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Aryl-alcohol oxidase (AAO) is a FAD-containing enzyme in
the GMC (glucose-methanol-choline oxidase) family of oxi-
doreductases. AAO participates in fungal degradation of lignin,
a process of high ecological and biotechnological relevance, by
providing the hydrogen peroxide required by ligninolytic per-
oxidases. In the Pleurotus species, this peroxide is generated in
the redox cycling of p-anisaldehyde, an extracellular fungal
metabolite. In addition to p-anisyl alcohol, the enzyme also oxi-
dizes other polyunsaturated primary alcohols. Its reaction
mechanism was investigated here using p-anisyl alcohol and
2,4-hexadien-1-ol as two AAO model substrates. Steady state
kinetic parameters and enzyme-monitored turnover were con-
sistent with a sequential mechanism in which O, reacts with
reduced AAO before release of the aldehyde product. Pre-steady
state analysis revealed that the AAO reductive half-reaction is
essentially irreversible and rate limiting during catalysis. Sub-
strate and solvent kinetic isotope effects under steady and pre-
steady state conditions (the latter showing ~9-fold slower
enzyme reduction when a-bideuterated substrates were used,
and ~13-fold slower reduction when both substrate and solvent
effects were simultaneously evaluated) revealed a synchronous
mechanism in which hydride transfer from substrate a-carbon
to FAD and proton abstraction from hydroxyl occur simulta-
neously. This significantly differs from the general mechanism
proposed for other members of the GMC oxidoreductase family
that implies hydride transfer from a previously stabilized sub-
strate alkoxide.

Wood and other lignocellulosic materials are the main
source of renewable materials in earth. White-rot basidiomy-
cetes are essential contributors to carbon cycling in forest and
other land ecosystems because of their ability to degrade ligno-
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cellulose to carbon dioxide and water. This ability confers to
these fungi and their ligninolytic enzymes high interest in
industrial processes, such as bioethanol production and paper
pulp manufacturing, where the removal of lignin is a previous
and essential step to use the cellulose present in plant biomass
as a source for renewable fuels, chemicals, and materials (1).

Aryl-alcohol oxidase (AAO)® is an extracellular FAD-con-
taining enzyme (2) that, in collaboration with myceliar aryl-
alcohol dehydrogenases, participates in lignin degradation by
some white-rot fungi, such as Pleurotus (and Bjerkandera) spe-
cies, by generating hydrogen peroxide in the redox cycling of
aromatic fungal metabolites, such as p-anisaldehyde (3, 4). Fun-
gal high redox-potential peroxidases catalyze the oxidative deg-
radation of lignin by this extracellular peroxide (5).

AAQ was cloned for the first time in Pleurotus eryngii (6),
a fungus of biotechnological interest because of its ability to
degrade lignin selectively (7). The AAO amino acid sequence
revealed moderate homology with glucose oxidase from
Aspergillus niger (8), a flavoenzyme in the glucose-methanol-
choline oxidases (GMC) oxidoreductase family. The reported
molecular model of AAO (9), based on the glucose oxidase crys-
tal structure (10), showed common features with the overall
structural topology of bacterial choline oxidase and almond
hydroxynitrile lyase (a lyase with oxidoreductase structure), as
well as with other members of the GMC family; such as the
extracellular flavoenzymes pyranose-2-oxidase and cellobiose
dehydrogenase from white-rot basidiomycetes, and bacterial
cholesterol oxidase (11-15). In particular, P. eryngii AAO con-
serves two histidine residues, His-502 and His-546 (supple-
mental Fig. S1), involved in catalysis in different members of
this family (the second residue is an asparagine in some of
them) (9).

Non-glycosylated P. eryngii AAO expressed in Esche-
richia coli (16) is used for further characterization studies. The
enzyme catalyzes the oxidative dehydrogenation of unsatur-
ated alcohols with a primary hydroxyl at Ce, exhibiting broad
substrate specificity. In addition to benzyl alcohols, its active
site also binds and oxidizes aliphatic polyunsaturated primary
alcohols (such as 2,4-hexadien-1-ol), naphthyl, and cinnamyl
alcohols, and shows low activity on some aromatic aldehydes
(17). Methanol and other saturated alcohols are not AAO sub-

® The abbreviations used are: AAO, aryl-alcohol oxidase; GMC, glucose-meth-
anol-choline oxidases; KIE, kinetic isotope effect.
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strates, and the monounsaturated allyl alcohol is very slowly
oxidized (2).

It is suggested that the AAO catalytic mechanism proceeds
via electrophilic attack and direct transfer of a hydride to the
flavin (17). A recent mutational study confirmed the strict
requirement for catalysis of His-502 and His-546 located near
the isoalloxazine ring of FAD (supplemental Fig. S1), as well
as the involvement of two aromatic residues (18). Here we present
the first study on the reaction mechanism of AAO in which
substrate and solvent kinetic isotope effect (KIE), in combina-
tion with bisubstrate steady state and pre-steady state kinetic
approaches, have been used to investigate the mechanism of
polyunsaturated primary alcohol oxidation by AAO. Its natural
substrate, p-anisyl alcohol, as well as a structurally different
(non-aromatic) AAO substrate, 2,4-hexadien-1-ol, were cho-
sen as two models for the different AAO alcohol substrates.

EXPERIMENTAL PROCEDURES

Chemicals—p-Anisyl alcohol, 2,4-hexadien-1-ol, p-anisic
acid, 3-fluorobenzyl alcohol, sodium deuteroxide, and deute-
rium oxide (99.9%) were purchased from Sigma-Aldrich. p-[a-
2H,)anisyl alcohol ([1,1-*H,]1-(4’-methoxyphenyl)-methanol)
and [a-?H,]2,4-hexadien-1-ol ([1,1-*H,]2,4-hexadien-1-ol)
were synthesized at the Instituto de Ciencia de Materiales de
Aragén (CSIC-UZ, Zaragoza, Spain).

Production of the Recombinant Enzyme—Recombinant AAO
of P. eryngii was obtained by E. coli expression of the mature
AAO cDNA (GenBank™ AF064069) followed by in vitro acti-
vation in the presence of the cofactor and purification by ion-
exchange chromatography (16).

Spectra and Steady State Kinetic Parameters—Absorption
spectra and steady state kinetic analyses were performed in a
Cary 100 Bio spectrophotometer. AAO concentrations were
determined using €,,,, = 11050 M~ ' cm ™' (16).

Steady state kinetic measurements were monitored spectro-
photometrically by oxidation of the alcohols (p-anisyl alcohol
or 2,4-hexadien-1-ol) to the corresponding aldehydes (17).
Two-substrate steady state kinetic measurements were per-
formed varying either the concentrations of the alcohol or O, as
described under supplemental materials (see also supplemental
Egs. S1 and S2). The pH (4-9) dependence of AAO activity was
studied at 25 °C with p-anisyl alcohol as substrate under differ-
ent O, concentrations. Buffers used were 100 mM citrate phos-
phate for pH 4 -7, and 100 mm pyrophosphate for pH 8 -9.

Inhibition Studies—The K, for the AAO complex with p-
anisic acid was measured by titration of 16 um AAO with p-
anisic acid (0-1.24 mm) in 100 mm phosphate, pH 6, at 25 °C.
The inhibition of AAO activity by p-anisic acid was studied at
25°C, under atmospheric O, concentration, using veratryl
alcohol as substrate. Measurements were carried out at differ-
ent pH values (supplemental Eqs. S3—S5 were used). Buffers
used were the above indicated for steady state kinetics.

Stopped-flow Kinetic Measurements—Experiments were car-
ried out with an Applied Photophysics SX17.MV spectropho-
tometer interfaced with an Acorn computer. The SX18.MV and
Xscan softwares were used for experiments using the single
wavelength or photodiode array (350—-700 nm) detectors,
respectively.
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TABLE 1

Kinetic parameters (of steady and pre-steady states) for AAO
oxidation of p-anisyl alcohol and 2,4-hexadien-1-ol
Assays were performed in 100 mm phosphate, pH 6, at 12 °C.

Steady state” Pre-steady state”
Keat K, Ko Kiea Kyanos)
57! MM M st M
p-Anisyl alcohol 129+5 25*£3 348%*36 139+*16 26 £ 5
2,4-Hexadien-1-ol 161 +*3 91 *5 232+13 144 +2 62 4

“ Steady state constants were determined by varying the concentrations of both
reducing substrates and O,, and fitted to supplemental Eq. S1 that describes a
ternary mechanism.

? Kinetic traces of AAO (FAD) reduction were fitted to supplemental Eq. S6.

For enzyme-monitored turnover experiments (19), equal
volumes of air-saturated enzyme and substrate solutions
were mixed, and evolution of the redox state of the flavin
cofactor was monitored. Reductive half-reactions were stud-
ied under anaerobic conditions as described in the supple-
mental materials (see also supplemental Eqgs. S6 and S7).
Measurements were carried out in 100 mMm phosphate, pH 6,
at 12 °C.

Substrate and Solvent KIE—Steady state KIE experiments
were performed in 100 mm phosphate under atmospheric O,
(0.273 mm at 25 °C) as described above, but using bideuterated
substrates (p-[a-*H,]anisyl alcohol and [a-*H,]2,4-hexadien-
1-ol) and/or deuterated solvent. pH profiles for V, . and
Vmax! K, KIE values were estimated in the pH 4 -9 range. For
assays in deuterated solvent, the reaction components were dis-
solved in deuterated 100 mm phosphate, pD 6. AAO was
exhaustively dialyzed against the buffer to remove exchange-
able protons. Pre-steady state substrate and solvent KIE for the
AAO reductive half-reaction were analyzed at 12 °C under
anaerobic conditions, as described above. The solvent viscosity
effect on steady state parameters was measured as described
under supplemental materials.

Data Analysis—Data analysis of the different measurements
was carried out as described under supplemental data.

RESULTS

Steady State Alcohol Oxidation by AAO—The double recip-
rocal plots of p-anisyl alcohol and 2,4-hexadien-1-ol oxidation
rates at different O, concentrations showed a series of lines
converging at the left side of the y axis (supplemental Fig. S2).
This suggests a sequential mechanism in which O, reacts with
the reduced enzyme before release of the product takes place.
According to this kinetic pattern, the best data fitting (supple-
mental Eq. S1) was consistent with a ternary complex mecha-
nism. The steady-state kinetic parameters for both substrates
are summarized in Table 1 (left).

AAO Inhibition with p-Anisic Acid—The strength of p-anisic
acid binding on AAO, calculated from the perturbation in the
cofactor spectrum upon titration with the inhibitor at pH 6 (Fig.
1, inset), resulted in a K, value of 94 + 3 uM, in agreement with
the K; (80 = 2 um) previously reported (17). Because the pK),
values of competitive inhibitors are expected to reflect intrinsic
values (20), p-anisic acid inhibition was determined as a func-
tion of pH (Fig. 1). Data fitting (supplemental Eq. S2) indicated
that binding of the inhibitor is enhanced by protonation of a
group with a pK, of 7.5 = 0.1.

JOURNAL OF BIOLOGICAL CHEMISTRY 24841

6002 ‘9 Jaquiidas uo YZo9OVvHvYZ 3d AINN ¥e 610 aglmmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org/cgi/content/full/M109.011593/DC1
http://www.jbc.org

ASBMB

The Journal of Biological Chemistry

Reaction Mechanism of Aryl-alcohol Oxidase

4
3 |
5 2
2
1 |
300 450 600
Wavelength (nm)
0 T T T T T
5 6 7 8 9 10
pH

FIGURE 1. AAO inhibition with p-anisic acid. pH dependence of the con-
stant of AAO inhibition by p-anisic acid. AAO activity inhibition was measured
with veratryl alcohol as substrate in the presence of p-anisic acid in air-satu-
rated buffer at 25 °C. The inset shows the difference spectra upon p-anisic acid
binding to AAO. The titration was performed at 25 °C in 100 mm phosphate,
pH 6.The curves shown are the difference spectra after addition of 18,48, 106,
278, and 698 um p-anisic acid (in the order indicated by the arrows).

The pH Dependence of AAO Activity—pH dependence of the
AAO steady state kinetic parameters for oxidation of p-anisyl
alcohol and 2,4-hexadien-1-ol was first determined under
atmospheric O,. As shown in Fig. 24, the V_, values (circles)
were independent from pH 4 to 7, but decreased at greater pH
values. Recombinant AAQ is unstable at a pH beyond 9; there-
fore the V., pH profile suggests that a group with a pK, = 8.5
must be protonated for catalysis. In contrast, the AAO cata-
lytic efficiency (¢riangles) was pH-independent, suggesting a
decrease in K3, (Fig. 2A).

A second set of experiments varying simultaneously the con-
centrations of p-anisyl alcohol and O, was carried out. The k_,,
k. /K5, and k. /KS? values obtained after data fitting (to sup-
plemental Eq. S1) were independent of pH at saturating con-
centrations of both AAO oxidizing and reducing substrates, as
shown in Fig. 2B (black symbols) for p-anisyl alcohol oxidation.

The pH dependence of AAO activity was also analyzed with a
substrate presenting considerably slower reactivity, 3-fluoro-
benzyl alcohol (17). It was chosen expecting that chemical steps
(rather than substrate binding and product release) would be
rate limiting, thus allowing determination of true pK, values in
AAO catalysis. Because the AAO K% for 3-fluorobenzyl alco-
hol is 17 um, reactions under atmospheric O, result in an AAO
saturating concentration for this substrate, and the pH depend-
ence study was only performed under the these conditions. In
Fig. 2B, a lack of pH dependence for 3-fluorobenzyl alcohol
oxidation (white symbols) was observed. Therefore, under O,
saturation, AAO shows no pH dependence of k_,, or catalytic
efficiency for the substrates analyzed.

Redox State of the Cofactor during Catalysis—To identify the
redox state of the FAD cofactor during catalysis, AAO was
mixed in the stopped-flow instrument with saturating concen-
trations of p-anisyl alcohol and 2,4-hexadien-1-ol under atmo-
spheric O, (Fig. 3 and supplemental Fig. S3, respectively). A fast
decrease in absorbance was observed within the first millisec-
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FIGURE 2. pH dependence of AAO steady state parameters for several
substrates. A, pH dependence of the V,,,,, and V..., /K, for p-anisyl alcohol (@
and V¥, respectively) and 2,4-hexadien-1-ol (O and V, respectively) in air-sat-
urated buffer. B, pH dependence of the k_,, and k,/K%, values for p-anisyl (@
and V¥, respectively) and 3-fluorobenzyl alcohol (O and V, respectively) under
saturating O, concentrations (air and O,-saturated buffer for 3-fluorobenzyl
alcohol and p-anisyl alcohol, respectively). All reactions were performed at
25°C.

onds after mixing (instrumental dead time), indicating reduc-
tion of the FAD. However, shortly after this initial decay, a lag
period is observed. This suggests a steady state situation with
competition between reduction of the flavin by the substrate
and reoxidation by O,. During turnover conditions, the fraction
of oxidized enzyme remained around 75-70% of the total (as
shown in the insets). This steady state period was short, and
subsequent reduction of the FAD cofactor to its hydroquinone
form was observed. Therefore, reduced AAO only accumulated
after depletion of the O, present in solution, suggesting that the
reductive half-reaction limits AAO catalysis.

On the other hand, the spectral evolution during p-anisyl
alcohol oxidation suggests formation of a charge-transfer com-
plex (Fig. 3). Additionally, a displacement of the position of the
flavin band-I from 463 to 458 nm, and a better resolution of the
shoulder at 474 nm, were observed for both substrates already
in the first spectrum after mixing. These changes are in agree-
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FIGURE 3. Time-dependent spectral changes during AAO turnover with
p-anisyl alcohol. An aerobic solution of AAO (9 um) was reacted in the
stopped-flow instrument with 1 mm p-anisyl alcohol. The oxidized AAO spec-
trum before mixing is indicated by a dashed line, the first spectrum was
recorded 0.009 s after mixing, in the 0.009-0.050 s range spectra are shown
each 10 ms, and thereafter each 50 ms. The inset shows the course of the
reaction monitored at 462 nm (logarithmic time scale). A closed circle indi-
cates the initial absorbance of oxidized AAO. Measurements were carried out
in 100 mm phosphate, pH 6, at 20 °C.

ment with those observed during titration with p-anisic acid
(Fig. 1).

Reductive Half-reaction—Pre-steady state reduction of oxi-
dized AAO by p-anisyl and 2,4-hexadien-1-ol was analyzed
under anaerobic conditions (Fig. 4 and supplemental Fig. S4,
respectively). The spectra obtained indicated full reduction of
AAO by both alcohols without the appearance of any FAD
semiquinone intermediate. Global analysis of the spectral evo-
lution best fit to a three step model. The first process (A — B)
was fast (over 100 s~ ! for both alcohol substrates) and
accounted for more than 80% of the amplitude of the reaction.
The second process (B — C) was concentration-independent,
and too slow (3-5 s~ ') to account for the turnover. Probably it
has no catalytic relevance and, because it was not observed in
the presence of O, (Fig. 3), might be related to slow product
release in the absence of the second substrate. Noticeably, the
absence of O, also prevented the displacement of the flavin
band-I described above and the formation of the charge-trans-
fer complex species.

ks values at different substrate concentrations were deter-
mined from single kinetic traces monitored at 460 nm to follow
FAD reduction by p-anisyl alcohol and 2,4-hexadien-1-ol (bot-
tom part of Fig. 4 and supplemental Fig. S4, respectively). The
observed rates for the fast process (k,,,;) obeyed a Michaelis-
Menten kinetic behavior. Data fits (to supplemental Eqs. S6 and
S7) indicated insignificant k,,, values, in agreement with the
photodiode-array analysis. Therefore, an essentially irreversi-
ble reduction of the flavin occurs during AAO catalysis with
both substrates. The K, and reduction rate (k,.,) values derived
from this analysis are shown in Table 1 (right). They are in
agreement with the above-reported K?, and k_,,, indicating that
the reductive half-reaction must be the rate-limiting step in
AAQO catalysis.
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FIGURE 4. Reductive half-reaction of AAO with p-anisyl alcohol. Top, spec-
tral changes observed upon anaerobic mixing of 8 um AAO with 500 um
p-anisyl alcohol. Spectraat 1,4, 6,9, 12,15, 22,32, 93, and 255 ms after mixing
are shown. The inset shows the simulated concentration dependence of the
three spectral species obtained after globally fitting the experimental data to
a three step model: A—B—C. Species A (long dashed line), B (short dashed
line), and C (dotted line) are indicated in the main panel. They are spectral
species, reflecting a distribution of enzyme intermediates at a certain point
along the reaction and do not necessarily represent a single distinct enzyme
intermediate. Bottom, dependence of the AAO reduction observed rates on
the concentrations of p-anisyl alcohol (and its a-bideuterated analog) in
water and deuterium oxide. Experiments performed with a-protiated sub-
strates in water (@), a-protiated substrates in deuterium oxide (O), a-bideu-
terated substrates in water (A), and a-bideuterated substrates in deuterium
oxide (A). Data were fitted to supplemental Eq. S6. Assays were carried out in
a stopped-flow spectrophotometer at 12 °C.

Substrate and Solvent KIE—Deuterium substitutions were
used to further investigate if a hydride transfer mechanism
leads to the AAO reductive half-reaction. Steady state parame-
ters were determined using the a-bideuterated alcohol sub-
strates (p-[a->H,]anisyl alcohol and [a-?H,]2,4-hexadien-1-ol)
under air-saturation conditions (supplemental Table S1, left).
The turnover rates for these compounds (in water or deuterium
oxide) revealed a significant substrate KIE, with V, . decreas-
ing by a factor of ~5, and efficiency decreasing by 3.7-12.1-fold,
at pH 6 (Table 2), suggesting that the breakdown of the alcohol
Ca-H/D bond is limiting the rate of flavin reduction and, there-
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TABLE 2

Substrate, solvent, and multiple KIE on AAO steady-state constants
for p-anisyl alcohol and 2,4-hexadien-1-ol oxidation

Assays were performed in normal and deuterated 100 mm phosphate, pH 6 (at 25 °C,
under air saturation conditions) using the a-protiated and a-bideuterated alcohol
substrates. Different KIE estimated: “k, substrate KIE in water (i.e. k for a-protiated
substrate in water/k for a-bideuterated substrate in water); Dk(Dzo , substrate KIE in
D,O (i.e. k for a-protiated substrate in deuterium oxide/k for a—éideuterated sub-
strate in D,0); 2%k, solvent KIE using a-protiated substrate (i.e. k for a-protiated
substrate in water/k for a-protiated substrate in D,0O); ?2°k,), solvent KIE using
a-bideuterated substrate (i.e. k for a-bideuterated substrate in water/k for a-bideu-
terated substrate in D,0);”?2k, simultaneous substrate and solvent KIE (i.e. k for
a-protiated substrate in water/k for a-bideuterated substrate in D,0). The experi-
mental kinetic parameters for V,_ and K,,, used to calculate the KIE are reported in
supplemental Table S1.

Pp-Anisyl alcohol 2,4-Hexadien-1-ol

Substrate KIE
PV 541 = 0.14 5.59 = 0.14
BV, el K,) 3.71 + 0.25 9.16 + 1.08
Z scrgo) 5.22 + 0.34 5.57 +0.10
Voo Ko 0309 5.32 = 0.65 12.10 + 0.80
Solvent KIE
P20y 1.35 + 0.06 1.25 + 0.03
b0y, IK,,) 1.15 +0.11 1.26 = 0.11
DOy ) 1.30 * 0.07 1.25 * 0.02
P20y, K, iy 1.65 + 0.17 1.66 * 0.17
Multiple KIE
bpoy 7.03 + 0.38 6.98 + 0.15
2oy K, 6.12 + 0.58 15.20 + 1.10

fore, of the overall catalysis. Whereas the substrate KIEon V,
was not significantly different in water and deuterium oxide,
stronger effects were observed on the efficiency of reactions in
deuterium oxide (the ?(V, /K.,,)) (p,0) Values for both alcohol

max’

substrates being 1.3—1.4-fold higher than the “(V, /K,
values).
The observed PV, . for alcohol oxidation by AAO resulted

in pH dependence (Fig. 5A4), increasing with protonation of a
group with pK, of 7.1 = 0.2 and 7.4 = 0.2 for p-anisyl and
2,4-hexadien-1-ol, respectively. These values are in the range of
those for p-anisic acid inhibition (Fig. 1) and one unit lower
than found for V,,,, on both substrates (Fig. 24). In contrast,
P(V,ma/K,,) was pH-independent (Fig. 5B) showing average
KIE values of 4.1 = 0.3 and 9.4 * 0.9 for p-anisyl and 2,4-
hexadien-1-ol, respectively, in agreement with the lack of pH
effect on AAO catalytic efficiency (Fig. 24). Comparison of the
steady state KIE values for both substrates at pH 6 (Table 2)
showed that the p-anisyl alcohol PV, _ was significantly larger
than the °(V,,_ /K, suggesting that external commitments to
catalysis partially mask the KIE with this substrate.

To probe the timing of the kinetic steps involving solvent
exchangeable protons, such as the cleavage of the substrate OH
bond (and alkoxide formation) during the reductive half-reac-
tion, steady state kinetic parameters were also investigated at
25 °C (pH 6) using deuterated buffer (supplemental Table S1,
left), and similar solvent effects were observed at 12 °C. In all
cases, the solvent KIE observed (Table 2) was much lower than
the substrate KIE described above. A solvent effect on ”°V,
(1.25-1.35) was observed for both p-anisyl and 2,4-hexadien-1-
ol, which was independent of their isotopic composition
(P*(V axy) values of 1.25-1.30). Despite *°(V,,../K,,) val-
ues for both substrates were scarcely different from unity, a
larger effect was observed when KIE was measured with deu-
terated substrates (°*9(V,,..,/K,,) ) of 1.5-1.6) confirming the
solvent effect. Moreover, a multiple KIE was observed (Table 2),
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FIGURE 5. pH dependence of the observed KIE for AAO steady state
kinetic parameters. pH dependence of °V,.. (A) and °(V,../K,,) (B) for
[a-2H,]p-anisyl (@) and [a-?H,]2,4-hexadien-1-ol (O) oxidation by AAO are
shown. Initial rates were determined with a-protiated and a-bideuterated
substrates in 100 mm (protiated) phosphate, pH 4-8.5, at 25 °C under atmo-
spheric O,. Traces in A are the fit of data to supplemental Eq. S2.

being equal or higher to the product of the substrate and solvent
KIE for V, . and V. /K, on both substrates.

The use of deuterium oxide increases the viscosity of the
reaction medium (~23% with regard to water, at 25 °C). This
could affect the rate of diffusion-limited steps, such as enzyme-
substrate complex formation and product dissociation. The
possible effect of viscosity on p-anisyl alcohol oxidation was
investigated with increasing glycerol concentrations. No signif-
icant viscosity effects on V. and V, /K, were observed
(supplemental Fig. S5), enabling us to discard any viscosity-
sensitive step in the removal of the alcohol hydroxyl proton by
AAOQO.

The KIE studies were completed by calculations of pre-
steady state substrate and solvent parameters for the reductive
half-reaction using the two deuterated alcohol substrates under
anaerobic conditions (pH 6) (supplemental Table S1, right).
When mixing AAO with p-[a-*H,]anisyl alcohol or [a-*H,]2,4-
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TABLE 3

Substrate, solvent, and multiple KIE on AAO presteady-state k,. by
a-bideuterated p-anisyl alcohol and 2,4-hexadien-1-ol

Assays were performed in 100 mm phosphate, pH 6, at 12 °C, under anaerobic
conditions. For the different KIE estimated, see Table 2 footnote.

2,4-Hexadien-1-ol

p-Anisyl alcohol

Substrate KIE
Pk ea 8.98 = 0.82 8.93 = 0.17
Pheeapyo) 9.49 = 0.36 9.41 = 0.20
Solvent KIE
PO 1.42 +0.10 1.33 = 0.02
P20k cao) 1.50 + 0.10 141 *+ 0.04
Multiple KIE
P20 13.50 = 0.90 12.50 = 0.30
ky[S] ky
E-FAD,, E-FAD,,-S E-FAD,+-P
-1
ks /ks[0,]
P ks \ kg4 <’
E-FAD,,-P H,0,
SCHEME 1

hexadien-1-ol, a complete irreversible reduction of the flavin
was observed without detection of any intermediate semiqui-
none (not shown). For both a-bideuterated substrates, the k4
was ~8.9, with nonsignificantly different “k,.q p,0) values
(Table 3). Moreover, a slight but significant solvent KIE was
detected on P2%k, ., (1.3—1.4), apparently being independent of
the substrate (nonsignificantly different 2%k .4, values).
Finally, the multiple substrate and solvent KIE on k4 resulted
in the product of “k 4 by ?2°k, ., with »P2°k__, values around
13.5 and 12.5 for p-anisyl alcohol and 2,4-hexadien-1-ol,
respectively. The KIE results are in agreement with a concerted
mechanism for removal of the hydroxyl proton and hydride
transfer to the flavin in AAO.

DISCUSSION

The AAO steady state kinetic parameters, obtained by varying
both O, and alcohol substrate concentrations, are consistent with
aternary complex mechanism (Scheme 1) with O, reacting with
the reduced enzyme before release of the aldehyde product.

Therefore, AAO appears to follow a similar sequential mech-
anism with regard to choline oxidase, a GMC oxidoreductase
oxidizing alcohol substrates to the corresponding aldehydes and
acids (17, 21), while a ping-pong mechanism appears to apply
for glucose oxidase (19). Another flavoenzyme exhibiting a
sequential mechanism is vanillyl alcohol oxidase (22), belong-
ing to a family different of that from GMC oxidoreductases.

AAO shows high reactivity toward O, (3.7 X 10° and 7.0 X
10° M ' s~ ! in p-anisyl alcohol and 2,4-hexadien-1-ol oxida-
tions, respectively) also described for glucose oxidase and
vanillyl-alcohol oxidase (22, 23). In these two enzymes reorga-
nization of the active site is related to reduced flavin activation
for its reaction with O,. Thus, glucose oxidase has been shown
to enhance O, reactivity through protonation of a conserved
histidine (His-516 of the A. niger enzyme) that has been related
to a pK,, ~8 (23). Because this histidine is strictly conserved in
GMC oxidoreductases, its involvement in the common reac-
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tion to all of them (i.e. the oxidative half-reaction) has been
suggested (24). In contrast to that found for glucose oxidase, an
effect of pH could not be detected in AAO k_,,/ K$2 and the
same has been reported for choline oxidase (25). Similar pK,
values have been found for substrate oxidation efficiencies of
methanol oxidase (8.3 using benzyl alcohol) and choline oxi-
dase (7.6 using choline) and assigned to histidines homolo-
gous to the above glucose oxidase one (His-568 of Candid-
a boidinii methanol oxidase, and His-466 of Arthrobacter
globiformis choline oxidase), which in this case should be
unprotonated for catalysis suggesting its implication in sub-
strate alkoxide formation (26 —29).

We failed to detect any pH dependence of the AAO steady
state parameters under saturating O, and p-anisyl concentra-
tions, even when a less efficient substrate (Fig. 2B) was used to
avoid possible external commitments to catalysis. However, a
slight pH effect on AAO V.. was found under non-saturating
O, concentration, suggesting that a residue with pK, ~8.5
should be protonated for maximal turnover. Similar pH
dependence has been described for veratryl alcohol oxidation
by AAO expressed in Emericella nidulans (17) and for p-anisyl
alcohol oxidation by the AAO from a different basidiomycete
(30), as well as for oxidation of their respective substrates by
cellobiose dehydrogenase and cholesterol oxidase (31, 32).

Interestingly, atomic resolution characterization of the
Streptomyces sp. cholesterol oxidase as a function of pH,
revealed that its conserved His-447 is in the singly protonated
form in the pH range 4.5-7.3 (maximal turnover conditions),
converting to the anionic imidazolate at pH 9 (15, 33). This
residue is homologous to His-502 of P. eryngii AAO, and His-
689 of Phanerochaete chrysosporium cellobiose dehydrogenase
(18) (as well as to the glucose oxidase, methanol oxidase and
choline oxidase conserved histidines mentioned above). The
theoretically predicted pK,; and pK,, values for some of these
histidines (34) also suggest a depression of both pK, by the
protein environment. Thus, the turnover dependence on pH in
AAO, and some other GMC oxidoreductases, might be in
agreement with the presence of a neutral singly protonated his-
tidine (in the pH range 4—7) playing a role in catalysis. If this is
the case, the V., decrease at higher pH values could be related
to deprotonation of conserved His-502 or His-546 (9) to its
imidazolate form, negatively affecting AAO catalysis as pro-
posed for cholesterol oxidase (33).

Alcohol oxidation by AAO requires the removal of a proton
from the substrate hydroxyl and a formal hydride from its Ca
position. Primary deuterium KIE was used to probe the status of
the CH bond break, whereas solvent KIE can probe that of the
OH bond. The similar “(V,,, /K,,) and "k, values found for
2,4-hexadien-1-ol oxidation are consistent with cleavage of the
CH bond being not masked by other kinetics steps (belonging
either to the reductive half-reaction or the overall turnover) and
with the absence of any forward or reverse commitment to
catalysis. Therefore, the KIE on the rate of flavin reduction
(Pk..q) should be a direct measure of “k,, which is the magni-
tude expected for the intrinsic KIE. However, in AAO oxidation
of p-anisyl alcohol the ?(V,_, /K, ) value obtained was lower
than those of °V_, and "k, ., and the cleavage of the CH bond
does not appear to be the only rate-limiting step for catalysis.
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Oxidative half-reaction
H,0, 0,

AAO-FAD
a N 10a N (\‘O

l O
5a 4a

NS

Reductive half-reaction

FIGURE 6. Scheme for the AAO catalytic mechanism. In the reductive half-reaction, oxidation of the alcohol
substrate (in this case p-anisyl alcohol) would include simultaneous formation of the alkoxyde assisted by a
catalytic base (His-502 or His-546 receiving the proton) and hydride transfer to the flavin N5. In the oxidative
half-reaction, molecular oxygen returns flavin to its normal oxidized state, and the hydrogen peroxide required

for lignin degradation is formed.

Stronger masking of bond cleavage has been found for choles-
terol oxidase and glucose oxidase, with the reported KIE
(around 2-3) significantly lower than their intrinsic values (32,
35, 36), whereas large substrate KIE values have been found for
choline oxidase (27, 37). The complexities described made dif-
ficult an unambiguous determination of the catalytic mecha-
nisms of the two former oxidases, while that of choline oxidase
has been investigated during recent years as a model flavooxi-
dase (38). In the mechanism proposed for AAO (Scheme 1), the
observed complexity for p-anisyl alcohol oxidation must be due
to the forward commitment to catalysis (k,/k_;) (see supple-
mental Eq. S8). Because AAO flavin reduction is rate limiting
(and nearly irreversible) and AAO affinity for O, (K32 of 275
uM) (39) is similar to the O, concentration under atmospheric
conditions at 25 °C, a negligible reverse commitment to cataly-
sis (k_,/k3[O,]) is expected.

Regarding the status of the OH bond, a solvent KIE slightly
larger than unity was observed on steady state parameters
PV .. PPV, . /K,)), whereas no viscosity contribution to

such solvent KIE was observed. The increases of ?2°(V, ./
K,,)» and particularly the simultaneous substrate and solvent
effects revealed by bPoy  and PPV, . /K,,) (compared
with PV, . and P(V,,./K,,) suggest that the solvent KIE must
arise from substrate oxidation. These results differ substantially
from those reported for other GMC oxidoreductases (such as
glucose oxidase, cholesterol oxidase, and choline oxidase)
where no solvent KIE has been detected upon substrate oxida-
tion (32, 35-38).

Pre-steady state kinetic methods were additionally used to
measure the substrate and solvent KIE on the reductive rate
constant, k.4 (ky, Scheme 1), for p-anisyl alcohol and 2,4-
hexadien-1-ol oxidations, without interference from other
catalytic steps. The large KIE on k.4 (~9) by both substrates
permits us to establish that breaking of the CH bond occurs in

max
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AAO—FADHZ

/H His502/546
H3CO s‘c\t\ U/\ H3CO c
S o-H
H N

the rate-limiting transition state for
flavin reduction. These results,
together with the multiple KIE
observed with both substrates
(PPk 4 ~13), are consistent with
a concerted hydride transfer mech-
anism in which both the proton
removed from the hydroxyl group
and the hydride being transferred to
the flavin are concomitantly in flight
in the transition state. Such a

N His502/546 hydride transfer mechanism with

i/ = simultaneous activation by a cata-
H N / lytic base (Fig. 6) is supported by
H” the structural model of AAO that

suggest the substrate CH bond to
be cleaved is placed in front of the
N5 position of the isoalloxazine
ring, and close to the histidine res-
idue/s contributing to the OH
bond cleavage (see supplemental
Fig. S1).

Substrate and solvent KIE studies
on other members of the GMC oxi-
doreductase family have reported an asynchronous hydride
transfer mechanism, in which the OH bond cleavage precedes
the CH bond cleavage (20, 26). In fact, in choline oxidase the
rate of proton abstraction is suggested to be significantly faster
than the hydride transfer. Conserved histidine residues have
been proposed to act as catalytic bases in the former reaction in
different GMC oxidoreductases (26, 31, 32, 38, 40). In choline
oxidase, conserved His-466 has been shown to contribute to
stabilize the substrate alkoxide, as well as the sulfite adduct,
instead of acting as the catalytic base (28). The synchronous
mechanism here depicted for AAO discards stabilization of the
alkoxide species during catalysis. This, together with the fact
that this enzyme also fails in stabilizing a flavin adduct with
sulfite (17), suggest that AAO does not stabilize intermediate
interactions in its active site during catalysis, as found for other
GMC oxidoreductases (41-43). Additionally, the large “k, 4
value also rules out a radical mechanism for AAO catalysis,
since the observed decrease in k.4 should result in a significant
stabilization of any intermediate, as a semiquinone. This is in
agreement with previous studies showing that AAO does not
thermodynamically stabilize a flavin semiquinone radical (17).
This characteristic of AAO, as well as its inability to form a
covalent adduct with sulfite, are unexpected since both proper-
ties are typical of most oxidases (44).

In summary, the kinetic data here presented for AAO are
consistent with a mechanism involving formation of the
Michaelis-Menten complex, flavin reduction by substrate oxi-
dation and, reoxidation of the reduced enzyme by O, with the
concomitant release of the product. The reductive half-reac-
tion is the rate-limiting step during AAO catalysis with both
p-anisyl alcohol and 2,4-hexadien-1-ol. Moreover, the reduc-
tive half-reaction is consistent with a synchronous mechanism
in which the OH and CH bond cleavages are in flight in the
transition state, as shown by isotope effects. Therefore, AAO
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catalysis appears as an exception in alcohol oxidation by GMC
oxidoreductases, where a general asynchronous mechanism
has been proposed (38).
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SUPPLEMENTAL DATA

EXPERIMENTAL PROCEDURES
Two-substrate steady-state kinetic measurements

Reactions were carried out in a screw-cap cuvette where buffer was first equilibrated at the
desired O, concentration (0.15, 0.32, 0.67 and 1.52 mM) by bubbling the corresponding O2/N,
gas mixture for 10-15 min. Assays were started by addition of the alcohol substrate (5-10 pL)
and AAO at a final concentration of 0.03 uM, in a final volume of 1.5 mL.

Stopped-flow kinetic measurements

Reductive half-reactions were conducted under anaerobic conditions. Tonometers containing
enzyme or substrate solutions were made anaerobic by successive evacuation and flushing with
argon before being adapted to the stopped-flow syringes. These solutions also contained glucose
(10 mM) and glucose oxidase (10 U) to ensure anaerobic conditions. Drive syringes in the
apparatus were made anaerobic by sequentially passing dithionite and O,-free buffer solutions
before introducing the reactants (22). All concentrations mentioned are final ones obtained after
mixing equal volumes of substrate and enzyme.

Solvent viscosity effect experiments

The solvent viscosity effect on steady-state parameters was measured at 25 °C under
atmospheric O, in 100 mM phosphate, pH 6, with different concentrations of glycerol. Relative
viscosity values were taken from http://www.dow.com/glycerine/resources/table18.htm. Solvent
viscosity effect on p-anisyl alcohol oxidation was determined from the ratio of the Vp. and
Vmax/Km Values obtained in the absence of the viscosigen to those in the presence.

Data analysis

Data were fit using Sigmaplot (Systat. Sofware Inc. Richmond, CA, USA) and Pro-K softwares
(Applied Photophysics Ltd.).

Kinetics parameters under atmospheric O, concentrations were determined by fitting initial
reaction rates at different substrate concentration to the Michaelis-Menten equation for one
substrate. Two-substrate steady-state kinetic observed rates were fit to Eq. S1, which describes
a ternary complex mechanism;

v K., SB
—= ca Eq. S1
e K2S+K B+SB+K,K? (Eq. S1)

where, e represents the enzyme concentration, ke is the maximum turnover (catalytic constant;
Vmax, If saturating concentrations of both substrates are not used), S is the concentration of the

alcohol substrate, B is the concentration of O, K,ﬁ and an are the Michaelis constants for S

and B respectively, and K is the dissociation constant for the enzyme:substrate complex.
The pH dependence of V. Was determined by fitting initial rate data to Eq. S2

C

—pKa
1+ 10
10~

logVmax = log (Eg. S2)




that describes a profile with a slope of -1 and a plateau at low pH. C is the pH-independent
value of the kinetic parameter of interest, and pKj, is the pK, of the residue whose protonation
favors the reaction.

UV-visible spectral changes due to AAO-p-anisic acid complex formation were fit to Eq. S3

Al
a= Eqg. S3
Ka+ 1 (Eq. S3)

where a and A are, respectively, the observed and maximal absorbance changes at the selected
wavelength, and I is the inhibitor concentration.

Inhibition constants (K;) were determined by nonlinear fitting of AAO activity inhibition to Eq.
S4

\' _ KcatS (Eq 84)

€ Km(1+ I) +S
Ki

that describes a competitive inhibition pattern.
The K; dependence on pH was fit to Eq. S5.

logKi=log 1%

= (Eg. S5)
1+

107 pKa

This equation describes a curve with a slope of +1 and a plateau at high pH, and pKj is the pK,
of the residue whose protonation favors the inhibitor binding.

Spectral evolution analysis of reductive-half reactions was performed by global analysis and
numerical integration methods. Accurate observed rate constants (k.ns) were obtained from
single-wavelength traces recorded at 460 nm and fit into a standard double exponential decay,
where Kqns1 and Kqps; are the observed rate constants for the fast and slow phases, respectively.
Kobs1: Values at different substrate concentrations were fit to either Egs. S6 or S7

KiegS

= Eq. S6

obs Kd + S ( q )
K.,S

=—T"0" 4 Krev Eq. S7

obs Kd + S ( q )

where kg and k., are the limiting rates for the flavin reduction and the reverse reaction,
respectively.

The observed Pkea/Knm (in the sequential mechanism described by AAO) is given by Eq.
S8

D D D

k k, +C,+ EqC,

M) L T B8 (kg s)

Km 1+ Cf + Cr
where Pk, is the intrinsic isotope effect for the cleavage of the p-anisyl alcohol CH bond, C; and
C, are the forward and reverse commitments to catalysis, and PEq is the equilibrium isotope
effect which has a value of 1.24 for the conversion of an alcohol to an aldehyde (1).

1.Cleland, W. W. (1980) Methods Enzymol. 64, 104-125



TABLE S1

Kinetic parameters (of steady and pre-steady states) for AAO oxidation of p-anisyl
alcohol and 2,4-hexadien-1-ol (and its a-bideuterated analogs)

Steady and pre-steady state assays were performed in 100 mM phosphate, pH 6, at 24
and 12 °C (respectively).

Steady state Pre-steady state’

Vimax Vimasd Ky, Kred Ka panoss)

(s") s'mM™) (s") (M)
p-Anisyl alcohol in H,O 115+2 3720 + 157 112 +7 266
p-Anisyl alcohol in D,O 86+3 3234 + 281 79+2 23+3
[a-*H]p-Anisyl alcohol in H,0 21+1 1002 + 54 12+1 23+6
[a-*H]p-Anisyl alcohol in D,O 16+1 608 + 51 8+1 7+1
2,4-Hexadien-1-ol in H,O 147+3 1280 + 88 138+1 76 £5
2,4-Hexadien-1-ol in D,O 117+2 1017 +£57 104+1 87+3
[a-?H,]2,4-Hexadien-1-ol in H,0 26+1 140 +13 15+1 165+12
[a-°H,]2,4-Hexadien-1-ol in D,O 21+1 84+3 11+1 124+12

'Steady-state constants were determined at atmospheric O, concentration as described in the
experimental section.
ZKinetic traces of AAO (FAD) reduction were fit to Eq. S6.



FIGURES

FIGURE 18S. Active site of P. eryngii AAO. The FAD cofactor, the two histidine and the two
aromatic residues necessary for catalysis, as well as one docked p-anisyl alcohol (PAA) molecule (5)
are shown in homology model for the AAO molecular structure (6).

5. Varela, E., Martinez, M. J., and Martinez, A. T. (2000) Biochim. Biophys. Acta 1481, 202-208

6. Ferreira, P., Ruiz-Dueiias, F. J., Martinez, M. J., van Berkel, W. J. H., and Martinez, A. T. (2006)
FEBS J. 273, 4878-4888
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FIGURE 28S. Double-reciprocal plot for AAO oxidation of p-anisyl alcohol (A) and 2,4-hexadien-
1-ol (B). Turnover numbers (micromoles of 2,4-hexadien-1-al or p-anisaldehyde formed by
micromole of enzyme in one second) were measured in 100 mM phosphate, pH 6, at 12°C, using
different O, concentrations: 0.15 mM (e), 0.32 mM (L]), 0.67 mM (O), 1.52 mM (V). Lines are data

fits to supplemental Eq. S1.
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FIGURE 3S. Time dependent spectral changes during AAO turnover with 24-
hexadien-1-o0l. An aerobic solution of AAO (9 uM) was reacted in the stopped-flow
instrument with 2 mM 2,4-hexadien-1-ol. The oxidized AAO spectrum before mixing is
indicated by a dashed line, the first spectrum was recorded 0.009 s after mixing, in the
0.009-0.050 s range spectra are shown each 10 ms, and thereafter each 50 ms. The inset
shows the course of the reaction monitored at 462 nm (logarithmic time scale). A closed
circle indicates the initial absorbance of oxidized AAO. Measurements were carried out in
100 mM phosphate, pH 6, at 20 °C.
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FIGURE 4S. Reductive half-reaction of AAO with 2,4-hexadien-1-ol. (Top) Spectral
changes observed upon anaerobic mixing of 8§ uM AAO with 700 puM 2,4-hexadien-1-ol.
Spectra at 4, 8, 14, 29, 101, 168, 239, 316, 403 and 570 ms after mixing are shown. The inset
shows the simulated concentration dependencies of the three spectral species obtained after
globally fitting the experimental data to a three step model A—B—C. Species A, B and C
are spectral species, reflecting a distribution of enzyme intermediates at a certain point along
the reaction, and do not necessarily represent a single distinct enzyme intermediate.
(Bottom) Dependence of the AAO reduction observed rates on the concentrations of 2,4-
hexadien-1-ol (and its a-bideuterated analog) in water and deuterium oxide. Experiments
performed with a-protiated substrates in water (®), a-protiated substrates in deuterium oxide
(o), a-bideuterated substrates in water (A ) and a-bideuterated substrates in deuterium oxide
(A). Data were fit to supplemental Eq. S6. Assays were carried out in a stopped-flow
spectrophotometer at 12°C.
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FIGURE 5S. Effect of viscosity on AAO activity. Vmax (e) and Vmax/Km (A) for p-anisyl
alcohol oxidation by AAO under different viscosity conditions were estimated varying the
substrate concentration in air-saturated reactions at 25°C. Viscosity was increased with
glycerol. Solid lines represent fits of the experimental data. The dashed line (with a slope of
1) indicates a fully diffusion-controlled reaction and n_,, is the relative viscosity.





