradually to the type-O form [24]. It is possible that
the fresh spleen supernatant, as well as the first purification
steps, contained some of the type-D enzyme, which was later
converted to the type-O form. However, the possibility that xan-
thine dehydrogenase also can participate in guanoxabenz N-re-
duction is still to be tested.

Several alternative oxidising substrates to oxygen have been
reported for XO, e.g. nitro compounds [7, 8, 25], methylene blue
[26], 6-N-hydroxylaminopurine [9] and other substances [6].
The reducing equivalents in the partially reduced XO distribute
among the four redox-active centres and the sites of the enzyme
where the above mentioned compounds are reduced are not en-
tirely clear [26, 27]. In our study, the N-reduction of guanoxa-
benz was essentially completely blocked by the xanthine oxido-
reductase inhibitor allopurinol. The blockade was observed
when xanthine was used electron donor, something which is easy
to understand since the oxidised form of allopurinol is known to
form a tight complex with the molybdenum centre of XO, thus
blocking the oxidation site for xanthine [28, 29]. NADH can
also be used as a source of reducing equivalents, but NADH is
known to be oxidised at the FAD site of XO [30] ; the fact that
the reduction of guanoxabenz was blocked by allopurinol also
when NADH was used indicates that the state of the molybde-
num centre itself is important for the reduction of guanoxabenz
by XO.

Since oxygen is a competitor in N-reduction reactions cata-
lysed by XO, we measured the formation of guanabenz under
aerobic and anaerobic conditions in the presence of xanthine or
NADH. The reduction of guanoxabenz was considerably more
sensitive to the interference by oxygen when xanthine was used
as electron donor, compared to using NADH as donor. However,
kinetic parameters indicated that xanthine was a more effective
cofactor than NADH for the anaerobic reduction of guanoxa-
benz. Our study shows that XO mediates the N-reduction of
guanoxabenz with aKm value in the micromolar range
(65.264.5µM with NADH and 39.067.1 µM with xanthine as
electron donor). Interestingly, Clement et al. [31] have reported
that rabbit microsomes can also catalyze N-reduction of gua-
noxabenz in the presence of NADH, theKm value for the reac-
tion being about 34µM. Moreover, these authors reported re-
cently that the microsomal N-reduction is catalyzed by an en-
zyme system composed of cytochromeb5, NADH cytochrome
b5-reductase and benzamidoxime reductase [32]. Thus, it seems
that guanoxabenz can be biologically N reduced by at least two
different enzyme systems, XO and cytochromes, both of which
are active at about the same concentration ranges for guanoxa-
benz.

Current interest in XO comes from its ability to activate pro-
drugs [33] and its proposed role in postischemic tissue damage
due to oxygen-derived radicals [34236]. Guanoxabenz has been
used as a centrally active antihypertensive whose action is pre-
sumed to be mediated by activation ofA2-adrenoceptors [37]. In
view of the here described metabolic conversion of guanoxabenz
to guanabenz, the latter which is also a centrally active antihy-
pertensive agent known to be mediating its effect via stimulation
of A2-adrenoceptors, and the about100-fold higher affinity of
guanabenz for theA2-adrenoceptors compared to guanoxabenz,
it seems very plausible that guanoxabenz acts as a prodrug to
guanabenz. Whether or not guanoxabenz could affect the gener-

ation of oxygen-derived radical by XO remains to be estab-
lished. Nevertheless, in conclusion, guanoxabenz is a novel
electron-acceptor structure for XO, and our results thus broaden
the range of drugs whose reduction is shown to be catalyzed by
XO.
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