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Abstract

In mammals, xanthine oxidase (E.C. 1.17.3.2) catalyzes the hydroxylation of a wide variety of heterocyclic substrates such as
purines, pyrimidines, and pterins, in addition to aldehydes [1] as all-zrans-retinaldehyde [2—5]. Here, we show that buttermilk
xanthine oxidase was capable to oxidizing all-zrans-retinol (=ROL) to all-zrans-retinaldehyde (z-RAL) that was successively
oxidized to all-zrans-retinoic acid (z~RA). A rise in the enzyme activity, when --ROL-CRBP complex was assayed, with respect
to the free --ROL, was observed. Furthermore, treatment of the enzyme with Na,S and glutathione resulted in a significant
increment in catalytic activity toward ~-ROL and -RAL, due to the reconstitution of the native structural organization of the
molybdenum centre of molybdopterin cofactor of the desulfo form of xanthine oxidase.

Keywords: Xanthine oxidase, retinol oxidation, retinaldehyde oxidation, retinoic acid biosynthesis, cellular retinoid binding

protein (CRBP), Cellular retinoic acid binding protein (CRABP), retinol binding protein (RBP)

Introduction

Xanthine oxidoreductase (XOR) a member of molyb-
denum hydroxylases, found from bacteria to humans,
catalyzes the hydroxylation of a wide variety of
heterocyclic substrates such as purines, pyrimidines,
and pterins, in addition to aldehydes as all-zrans- and
9-cis-retinaldehyde, which are oxidised to the respective
acids [1-5]. The enzyme can occur naturally in two
inactive forms, the demolybdo-XOR which lacks Mo
and desulfo-XOR, in which Mo=S, essential for
catalytic activity, is replaced by Mo—O [6]. The active
enzyme can exist in one of two interconvertible forms,
xanthine dehydrogenase (XDH; E.C. 1.17.1.4) and
xanthine oxidase (XO) [7,8]. Both forms will reduce
0O,, although XO is more efficient in this respect,
leading to formation of reactive oxygen species
(ROS) [9]. These ROS can interact, particularly in
the presence of iron, to generate a range of cytotoxic
agents, including hydroxyl radicals. XOR, detected on
the outer surface of cultured endothelial and epithelial
cells [10], has been implicated in the pathogenesis of

ischemia-reperfusion injury [11-12]. It has recently
been shown to catalyse the anaerobic reduction of
inorganic nitrite to nitric oxide (NO) [13]. Under
aerobic conditions, oxygen reduced by XOR to super-
oxide, can react rapidly with NO to give peroxynitrite
[14] that has bactericidal properties [15]. Bio-
activation of ethanol to acetaldehyde and the
contemporaneous free radical production in rat breast
tissue [16] has been also demonstrated. In the present
work, experiments that show that xanthine oxidase can
operate the oxidation of all-zrans-retinol (-ROL) and
enzyme assays that demonstrate its sequential oxidation
to all-zrans-retinaldehyde (z-RAL) and to all-trans-
retinoic acid (z-RA) are also reported.

Materials and methods
Chemicals

All chemicals were from Sigma-Aldrich (Milan, Italy)
except sucrose, ammonium and sodium acetate that
were from Merck Group (Milan, Italy).
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XO preparation

Desulfo-enzyme was re-sulphurated by a slight
modification of the method described by Wahl and
Rajagopalan [17] as follows. 50 wL (65 pg) of bovine
buttermilk xanthine oxidase (Sigma X-4500 grade III;
1-2units/mg protein) was dissolved in 2mlL of
50mM Tris-HCI pH 7.4, containing 1mM EDTA
(0.64mg x mL™"). After stirring the sample was
dialyzed against the same buffer (5L) for 2h to
remove ammonium sulfate and sodium salicylate.
Enzyme solution transferred in vacutainer was made
anaerobic by repeated alternate evacuations and
flushing with nitrogen using syringe needles inserted
into the septa. 1 M sodium sulfide solution was added
to the enzyme preparation to a final concentration of
about 10mM. After 10min incubation at 37°C,
glutathione at a final concentration of 5mM was
added and sample incubated for 1h at 4°C. After
filtration through a 0.22-pm membrane the enzyme
preparation was applied to a Centricon Ultracel
YM-50, centrifuged at 5000 X g for 10min and
concentrated to about 0.5 mL. After dilution to 1 mL
with 50mM Tris-HCI pH 8.8 the enzyme was
spectrophotometrically analyzed and an Ajgo/Asso
ratio of 4.3 and an Ayso/Asso ratio of 3.9 were
evaluated, with respect the corresponding values
reported in the literature for the enzyme purified
from milk, which are 5-6 and 2.8, respectively
[18—20]. The oxidase activity was determined by
measuring the rate of oxidation of xanthine to uric acid
spectrophotometrically at 295 nm in a Beckman DUS8
spectrophotometer, using an absorption coefficient of
9.6mM ' cm ™! [21]. Assays were performed at 25°C
in air-saturated Tris-HCI buffer, pH 8.8, containing
100 wM xanthine.

CRBP-enriched fraction preparation

Homogenate from normal human mammary epithe-
lial cells (HMECs), obtained from Clonetics
(San Diego, CA), was prepared by cavitation of a
cell suspension (about 30 X 10° cells in 3mL of
0.25M sucrose, 20mM Tris-HCI pH 7.0, 0.4 mM
EDTA) in a pre cooled cell disruption bomb (Parr
Instrument Company) at a nitrogen pressure of 600
Psi for 10 min. The homogenate was centrifuged at
110,000 X g for 60min in a 1L.L8-M Beckman ultra-
centrifuge and 3 mL of supernatant corresponding to
about 24 X 10° cells were gel filtered on Shodex KW
804 column injecting 100 wLL of cytosol aliquots
(74 g protein) to obtain separation of CRBPs.
Proteins were eluted with 50 mM Tris-HCI1 pH 7.4
pumped at a flow rate of 1 mL/min. Protein peaks were
monitored measuring their fluorescence (ex. 350 nm/
em. 480 nm) and absorbance at 280 nm and at 350 nm
to identify retinoid binding protein peaks. Column
eluates positive by fluorimetry were collected, pooled

and concentrated to a third of their initial volume
(about 1 mL) with a Centriprep YM-10 membrane.
To assess the presence of CRBP and CRABP in this
fraction, the sample was analyzed on a DEAE 5PW
column [22] monitoring the absorbance of protein
peaks at 284 and 350nm and evaluating their
Ass50/Asg4 ratio [23] (data not shown). In particular,
HPLC analysis of cellular retinoid binding proteins
(CRBP,) were performed equilibrating the column
with 20mM sodium acetate, pH 5.8 and eluting it
with a linear gradient of NaCl from 0—250 mM in the
same buffer following the indications reported by
Bailey and Siu [22]. After the anionic exchange
chromatography analysis, to achieve a higher grade
of purification, the sample was re-chromato-
graphed on Protein-Pak I-60. CRBP and CRABP
fractions, detected by absorbance and fluorescence,
were collected, pooled, and concentrated on a
Centripep YM-10 membrane to one millilitre and
saved at —80°C. The apo-CRBP(, fraction was
prepared by extraction twice with hexane (2:1v/v);
residual hexane was removed keeping the apo-protein
preparation under nitrogen. Protein was determined
using a Sigma protein assay reagent.

Radio-chromatography of retinoid binding proteins

Qualitative and quantitative analysis of the CRBP -
enriched fraction was performed by assaying it with the
[PH]-retinoids (--ROL or ~RA) and the binding
evaluated by performing an HPLC analysis on Protein
Pak I 60. To determine the binding activity of the
partially purified retinoid binding proteins, 100 pL. of
sample (20.18 g of total proteins) were mixed with
200 pmoles of [°’H]--RA or [’H]--ROL (both at 55—
85 Ci/mmoles) in 5 uL of ethanol, and incubated at
4°C for 2 h. Non-specific binding of labelled retinoids
to proteins was corrected by adding 20 pL. (40 nmoles)
of cold ~ROL or -RA to the samples and incubating at
4°C for 2h. 100 pLL of samples were analyzed on a
Protein Pack I-60, as already described above, and
retinoid binding proteins detected by their absorbance
at 280nm and radioactivity in a mixture of HPLC
eluent-scintillator cocktail (Ultima-Flo M), in a ratio
1:6,in a 500 wL flow cell, at a spiked rate of 6 mL/min.
Routine data integration was achieved by the
Flo-One/beta F1B IC program and computed in net
cpm, after correction for both residence time and
background subtraction.

Retinoid solution and analysis

Individual stock solutions of -~-RAL, -RA and ~-ROL,
handled under indirect yellow light to minimize
photo-oxidation, were prepared in absolute ethanol
(1 mg/mL), in amber vials, and stored under inert gas
at —80°C. Dilutions were performed immediately
prior to use. For calibration curves the stock solutions



were diluted with ammonium acetate 10 mM pH 5.8
and acetonitrile (final ratio 35/65 v/v) to obtain a
mixture of working standards whose concentration
was in the range of the substrates added and products
expected in enzyme assays. For enzyme assay, retinoid
was diluted with 0.12mM Tween 80 in Tris-HCI
50 mM, pH 8.8 solution just before the preparation of
the enzyme assay medium, and kept at 4°C.

Enzyme assays

Enzyme assays with hypoxanthine, ethanol and t-ROL
on native PAGE. Xanthine oxidase zymogram
was prepared by loading the enzyme protein onto a
non-denaturing 7.5% polyacrylamide gel, following
the indications reported in reference [24]. A current of
20-25 mA was passed through the gel for 60 min. The
gel was incubated in the dark at 37°C in 50 mL of a
staining solution containing 50 mM Tris-HCI, pH 8.8,
I1mM ~ROL dissolved in a minimal volume of
acetone, 17.5mg of nitro blue tetrazolium and 1 mg
of phenazine methosulfate, as indicated in reference
[25]. The substrate concentrations used for ethanol
or hypoxanthine assay were 1mM and 0.1 mM
respectively.

Enzyme assays with free t-ROL or t-RAL. 27.6 pLL of
enzyme preparation was incubated with 0.25-5 pM
-ROL or ~-RAL in 500 pLL of 50 mM Tris-HCI, pH
8.8 containing 0.012 mM Tween 80. After 10 min of
incubation at 37°C, the reaction was stopped by
dipping the sample into a cold bath. After this, the
mixture was acidified by adding 20 pLL of 0.5 M acetic
acid, and the retinoids were extracted by adding 3 mL
of hexane and shaking for 1min in the dark. The
hexane phase was dried under nitrogen and stored
at —20°C. To evaluate xanthine oxidase activity on
-ROL or ~-RAL, samples were re-suspended in 60 pLL
of ammonium acetate/acetonitrile solution (35:65 v/v)
and one third of it was injected into the HPLC system
and analyzed as reported by Frolik et al. [26].

Enzyme assays with liganded t-ROL. A few minutes
before the assay 10 pl of -~-ROL (1 mg/mL in absolute
ethanol) were diluted to 10 mL with 0.12 mM Tween
80 Tris-HCI1 50 mM, pH 8.8 and after stirring, 171 pLL
(600 pmol) of this were added to 1 mL of apo-retinoid
binding proteins enriched fractions (about 60 pmol of
CRBP and 200 pmol of CRABP) and kept at 4°C. The
molar concentration of CRBP and #~ROL in the
mixture was 51.2nM and 512 nM, respectively, with a
CRBP/~-ROL ratio of about 0.1. 2.76 pL. of XO
solution (about 5 pmoles of enzyme) were incubated
for 10 min at 37°C after addition of the ~ROL/CRBP
solution (50-450 L) in a final volume of 500 pL.
At the end of inculation, the mixture was acidified by
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adding 20 p.LL of acetic acid solution (0.5 M), and the
retinoids extracted by adding 3 mL of hexane and
shaking for 1 min in the dark. The hexane phase was
dried under nitrogen and stored at —20°C.

Kinetic data processing

Leatherbarrow Eritacus Software made a provisional
estimate of the kinetic constants with that aid of the
Grafit program. The appropriate velocity equations
describing the kinetic behavior [27] were verified

Statistical analysis

Statistical significance of the data was evaluated using
Student’s z-test (Snedecor and Cochran, [28]) and
probability values below 0.05 (P < 0.05) were
considered significant. Results are expressed as
mean * S.D. for the indicated set of experiments.

Results and discussion

Consistent with our previous results, where we
showed the ability of milk xanthine oxidase to
synthesize all-zrans- and 9-cis-RA from the respective
retinaldehydes [5], in the present work we report data
that demonstrates that xanthine oxidase is capable of
oxidising alcohols such as ethanol and ~-ROL.

All experiments were performed using the Sigma
buttermilk xanthine oxidase dialyzed in the presence
of Na,S, and successively treated with glutathione
(see: XO preparation in Materials and Methods). This
treatment was performed to obtain an increment in
the concentration of active enzyme due to the
reconstitution of the native structural organization of
the molybdenum centre of the molybdopterin in the
xanthine oxidase desulfo form [19].

Detection of the XO activity on hypoxanthine, ethanol
and t-ROL on native PAGE

Xanthine oxidase stained onto an electropherogram
with 1 mM ethanol (Figure la) showed a linear
catalytic response in the range of 2.16—1.08 pmoles
(about 130nM-65nM of enzyme in the loading
wells). The ability of xanthine oxidase to oxidize
ethanol suggested to us assaying the enzyme with
-ROL (Figure 1b). At the two different concen-
trations used (1.08-2.16 pmol), XO was capable of
oxidizing ROL during incubation for one hour.
Enzyme detection with hypoxanthine was also
performed to evaluate the xanthine oxidase basal
activity (Figure 1c¢).
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Retinol (c) Hypoxanthine

(a) Ethanol (b)

Figure 1. Assays of xanthine oxidase on electrophoretic gels with
ethanol, retinol and hypoxanthine via PMS/tetrazolium stain.
Zymograms of xanthine oxidase acting on (a) 1 mM ethanol, (b)
1 mM z-retinol and (c) 0.1 mM hypoxanthine are shown. Staining
solution composition varied only for the kind of substrate used.
Development times were 10min for hypoxanthine and 1h for
t-retinol and ethanol. The enzyme concentrations assayed with
ethanol were decreasing from 2.16 to 1.08 pmoles and those assayed
with z-retinol or hypoxanthine were 1.08 and 2.16 pmoles. One
representative of three independent experiments is shown.

t-ROL oxidation was imitially performed by using free
retinoids

To analyze the products of ~ROL oxidation, xanthine
oxidase was assayed in test-tubes. Preliminary assays
were performed with 250nM -RAL in 0.012mM
Tween 80 and the results obtained were in accord with
those reported in our previous work [5]. The
evaluation of xanthine oxidase activity on -ROL was
performed at a concentration range between 500 nM—
5 WM (see: Assays with free and liganded ~ROL or
-RAL in Materials and Methods), and at substrate
concentrations less than 2 puM it was not possible to
see any enzymatic oxidation of z-ROL. On the
contrary, when xanthine oxidase was assayed with a
concentration of =ROL higher than 2pM it was
possible to detect not only z~RAL but also -RA as a
product of aldehyde oxidation. Synthesis of z-RA
as final product of the -ROL oxidation was a very
interesting phenomenon but the very low activity
showed by xanthine oxidase toward free ~ROL
(Table I) needed a more exhaustive examination.

Table I.  Kcaz values in the conversion of zrans-retinol to zrans-retin-
aldehyde and to trans-retinoic acid catalyzed by xanthine oxidase.

Kcat (min™ ")

Substrate -ROL to ~RAL -RAL to ~-RA
-ROL-CRBP 255 37.83
(50-460nM)
-ROL 5 uM N.D. 0.262
-RAL 0.20 pM = 29.47
-RAL 0.20 pM N.D. 1.62
plus -ROL 1 pM
-RAL 0.20 pM N.D. 0.79

plus ~ROL 5 pM

Sources of XO and purified CRBP were those described in Methods.
(N.D.) Not determined. Kinetic data represent the mean * S.D. of
triplicates from a representative experiment.

holo-CRBP 1is the substrate for xanthine oxidoreductase

Presuming that the low catalytic activity of xanthine
oxidase toward ~ROL might be due to its insufficient
dispersion in the water/detergent phase we have
evaluated whether the addition of retinoid binding
proteins, in the incubation medium, could be useful to
the oxidative process by improving the interactions of
-ROL with the enzyme. Considering that most
retinoids present in cells and plasma are bound to
CRBP or RBP, we firstly purified CRBPs from human
mammary epithelial cells and then successively
assayed the catalytic activity of xanthine oxidase
toward ~ROL in the presence of them or human RBP.

Purificarion of cellular retinoids binding proteins

from HMEC

We have initially purified from HMEC cytosol a
fraction containing the specific binding proteins
CRBPs by gel permeation chromatography on KW
804 column. The elution profile reported in Figure 2
shows a peak, positive on fluorimetry and containing
the cellular retinoid binding proteins (CRBP ) (grey
area; RT 11.47 £ 0.3), where proteins with a mass
between 14 and 20kDa are separated. The further
purification of the fraction containing CRBPs was
obtained on Protein Pak I-60, which provides
excellent separation in the molecular weight range
of 1,000-20,000 for native globular proteins.
Their elution profiles are shown in Figure 3.
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Figure 2. Purification of cellular binding proteins from cytosol of
human mammary epithelial cells. 100 pL cytosol (0.8 X 10° cells -
74 pg protein) were gel filtered on a KW 804 column and eluted at
ImL min ! with 50mM Tris HCI pH 7.4 containing 1 mM
glutathione. Elution peaks were monitored by absorbance at 280 nm
(top trace) and fluorescence (bottom trace). Iterative analyses
were carried out and fraction peaks were collected from the area
containing cellular retinoid binding proteins (RT 11.47 *= 0.3)
(grey peaks). Positions of standards used as molecular weight
markers were: 1) bovine erythrocyte carbonic anhydrase (29.3 kDa);
2) horse heart cytochrome C (12.4 kDa).
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Figure 3. HPLC analysis of cellular retinoid binding proteins from
human mammary epithelial cells. CRBP, fraction from KW 804
chromatography was analyzed on Protein Pak I-60 column. Bottom
trace corresponded to ultraviolet detection at 280 nm; top trace is
fluorescence reading (ex. 350nm; em. 470nm). CRBPs and
CRABPs were separated in the RT interval of 6.4—8.3 min
(grey area). Retention times were determined for (1) bovine
erythrocytes carbonic anhydrase, 29.3kDa, (2) lactalbumin,
14.7 kDa, and (3) horse heart cytochrome C, 12.4kDa.

Moreover, to assess the presence of CRBPs in this
fraction, the sample was analyzed on a DEAE 5PW
column [22] by monitoring their absorbance at 284
and 350nm and evaluating the Ass50/Asg4 ratio [23]
(data not shown). After the anionic exchange
chromatography analysis, the fraction was assayed
with the [PH]-retinoids (--ROL or -RA) and the
binding evaluated by performing a HPLC analysis on
Protein Pak I 60 (data not shown). The amounts of
retinol binding proteins and retinoic acid binding
proteins available in the sample were determined by
measuring the specific binding activity assayed versus
the two [°H]-retinoids. In 100 pL of the analyzed
sample containing 20.18 wg of total protein, there
were in all about 8.39 ng of CRBPs (about 5.6 pmoles)
and 28.6ng of CRABPs (19.6 pmoles) with a
purification factor of about 11-fold. This fraction
was used to optimize -ROL oxidation performed by
xanthine oxidase.

Retinol oxidation was performed using all-trans-retinol-
CRBPs or -RBP complexes

The XO-catalyzed oxidation of --ROL in the presence
of variable concentrations of RBP or CRBPs was
followed by observing the rate of ~-RAL and -RA
production. While it was not possible to see any activity
toward ~ROL-RBP in the concentration range of
0.2—1 uM, a significant catalytic activity (Kcat = 255
min~!) was determined with ~ROL-CR-BP (%olo-
CRBP) (50-460nM) with respect to that of free
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Figure 4. Chromatographic analysis of retinoids produced by

xanthine oxidase assayed with -ROL-CRBP. The chromatographic
pattern reported is related to an assay performed with 5 nM xanthine
oxidase, 256nM -ROL, 25.6nM CRBP and 250nM CRABP.
Chromatographic elution was performed with acetonitrile-10 mM
ammonium acetate (65:35 v/v) at a flow of 1 mL min~ ! and retinoids
were monitored at 325 nm (grey profile) and 350 nm (dark profile).
Peaks are as follows: 1, all zrans-retinoic acid; 2, all zrans-retinol; 3,
all rrans-retinaldehyde.

~ROL (Kcat = 0.266 min ') (Table I). It is probable
that the higher catalytic activity of the enzyme toward
holo-CRBP is due to the true substrate availability,
which will result in a higher -~-RAL production, and its
build up will initiate ~-RA synthesis. The products of
such catalytic behaviour by xanthine oxidase are shown
in the chromatographic pattern in Figure 4, where the
peaks of ~RA and ~RAL, and that of ~ROL are well
represented.

The possible influence exerted by free ~-ROL on
XO activity was evaluated performing assays with free
t-RAL (0.20 wM) in the presence of variable
concentrations of free -~-ROL (1-5 wM). The presence
of 1 wM -ROL in the incubation medium resulted in a
reduction of Kcar for --RAL of over 90% (Table I)
showing that z-retinol in the free state is not the
appropriate substrate for xanthine oxidase.

Conclusion

The observation that milk xanthine oxidase (XO), an
enzyme of broad specificity, is capable of converting
-ROL bound to CRBP to ~~RAL and ~-RAL to ~-RA
should be taken into due consideration, not only
because the enzyme catalyzes the oxidation of an
alcohol to the respective acid, but also because the
alcohol involved is ~ROL and the produced acid is
-RA. In fact, the importance is well known of the
various biological roles and effects of retinoic acid,
such as the control of cell proliferation, differentiation
and morphogenesis, epithelium protection and pre-
vention effects in carcinogenesis [29—31]. In particu-
lar, the results obtained stimulated us to attempt to
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define the role of the native form of xanthine oxidase,
xanthine dehydrogenase, in the metabolic pathway
that proceeds from ~ROL to ~~RA biosynthesis.
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