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Spectral and catalytic properties of the flavoenzyme AAO (aryl-
alcohol oxidase) from Pleurotus eryngii were investigated using
recombinant enzyme. Unlike most flavoprotein oxidases, AAO
does not thermodynamically stabilize a flavin semiquinone radical
and forms no sulphite adduct. AAO catalyses the oxidative dehy-
drogenation of a wide range of unsaturated primary alcohols with
hydrogen peroxide production. This differentiates the enzyme
from VAO (vanillyl-alcohol oxidase), which is specific for pheno-
lic compounds. Moreover, AAO is optimally active in the pH
range of 5–6, whereas VAO has an optimum at pH 10. Kinetic
studies showed that AAO is most active with p-anisyl alcohol and
2,4-hexadien-1-ol. AAO converts m- and p-chlorinated benzyl
alcohols at a similar rate as it does benzyl alcohol, but introduction
of a p-methoxy substituent in benzyl alcohol increases the reac-

tion rate approx. 5-fold. AAO also exhibits low activity on aro-
matic aldehydes. 19F NMR analysis showed that fluorinated ben-
zaldehydes are converted into the corresponding benzoic acids.
Inhibition studies revealed that the AAO active site can bind a wide
range of aromatic ligands, chavicol (4-allylphenol) and p-anisic
(4-methoxybenzoic) acid being the best competitive inhibitors.
Uncompetitive inhibition was observed with 4-methoxybenzyl-
amine. The properties described above render AAO a unique oxi-
dase. The possible mechanism of AAO binding and oxidation of
substrates is discussed in the light of the results of the inhibition
and kinetic studies.

Key words: aryl-alcohol oxidase, conjugated double bond, flavo-
enzyme, reaction mechanism, substrate binding.

INTRODUCTION

Aryl-alcohol oxidase (AAO; EC 1.1.3.7) activity was described
for the first time in the fungus Polystictus versicolor (a synonym
of Trametes versicolor) in 1960 [1]. Since then, AAO has been
detected and characterized in other white-rot basidiomycetes,
including four Pleurotus species [2–5], Bjerkandera adusta [6],
and some ascomycetous fungi [7–9]. White-rot fungi are respon-
sible for lignin degradation, and AAO participates in this process
by generating hydrogen peroxide in the redox cycling of aromatic
fungal metabolites [10], also involving mycelial dehydrogenases
[11,12].

AAO, a monomeric glycosylated protein of 73 kDa [13], is one
of the many flavoenzymes that contain a non-covalently bound
FAD cofactor [14]. The enzyme from Pleurotus eryngii has a wide
substrate specificity, oxidizing primary, polyunsaturated alcohols
[13]. The reaction of AAO (Scheme 1) is initiated by the oxidative
dehydrogenation of the substrate (reductive half-reaction), and is
completed by flavin reoxidation by molecular oxygen with the
production of hydrogen peroxide (oxidative half-reaction).

The AAO genes from P. eryngii [15] and Pleurotus pulmonarius
[4] have been cloned and sequenced. These genes are very similar,
with 95% identity at the amino acid sequence level. Primary struc-
ture analysis revealed that AAO belongs to the GMC (glucose/
methanol/choline) oxidoreductase family of flavoenzymes [16].
In contrast with the related vanillyl-alcohol oxidase (VAO; EC
1.1.3.38) family [17], these enzymes share a conserved ADP-
binding motif (βαβ-fold) involved in FAD binding, which in-

cludes a Gly-Xaa-Gly-Xaa-Xaa-Xaa-Gly fingerprint sequence
near the N-terminus [18]. A molecular model of AAO from
P. eryngii was built using the Aspergillus niger glucose oxidase
crystal structure as template (Protein Data Bank entry 1QJN)
[19]. The cDNA from P. eryngii has been expressed in Emericella
nidulans (conidial state Aspergillus nidulans) and Escherichia
coli, showing the recombinant AAO has catalytic properties
similar to those of the wild-type enzyme [20]. Recombinant AAO
production represents an improvement in terms of enzyme yield
and production time [13], and facilitates characterization of the en-
zyme in more detail [21]. In the present paper, we report on the
spectral and catalytic properties of AAO after its heterologous
expression in E. nidulans.

EXPERIMENTAL

Chemicals

o-Fluorobenzyl, m-fluorobenzyl and p-fluorobenzyl alcohols, and
p-fluorobenzaldehyde were purchased from Fluorochem (Old
Glossop, Derbyshire, U.K.). m-Anisyl (3-methoxybenzyl),
p-anisyl (4-methoxybenzyl), benzyl, m-chlorobenzyl, p-chloro-
benzyl, cinnamyl (3-phenyl-2-propen-1-ol), isovanillyl (3-hy-
droxy-4-methoxybenzyl), vanillyl (4-hydroxy-3-methoxybenzyl)
and veratryl (3,4-dimethoxybenzyl) alcohols, p-anisic (4-metho-
xybenzoic) acid, p-(hydroxymethyl)benzoic acid, 2,4-hexadien-
1-ol, toluene, benzylmethyl ether and 4-methoxybenzylamine
were obtained from Sigma–Aldrich (St Louis, MO, U.S.A.).

Abbreviations used: AAO, aryl-alcohol oxidase; GMC, glucose/methanol/choline (oxidoreductase family); VAO, vanillyl-alcohol oxidase.
1 Present address: Departamento de Microbiologı́a y Parasitologı́a, Universidad de Alcalá, Ctra. Madrid-Barcelona, Km 33.6, Alcalá de Henares,

E-22871 Madrid, Spain.
2 To whom correspondence should be addressed (email atmartinez@cib.csic.es).
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Scheme 1 Redox reaction catalysed by AAO

Both AAO reductive and oxidative half-reactions, by alcohol and O2 respectively, are shown.
Benzyl alcohol is included as an example of AAO substrate.

Chavicol (4-allylphenol) was from Quest (Houston, TX, U.S.A.).
3-Chloro-p-anisyl alcohol was a gift from Dr E. de Jong
(Wageningen, The Netherlands). 5-Deazariboflavin was a gift
from Dr G. Tollin (Department of Biochemistry and Molecular
Physics, University of Arizona, AZ, U.S.A.).

Organisms and vectors

E. nidulans biA1, metG1, argB2 (IJFM A729) was used as a
heterologous expression host [22]. pALAAO vector containing
the P. eryngii AAO cDNA was used to transform the above E.
nidulans strain [20].

Expression and purification of recombinant enzyme

cDNA encoding P. eryngii AAO with its own signal peptide was
expressed in E. nidulans (argB− strain) under the alcA promoter
of the same fungus. Recombinant AAO was obtained from cul-
tures grown at 28 ◦C (with shaking at 180 rev./min) in a minimal
medium that, after 24 h, was replaced with the induction medium
containing threonine [20]. After 48 h induction, the recombinant
enzyme was purified using Sephacryl S-200 and Mono-Q chro-
matography, according to the procedure developed for wild-type
AAO from P. eryngii [13]. Protein bands, after SDS/PAGE, were
stained with Coomassie Brilliant Blue.

Enzyme activity and steady-state kinetics

The standard AAO activity was measured spectrophotometrically
by monitoring the oxidation of veratryl alcohol to veratraldehyde
at 310 nm. The reaction mixture contained 8 mM substrate in air-
saturated 100 mM sodium phosphate buffer, pH 6. One unit of
AAO activity is defined as the amount of enzyme that converts
1 µmol of alcohol to aldehyde per min at 24 ◦C.

AAO activity at different pH values was estimated in 100 mM
citrate–phosphate–borate buffer, pH 2–11, and the relative activ-
ity values obtained were fitted to a three-state model (with two
pKa values) using the following equation:

F = FD + FI 10a + FN 10(a+b)

1 + 10a + 10(a+b)

where FD, FI and FN are the relative activities (%) at acidic,
neutral and basic pH values respectively; a = m(pH − pK1) and
b = n(pH − pK2); and m and n are the number of protons in the
two transitions (between the three pH states).

Steady-state kinetics were performed at 24 ◦C in the above
buffer, pH 6 (and also at pH 9 in the case of isovanillyl and vanillyl
alcohols). AAO activity was determined spectrophotometrically
by measuring the rate of oxidation of different alcohols to the
corresponding aldehydes. The following molar absorption coeffi-
cients were calculated under assay conditions (pH 6) using com-
mercial standards: m-chlorobenzaldehyde (ε240 5923 M−1 · cm−1),

p-chlorobenzaldehyde (ε260 15862 M−1 · cm−1), cinnamaldehyde
(ε310 15600 M−1 · cm−1), m-fluorobenzaldehyde (ε246 10280 M−1 ·
cm−1), p-fluorobenzaldehyde (ε252 13700 M−1 · cm−1), 2,4-hexa-
dien-1-al (ε280 30140 M−1 · cm−1), isovanillin (ε307 7383 M−1 ·
cm−1) and vanillin (ε309 8332 M−1 · cm−1). The molar absorption
coefficients of isovanillin (ε360 2234 M−1 · cm−1) and vanillin
(ε347 22410 M−1 · cm−1) were estimated also at pH 9. Molar
absorption coefficients of benzaldehyde (ε250 13800 M−1 · cm−1),
veratraldehyde (ε310 9300 M−1 · cm−1), m-anisaldehyde (ε314

2540 M−1 · cm−1) and p-anisaldehyde (ε285 16950 M−1 · cm−1)
were from Guillén et al. [13], and that of 3-chloro-p-anisaldehyde
(ε295 15000 M−1 · cm−1) from de Jong et al. [23]. After non-linear
fitting of data (three replicates) using SigmaPlot, mean and
standard errors were obtained from the normalized Michaelis–
Menten equation.

Inhibition studies were performed in the above buffer at pH 6
(and pH 8 in the case of 4-methoxybenzylamine), with veratryl
alcohol as the varying substrate.

19F NMR analysis

AAO-mediated conversion of fluorinated substrates was studied
by 19F NMR. The enzymatic reactions contained 1 mM fluorinated
aromatic substrate, and 1 mM sodium ascorbate in 2 ml of
100 mM sodium phosphate buffer, pH 6. Reactions were started
by addition of 100 m-units of AAO (500 m-units in the case of
p-fluorobenzaldehyde), and were allowed to proceed at 24 ◦C
under agitation. After 1 h incubation, the reactions were stopped
by freezing in liquid nitrogen, and samples were stored at −20 ◦C
until analysis. 19F NMR measurements were performed on a
Bruker DPX 400 NMR spectrometer, as described previously
[24].

Spectroscopic studies

AAO absorption spectra were recorded at room temperature
on a Hewlett–Packard 8453 diode-array spectrophotometer.
Enzyme concentration was determined using the AAO molar
absorption coefficient, which was estimated in 100 mM sodium
phosphate, pH 6, after thermal denaturation, enabling estimation
of enzyme concentration from the amount of FAD released (ε450

12250 M−1 · cm−1) [25].
Enzyme reduction experiments were performed in 100 mM

sodium phosphate buffer, pH 6, under anaerobic conditions, which
were reached by several cycles of atmosphere evacuation and
flushing with argon, and followed by monitoring changes in the
AAO absorption spectrum. In these experiments, 24 µM AAO
was reduced with different concentrations of a stock solution
of 16 mM p-anisyl alcohol in the presence of glucose oxidase
(10 units/ml) and glucose (310 mM), which were added to both
substrate and enzyme solution to remove trace amounts of oxygen.
Dithionite reduction of AAO was investigated by titrating 26 µM
enzyme with a stock solution of 250 mM sodium dithionite under
an argon atmosphere.

AAO (17 µM) reaction with sulphite was studied in 100 mM
sodium phosphate buffer, pH 7, using different sulphite concen-
trations (1–20 mM), and final changes in the absorption spectrum
were recorded.

Photoreduction of AAO (11 µM) was carried out in an anaero-
bic cuvette. The reaction was performed in 100 mM sodium phos-
phate buffer, pH 6 (or pH 9), containing 1 mM EDTA and 5 µM
5-deazariboflavin. Solutions were made anaerobic by several cy-
cles of evacuation and flushing with argon. Absorption spectra
were recorded after different periods of irradiation with a 150-W
light source [25].
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Stopped-flow measurements

Stopped-flow measurements were made using an Applied Photo-
physics SX17.MV spectrophotometer, interfaced with an Acorn
5000 computer using the SX18.MV software from Applied Photo-
physics. Samples were made anaerobic before introducing them
into the stopped-flow syringes. Reactions were allowed to proceed
in 100 mM sodium phosphate buffer, pH 6, at 20 ◦C, and kinetics
traces were followed at 460 nm, the wavelength at which oxidized
AAO has an absorbance maximum.

RESULTS

Enzyme production

Recombinant AAO was expressed in E. nidulans and purified in
two chromatographic steps, with a final yield up to 3 mg of pure
AAO per litre of fungal culture. Its electrophoretic homogeneity
was confirmed by SDS/PAGE.

Spectral properties

Purified AAO showed absorption maxima in the visible region at
385 nm and 463 nm (with troughs at 414 nm and 317 nm; Fig-
ure 1) and an A280/A463 ratio of 10. After heat treatment (70 ◦C for
10 min), the AAO protein was precipitated, and the cofactor ab-
sorption spectrum lost the 463 nm maximum, which was replaced
by the 450 nm maximum of free flavin, indicating that the flavin
was not covalently bound to the protein. From these spectral
changes, the molar absorption coefficient of the recombinant en-
zyme (ε463 10280 M−1 · cm−1) was estimated.

AAO does not react with sulphite, since no spectral changes
were observed in the presence of up to 20 mM sodium sulphite.
Anaerobic reduction of the enzyme by substrate was studied using
p-anisyl alcohol. A decrease in the 463 nm absorbance was ob-
served during p-anisyl alcohol oxidation, revealing the participa-
tion of the flavin cofactor in the catalytic activity of AAO (Fig-
ure 1A). In these experiments, an isosbestic point was observed
at 330 nm, indicative of a two-electron reduction of the cofactor
[25]. Excess of p-anisyl alcohol (5–6-fold) was required for com-
plete reduction of AAO. During AAO reduction, stoichiometric
amounts of p-anisaldehyde (calculated from its absorbance at
298 nm) were formed (Figure 1A, inset). The anaerobic reduction
of AAO by p-anisyl alcohol was also followed using the stopped-
flow equipment coupled to a photodiode array detector. The spec-
tral changes observed in the 350–650 nm range showed the reduc-
tion of the oxidized flavin to the hydroquinone form, without
formation of an observable semiquinone intermediate.

Anaerobic titration of AAO with dithionite gave similar spectra,
where only two chemical species (corresponding to reduced and
oxidized enzyme) could be identified. Dithionite reduction ap-
peared as a monophasic process when analysed using the stopped-
flow equipment. In both anaerobic reduction experiments (using
p-anisyl alcohol and dithionite), reoxidation with air restored the
spectral properties of the oxidized form of AAO.

Photoreduction at pH 6 (Figure 1B) and pH 9 did not show
semiquinone formation, and only fully oxidized and reduced spe-
cies were observed. Reoxidation completely restored the original
spectrum.

Catalytic properties

The catalytic versatility of AAO was investigated in the present
study using the recombinant enzyme from E. nidulans and a wide
range of possible electron donors. First, the ability of AAO to
catalyse reactions other than unsaturated alcohol oxidation, such
as oxidative hydroxylation, demethylation and deamination, was

Figure 1 Anaerobic reduction of AAO

(A) To investigate AAO reduction by substrate, an anaerobic solution of AAO (24 µM) in 100 mM
sodium phosphate buffer, pH 6, containing 10 units/ml of glucose oxidase and 310 mM glucose
(added anaerobically) was titrated with the following concentrations of p-anisyl alcohol, in
100 mM sodium phosphate buffer, pH 6 (prepared also under anaerobic conditions): 0 µM
(trace 1), 100 µM (trace 2), 120 µM (trace 3), 140 µM (trace 4), 160 µM (trace 5) and
180 µM (trace 6). The spectra were corrected for dilution. The initial spectrum of oxidized AAO
(trace 1) was recovered after reoxidation with O2 (- - -). The inset shows the p-anisaldehyde
produced during AAO reduction. The aldehyde concentrations (being respectively 14, 20, 23
and 25 µM) were calculated from the increase of absorbance at 298 nm. All spectra were
recorded at 24◦C. (B) To investigate AAO photoreduction, an anaerobic cuvette containing an
anaerobic solution of AAO (12 µM), EDTA (1 mM) and 5-deazariboflavin (5 µM) in 100 mM
sodium phosphate buffer, pH 6 (prepared anaerobically) was irradiated with a 150 W light
source at 24◦C. Spectra were recorded before (trace 1, dashed line) and after (trace 2) adding
5-deazariboflavin and EDTA, and after 10 min (trace 3), 20 min (trace 4) and 40 min (trace 5) of
subsequent illumination.

evaluated using benzylmethyl ether, toluene and 4-methoxy-
benzylamine as possible substrates. However, the enzyme showed
no activity on these compounds, which acted as AAO inhibitors
(see below).

Then, the effect of different substituents in the benzyl alcohol
ring (chlorine, fluorine, methoxyl, hydroxyl and carboxyl) on
AAO activity was evaluated. Oxidation of the different alcohols
resulted in formation of the corresponding aldehydes that
were detected by characteristic absorption maxima (Figure 2).
Novel types of P. eryngii AAO substrates were found, such as
halogenated benzyl alcohols. The steady-state kinetic parameters
of different p- and m-substituted benzyl alcohols were determined.
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Figure 2 Spectral changes during AAO oxidation of vanillyl alcohol at two
different pH values

The reaction mixtures contained 2 mM vanillyl alcohol in 100 mM sodium phosphate buffer at
pH 6 (A) or pH 9 (B). The spectra were recorded every 60 min during 10 h, at 24◦C, after addition
of AAO (50 m-units/ml) and increases (arrows) were observed at the absorbance maxima of the
aldehydes.

Table 1 shows the Km, kcat and catalytic efficiency (kcat/Km) values,
together with those of benzyl alcohol, cinnamyl alcohol, and 2,4-
hexadien-1-ol. Considering the efficiency values, p-anisyl alcohol
was the best AAO substrate, whereas p-(hydroxymethyl)benzoic
acid was the worst substrate (owing to the low AAO activity on
this compound, its kinetic constants in Table 1 are only estimates).
3-Chloro-p-anisyl and 2,4-hexadien-1-ol also appeared to be very
good AAO substrates.

The rates of AAO oxidation of the phenolic vanillyl and iso-
vanillyl alcohols were very different. As shown in Table 1,
isovanillyl alcohol is a good AAO substrate, with a kcat value simi-
lar to that of veratryl alcohol. By contrast, AAO activity on vanillyl
alcohol (2 mM, at pH 6) was very low (0.59 s−1) compared with
isovanillyl alcohol (42.6 s−1), and its kinetic parameters were not
determined. AAO activity showed a broad pH optimum, with more
than 90% maximal activity on veratryl alcohol in the range of
pH 4–7, and a significant decrease at pH 9 (Figure 3), although
the enzyme was very stable at pH 6–9. An increase of pH over the
optimum (pH 6) produced opposite effects on the AAO affinity
and kcat. At pH 9, the affinity for veratryl (Km 347 +− 38 µM) and
isovanillyl (Km 418 +− 65 µM) alcohols was increased by over
30% with respect to pH 6 (Table 1), whereas the kcat value for
these two alcohols (37 +− 1 and 49 +− 2 s−1 respectively) was de-
creased by nearly 60 %. Despite low AAO activity on vanillyl al-
cohol, spectral changes were observed during long-term enzy-
matic conversion at pH 6 and 9 (Figure 2), and comparison with

spectra of authentic standards showed formation of vanillin. The
effect of pH on this reaction was similar to that found with iso-
vanillyl alcohol, i.e. higher oxidation rate at pH 6 (0.59 s−1) than
at pH 9 (0.48 s−1).

Conversion of fluorinated benzyl compounds by AAO was
also investigated by 19F NMR. After 1 h incubation of o-fluoro-
benzyl, m-fluorobenzyl and p-fluorobenzyl alcohols with the
enzyme at pH 6, the corresponding aldehydes were identified
as main reaction products (Figures 4A–4C and Table 2). From
Figures 4(A)–(C), it can be seen that p-fluorobenzyl alcohol is a
better AAO substrate than m-fluorobenzyl alcohol, and that the
latter compound is a better substrate than o-fluorobenzyl alcohol.
Kinetic parameters for o-fluorobenzyl alcohol were not deter-
mined due to low AAO activity (0.83 s−1 at 1.25 mM substrate
concentration, pH 6) compared with benzyl alcohol (3.74 s−1).
AAO oxidation of m-fluorobenzyl alcohol (Figure 4B and Table 3)
showed a major m-fluorobenzaldehyde signal at −116.6 p.p.m.,
and an additional lower signal at −117.4 p.p.m. corresponding to
m-fluorobenzoic acid, and indicative of aldehyde oxidase activity
[13]. The aldehyde activity of AAO was investigated further using
p-fluorobenzaldehyde as a substrate (Figure 4D and Table 3).
Although the aldehyde oxidase activity only represented 4%
of the p-fluorobenzyl alcohol activity, it could be demonstrated
easily by 19F NMR, and the reaction product was identified as
p-fluorobenzoic acid (−114.2 p.p.m.). During the AAO reaction
with fluorinated substrates, some release of fluoride anion, with a
19F NMR resonance at −122.6 p.p.m., was observed. This release
was significantly higher than that found in the corresponding
controls, but represented less than 10 % of the total conversion of
fluorinated benzyl alcohols by AAO.

Inhibition studies

Inhibition studies were performed to obtain additional information
on the binding mechanism of AAO substrates. The inhibitory ef-
fect of different aromatic compounds on veratryl alcohol oxidation
by recombinant AAO is shown in Table 3. In addition to phenol,
already known from previous studies [13], a second phenolic com-
petitive inhibitor, chavicol, was found with a K i of 0.11 mM (Fig-
ure 5A). Moreover, several non-phenolic aromatic compounds,
such as p-anisic acid, toluene and benzylmethyl ether, were found
to be competitive inhibitors of AAO. Among them, p-anisic acid
showed a strong interaction with AAO, similar to that found for
chavicol. Enzyme complexes with the two latter compounds were
reversible, as the inhibitors could be removed by dialysis. Finally,
4-methoxybenzylamine was found to be an uncompetitive inhibi-
tor with high affinity for AAO. This inhibition was pH-dependent,
being optimal at pH 8 (K i 0.25 mM; Figure 5B).

DISCUSSION

Flavoprotein oxidases share some properties, such as stabilization
of the flavin semiquinone anion radical and formation of flavin
N(5)-sulphite adducts [26]. These properties, together with the
formation of benzoquinoid anionic forms of artificial flavins
in reconstituted proteins, point to the existence of a positively
charged protein locus (due to a basic residue or α-helix dipole)
interacting with the pyrimidine ring of the flavin [27]. Flavin rad-
ical stabilization does not necessarily imply that the anionic
radical is involved in catalysis, but the possibility to stabilize
it under certain conditions provides some useful structural in-
formation. The absorption spectrum of recombinant AAO was
very similar to that of wild-type enzyme from P. eryngii [13],
and included the optical maxima of flavin-containing proteins.
Photoreduction (in the presence of EDTA and 5-deazariboflavin)
directly gave a fully reduced FAD product, and the same
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Table 1 Steady-state kinetic constants for AAO oxidation of different substrates

AAO oxidation assays on a variety of substrates were performed in 100 mM sodium phosphate buffer, pH 6, at 24◦C. After non-linear fitting of data, mean and standard errors were obtained from the
normalized Michaelis-Menten equation.

Substrate Structure K m (µM) k cat (s−1) k cat/K m (s−1 · mM−1)

Benzyl alcohol 632 +− 158 30 +− 2 47 +− 9

m-Fluorobenzyl alcohol 554 +− 30 6 +− 1 13 +− 1

p-Fluorobenzyl alcohol 553 +− 38 32 +− 1 59 +− 6

m-Chlorobenzyl alcohol 107 +− 2 22 +− 1 203 +− 4

p-Chlorobenzyl alcohol 132 +− 6 51 +− 1 398 +− 32

m-Anisyl alcohol 227 +− 105 15 +− 2 65 +− 24

p-Anisyl alcohol 27 +− 4 142 +− 5 5233 +− 615

3-Chloro-p-anisyl alcohol 14 +− 1 46 +− 1 4086 +− 200

Veratryl alcohol 540 +− 17 114 +− 1 210 +− 5

Isovanillyl alcohol 831 +− 58 127 +− 3 152 +− 5

p-(Hydroxymethyl) benzoic acid 12 210 +− 2970 0.32 +− 0.14 0.03 +− 0.01

Cinnamyl alcohol 708 +− 85 65 +− 3 78 +− 11

2,4-Hexadien-1-ol 94 +− 5 119 +− 2 1271 +− 55

Figure 3 Influence of pH on AAO activity

AAO activity at different pH values was estimated by adding 20 µl of a concentrate AAO
solution (730 m-units/ml) previously dialysed against 10 mM sodium citrate–phosphate–borate
buffer, pH 6, to 1 ml of 100 mM sodium citrate–phosphate–borate buffer of different pH values
(pH 2–10). Activity was determined spectrophotometrically by oxidation of 8 mM veratryl alcohol
to veratraldehyde at 310 nm, at 24◦C. The three-state equation indicated in the Experimental
section was adjusted, and two pK a values (3.1 +− 0.1 and 9.0 +− 0.2) were calculated.

two-electron reduction process was observed during dithionite
and substrate reduction. Moreover, AAO did not show any reacti-
vity with sulphite. These spectral properties are described here for
the first time, and show that AAO is an atypical flavoprotein
oxidase. There are other flavoprotein oxidases that do not form
sulphite complexes, as described also for putrescine oxidase, VAO

and monoamine oxidase [28–30]. VAO has an aspartate residue
(Asp170) near flavin N-5 that would hamper adduct formation
by electrostatic repulsion [28]. However, the molecular model of
AAO [31] shows a histidine residue at this position and an α-helix
near the N(1)–C(2) = O locus of the flavin that should stabilize the
anionic form of the reduced flavin, as found in glucose oxidase
[32].

Previous substrate specificity studies have shown that P. eryngii
AAO catalyses the conversion of primary alcohols of very dif-
ferent chemical structures [13]. The results obtained with the
recombinant AAO confirm the previous findings, and show that
AAO is able to oxidize unsaturated alcohols and aldehydes, but
does not catalyse reactions of oxidative deamination, hydroxy-
lation and demethylation described for other oxidases, such as
VAO [33]. Dual alcohol and aldehyde oxidase activity has been
mentioned for other flavoprotein alcohol oxidases, such as metha-
nol oxidase, but was not investigated in detail [34]. Aldehyde
oxidase activity has been described also in xanthine oxidase.
This iron–molybdenum flavoprotein catalyses the oxidation of a
wide range of N-heterocycles and aldehydes, including substituted
benzaldehydes [35]. Here, we demonstrated for the first time using
19F NMR spectroscopy the formation of an aromatic acid as a
result of the aldehyde oxidase activity of AAO. On the other
hand, the kinetic data presented for 2,4-hexadien-1-ol show that
AAO is able to efficiently oxidize aliphatic unsaturated alcohols
in addition to the aromatic ones.

In the present paper we have shown for the first time that halo-
genated benzyl alcohols are substrates of P. eryngii AAO. The
enzymatic reaction rate with these compounds was similar to
the rate observed with the parent benzyl alcohol, but the substrate
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Figure 4 19F NMR analysis of AAO oxidation of fluoroaromatic compounds

19F NMR spectra during o-fluorobenzyl alcohol (A), m-fluorobenzyl alcohol (B), p-fluorobenzyl alcohol (C) and p-fluorobenzaldehyde (D) incubation (1 h) with AAO. The enzymatic mixtures (2 ml)
contained 1 mM fluorinated substrate, 1 mM sodium ascorbate and 100 m-units AAO (500 m-units in the case of p-fluorobenzaldehyde) in 100 mM sodium phosphate buffer, pH 6, at 24◦C.

Table 2 19F NMR chemical shift values of fluorinated aromatic compounds

Chemical shift values of the different substrates and products identified during 19F NMR ana-
lysis (Figure 4) of AAO oxidation of fluorinated compounds were obtained in 100 mM sodium
phosphate buffer, pH 6.

Compound Produced from . . . Chemical shift (p.p.m.)

p-Fluorobenzaldehyde p-Fluorobenzyl alcohol 106.4
p-Fluorobenzoic acid p-Fluorobenzaldehyde 114.2
m-Fluorobenzaldehyde m-Fluorobenzyl alcohol 116.6
m-Fluorobenzoic acid m-Fluorobenzyl alcohol 117.4
m-Fluorobenzyl alcohol – 117.8
p-Fluorobenzyl alcohol – 119.3
Fluoride anion – 122.6
o-Fluorobenzyl alcohol – 124.1
o-Fluorobenzaldehyde o-Fluorobenzyl alcohol 124.6

affinity increased with the size of the substituent. Especially, the
presence of a chlorine substituent in 3-chloro-p-anisyl alcohol
increased AAO binding with respect to p-anisyl alcohol (these
two alcohols showing the highest affinity values). Structure–
activity relationship studies on monoamine oxidase A oxidation
of different p-substituted benzylamine analogues showed similar
binding effects [36]. 3-Chloro-p-anisyl alcohol was reported to
be a good substrate of Bjerkandera sp. AAO, and it has been
postulated that this white-rot fungus secretes chlorinated anisyl
metabolites for hydrogen peroxide production through a redox
cycle [23], analogous to that described previously in P. eryngii on
the basis of non-chlorinated aromatic metabolites [11,12].

p-Hydroxybenzyl alcohols are very poor AAO substrates,
which is in agreement with earlier studies by Guillén et al. [13].
The importance of the substituent position for AAO activity is

Table 3 Inhibition constants for different AAO inhibitors

Inhibition of veratryl alcohol oxidation by different aromatic compounds was estimated in
100 mM sodium phosphate buffer, pH 6 (or pH 8 in the case of 4-methoxybenzylamine). Results
are presented as means +− S.E.M.

Inhibitor Structure Type of inhibition K i (mM)

Phenol∗ Competitive 1.92

3-Phenyl-1-propanol∗ Competitive 4.48

Chavicol Competitive 0.11 +− 0.02

Toluene Competitive 0.75 +− 0.05

Benzylmethyl ether Competitive 1.35 +− 0.80

p-Anisic acid Competitive 0.08 +− 0.02

4-Methoxybenzylamine Uncompetitive 0.25 +− 0.02

* Data are from Guillén [40].

dramatically illustrated by the comparison between isovanillyl
alcohol, a good substrate, and vanillyl alcohol, with less than
1.5% the activity of the above isomer. On the other hand, the
presence of a p-carboxy substituent caused a 1000-fold decrease
in the efficiency of AAO oxidation with respect to benzyl alcohol.

Inhibition studies showed that the AAO active site can bind not
only benzyl alcohol substrates, but also different aromatic com-
pounds without an alcohol group. Inhibitors included aromatic
compounds bearing side chains of variable size, ranging from a
methyl group to an aliphatic chain of up to four carbon atoms.
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Figure 5 Competitive and uncompetitive inhibition of AAO by chavicol (A)
and 4-methoxybenzylamine (B) respectively

Inhibition of AAO activity was investigated in 100 mM sodium phosphate buffer, pH 6 (A) or
pH 8 (B), at 24◦C, using veratryl alcohol as substrate (absorbance increase at 310 nm). (A) The
different lines correspond to reactions allowed to proceed without inhibitor (�), or with 0.2 mM
(�), 0.3 mM (�) or 0.5 mM chavicol (�). (B) The different lines correspond to reactions allowed
to proceed without inhibitor (�), or with 0.15 mM (�) or 0.3 mM (�) 4-methoxybenzylamine.
All fits have r values >0.995.

Several phenolic (chavicol) and non-phenolic (toluene, benzyl-
methyl ether and anisic acid) competitive inhibitors of AAO are
described here for the first time. The results indicate that a strict
requirement for efficient AAO binding is the presence of at least
two conjugated double bonds, as shown in 2,4-hexadien-1-ol. This
non-aromatic compound was shown to be one of the best AAO
substrates. Moreover, the alcohol function must be located at Cα
of the conjugated double bond system in order to be oxidized
by AAO [13]. In fact, cinnamyl alcohol is a good substrate, but
3-phenyl-1-propanol is a competitive inhibitor of the enzyme. On
the other hand, the results obtained with 4-methoxybenzylamine
suggest a more complex inhibition mechanism by this substrate
analogue that would involve its binding to the AAO–sub-
strate complex. The fact that inhibition was observed only at
pH 8 suggests that the amine group needs to be positively charged
to interact with the enzyme.

The best competitive inhibitor of AAO, chavicol, is a good sub-
strate of VAO, and the opposite holds true for cinnamyl alcohol,
being an AAO substrate and VAO inhibitor [37]. Both oxidases
recognize aromatic compounds of similar structures, but VAO
is active with 4-hydroxybenzyl alcohols, whereas AAO oxidizes
‘non-activated’ aryl alcohols. VAO has an optimal turnover rate
around pH 10. This high pH facilitates the deprotonation of the
phenolic substrate and, via hydride transfer to the flavin, the form-
ation of a p-quinone methide product intermediate [33]. Such an

intermediate is not produced during oxidation of non-activated
alcohols by AAO and other oxidases (e.g. glucose oxidase).
By contrast, AAO turnover is optimal around pH 5–6, although
substrate binding is slightly better at pH 9, as shown for both
veratryl and isovanillyl alcohols. The very low AAO activity with
4-hydroxybenzyl alcohols suggests that the presence of a hydroxy
group at the p-position interferes with the mechanism of benzyl
alcohol oxidation. Moreover, with vanillyl alcohol as a substrate,
the reaction rate of AAO is faster at neutral than at alkaline pH.
Assuming that the reductive half-reaction is rate-limiting, this
supports the notion that a quinone methide intermediate is not
produced in AAO catalysis.

The molecular model of AAO suggests that AAO may have
catalytic features in common with glucose oxidase [31]. Two
possible mechanisms for glucose oxidation by glucose oxidase
have been suggested: (i) hydride transfer from substrate C1 to
flavin N-5; or (ii) nucleophilic addition by the 1-hydroxy group of
β-D-glucose to the C-4a position of the flavin, followed by proton
abstraction from C-1 of the substrate [38]. Both mechanisms
are expected to be assisted by general base catalysis, with the
His516 and His559 residues of glucose oxidase acting as proton
acceptors in the reductive half-reaction [39]. These residues are
conserved in AAO (His502 and His546), and it has been proposed by
Varela et al. [31] that they would also act as general bases in the
reductive half-reaction and as general acids in the oxidative half-
reaction. The role of these two histidine residues is currently under
investigation using site-directed mutagenesis. In any case, the high
activity of AAO with p-methoxybenzyl alcohols, compared with
the activity with benzyl alcohols bearing electron-withdrawing
substituents, is compatible with an electrophilic attack on the
aromatic alcohols, which would probably be produced via hydride
transfer in a base-assisted mechanism involving His502 and/or
His546. An opposite effect of p-substituents was observed in
monoamine oxidase A oxidation of benzylamines [36]. Electron-
withdrawing substituents increased the reaction rate, supporting
a nucleophilic attack resulting in Cα–H bond cleavage by
proton abstraction. The monoamine oxidase B crystal structure
supported this mechanism with flavin adduct formation [30].
Finally, it is important to mention that the low aromatic aldehyde
oxidase activity of AAO seems to be produced by a mechanism
different from that responsible for aromatic alcohol oxidation,
probably involving nucleophilic attack on aromatic aldehydes by
AAO. This is supported by the results of Guillén et al. [13],
showing the highest AAO aldehyde oxidase activity on aromatic
aldehydes with electron-withdrawing substituents, such as p-
nitrobenzaldehyde, and low activity on p-anisaldehyde.

Concluding remarks

AAO is a unique enzyme due to a combination of several spectral
and catalytic properties described here. Unlike other flavoenzyme
oxidases, it does not stabilize a semiquinone anionic radical during
light reduction. This is even more remarkable, taking into account
that the AAO molecular model available shows the presence
of both a histidine residue and an α-helix near the flavin ring,
which should provide a positively charged environment stabilizing
the flavin anionic radical. Moreover, AAO does not react with
sulphite, as reported for most flavoenzymes using oxygen as
electron acceptor (oxidases).

A second oxidase acting on aromatic alcohols, VAO, has
been described. However, AAO differs from VAO by its ability
to oxidize ‘non-activated’ alcohols (lacking a phenolic group).
Moreover, the effect of pH on AAO oxidation of some phenolic
alcohols suggests that a substrate quinone methide intermediate
is not produced, as found for VAO. Substrate specificity and
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inhibition studies showed that AAO binds (aliphatic or aromatic)
conjugated double bond systems, and is able to oxidize ali-
phatic polyunsaturated alcohols efficiently (a kcat of 119 s−1 for
2,4-hexadien-1-ol) in addition to aromatic primary alcohols
(in Cα), and also slowly oxidizes aromatic aldehydes to acids.
Moreover, the kinetic study of AAO oxidation of substituted
benzyl alcohols showed the highest activity in the presence of elec-
tron donor substituents (a kcat of 142 s−1 for p-anisyl alcohol com-
pared with 30 s−1 for benzyl alcohol). This suggests an electro-
philic attack mechanism assisted by the presence of two histidine
residues localized near N-5 of the flavin ring, which could act as
general bases (for hydride transfer) in the reductive half-reaction,
as described for glucose oxidase.
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Netherlands) for assistance in NMR experiments. P. F. acknowledges a Fellowship of
the Spanish Ministry of Science and Technology.

REFERENCES

1 Farmer, V. C., Henderson, M. E. K. and Russell, J. D. (1960) Aromatic-alcohol-oxidase
activity in the growth medium of Polystictus versicolor. Biochem. J. 74, 257–262

2 Bourbonnais, R. and Paice, M. G. (1988) Veratryl alcohol oxidases from the lignin
degrading basidiomycete Pleurotus sajor-caju. Biochem. J. 255, 445–450

3 Sannia, G., Limongi, P., Cocca, E., Buonocore, F., Nitti, G. and Giardina, P. (1991)
Purification and characterization of a veratryl alcohol oxidase enzyme from the lignin
degrading basidiomycete Pleurotus ostreatus. Biochim. Biophys. Acta 1073, 114–119
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