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Abstract The covalent flavoprotein vanillyl-alcohol oxidase
(VAO) predominantly converts short-chain 4-alkylphenols, like
4-ethylphenol, to (R)-1-(4'-hydroxyphenyl)alcohols and medium-
chain 4-alkylphenols, like 4-butylphenol, to 1-(4’-hydroxyphe-
nyl)alkenes. Crystallographic studies have indicated that the
active site residue Aspl70 is involved in determining the
efficiency of substrate hydroxylation. To test this hypothesis,
we have addressed the reactivity of Aspl70 variants with 4-
alkylphenols. The substrate preference of Aspl170Glu was similar
to wild type VAO. However, Asp170Ser was most active with
branched-chain 4-alkylphenols. The hydroxylation efficiency of
the Asp170 variants was dependent on the bulkiness of the newly
introduced side chain. The Glul70 mutation favored the
production of alkenes, whereas the Ser170 mutation stimulated
the formation of alcohols. © 2000 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.

Key words: Vanillyl-alcohol oxidase; Covalent flavin;
4-Alkylphenol

1. Introduction

Vanillyl-alcohol oxidase (VAO; EC 1.1.3.38) from Penicil-
lium simplicissimum is a flavin containing oxidoreductase in-
volved in the biodegradation of 4-(methoxymethyl)phenol
[1,2]. The enzyme is a homo-octamer of 509 kDa with each
subunit comprising two domains [3,4]. The cap domain covers
the active site, whereas the larger domain creates a binding
site for the ADP part of the FAD prosthetic group. The flavin
is covalently linked to His422 of the cap domain [3]. The
phenolic substrate is bound almost parallel to the flavin ring
and its hydroxyl group is hydrogen bonded to three basic
residues (Tyr108, Arg503 and Arg504) [3].

VAO is active with a wide range of phenolic substrates,
including 4-alkylphenols [5-7] (Scheme 1). The catalytic cycle
of VAO consists of two half-reactions [8,9]. In the reductive
half-reaction, the flavin is reduced by the substrate with the
concomitant formation of a p-quinone methide intermediate.
In the oxidative half-reaction, the flavin is reoxidized and the
protein-bound quinone methide either reacts with water to
yield the (R)-enantiomer of the alcohol, or is rearranged to
yield the alkene [5,9].

Short-chain 4-alkylphenols are mainly hydroxylated to (R)-
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cohol oxidase
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Scheme 1. Conversion of 4-alkylphenols by VAO.

1-(4’-hydroxyphenyl)alcohols and medium-chain 4-alkylphe-
nols are dehydrogenated to 1-(4’-hydroxyphenyl)alkenes [6].
Unlike the related flavocytochrome p-cresol methylhydroxy-
lase (PCMH) [10], VAO is nearly inactive with p-cresol. Ki-
netic studies showed that this is due to the formation of an
air-stable p-cresol-FAD-NS5 adduct [9]. Crystallographic data
have shown that the catalytic centers of PCMH and VAO are
conserved except for the arrangement of the acidic residues
[3,11]. VAO contains a single aspartate (Aspl170) near the
methylene group of the substrate [3], whereas PCMH contains
two glutamates (Glu380 and Glu427) at opposite faces of
bound substrate [11]. Recent studies have demonstrated that
in VAO, Aspl70 is crucial for keeping the high redox poten-
tial of the FAD cofactor. This high redox potential is impor-
tant for efficient substrate oxidation and for stabilization of
the complex between the reduced enzyme and the p-quinone
methide intermediate of 4-(methoxymethyl)phenol [12]. More-
over, from site-directed mutagenesis it was established that the
arrangement of acidic residues in the active site cavity tunes
the stereospecificity of hydroxylation of 4-ethylphenol [13].
In this paper we have investigated the role of Aspl70 in
directing the reactivity of VAO with 4-alkylphenols. For this
purpose, we selected Aspl70Glu and Asp170Ser as both these
mutants contain covalently-bound FAD and are active with
4-(methoxymethyl)phenol [12]. Moreover, crystallographic
analysis has revealed that the Aspl70Ser replacement does
not induce significant conformational changes compared to
wild type enzyme [3,12]. Our studies clearly reveal that the
replacement of Aspl70 by Glu or Ser changes the efficiency
of substrate hydroxylation of VAO in an opposite direction.

2. Materials and methods

2.1. Site-directed mutagenesis and enzyme purification
Escherichia coli strain TG2 [14] and the plasmid pEMBLI19(-)
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(Boehringer Mannheim) were used for expression of the vaoA gene.
All other chemicals and materials were as described previously [6,12].
pBCl14 (Aspl70Glu) and pBCI15 (Aspl70Ser) were constructed
from pBCl1 (wild type VAO) as reported before [12]. Transformed
E. coli cells were grown in Luria—Bertani medium supplemented with
75 ug/ml ampicillin and 0.25 mM isopropyl B-p-thiogalactopyranoside
[15]. The VAO mutant proteins were purified as described [12,15].

2.2. Analytical methods

All experiments were performed in 50 mM potassium phosphate
buffer, pH 7.5 at 25°C unless stated otherwise. High-performance
liquid chromatography (HPLC) experiments were conducted with an
Applied Biosystems pump equipped with a Waters 996 photodiode
array detector and a 3.9 100 mm or 3.9 X150 mm Waters Novapak
C18 column, essentially as described earlier [6]. Gas chromatography/
mass spectroscopy analysis was performed on a Hewlett-Packard HP
6090 gas chromatograph equipped with a HP 5973 mass spectrometer
and a HP-5 column [6]. Fluorescence emission spectra were recorded
on an Aminco SPF-500C spectrofluorometer. The excitation wave-
length was 360 nm [9].

VAO activity was routinely assayed by following absorption spec-
tral changes of aromatic substrates or by oxygen consumption experi-
ments using a Clark electrode [6]. The formation of 4-hydroxybenzal-
dehyde was measured at 340 nm (&340 =10.0 mM~! cm™') and the
formation of 4-vinylphenol was monitored at 255 nm (&s5=14.3
mM~!' cm™!). The turnover rates of extremely slow enzymatic reac-
tions (rate lower than 0.003 s™!) were determined by HPLC. Enzyme-
monitored turnover experiments were performed as described before
[9] using a Hewlett Packard HP 8453 diode-array spectrophotometer.

3. Results

3.1. Catalytic properties

Table 1 summarizes the steady state kinetic parameters of
wild type VAO, Aspl70Glu and Aspl70Ser with several
4-alkylphenols. With all these substrates, the turnover rate
of Aspl70Glu was about one order of magnitude lower
than that of wild type enzyme and the Michaelis constant
was increased up to five-fold. The substitution of Aspl170 by
Ser had a more severe effect on catalysis. All straight-chain
4-alkylphenols were extremely slowly converted, whereas
branched-chain 4-alkylphenols were relatively good substrates
for Aspl70Ser. As found for wild type VAO, both mutant
enzymes were nearly inactive with p-cresol [9].

When Aspl70Ser was mixed aerobically with p-cresol,
4-ethylphenol or 4-propylphenol the flavin was nearly com-
pletely in the reduced state during turnover (95, 95 and 89%,
respectively), suggesting that the reductive half-reaction does
not limit the turnover rate [16]. Moreover, upon excitation at
360 nm, the aerobic complexes between Aspl70Ser and short-
chain 4-alkylphenols displayed a stable fluorescence emission
with a maximum at 460 nm (Fig. 1), indicative for the for-
mation of a covalent flavin N5 adduct with the substrate [3,9].
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Fig. 1. Fluorescence emission properties of free Aspl70Ser and after
mixing with 4-alkylphenols. The excitation wavelength was 360 nm.
9 uM Aspl70Ser in 50 mM potassium phosphate, pH 7.5 at 25°C
(1), after mixing with 500 uM p-cresol (2), 4-ethylphenol (3) and
4-isopropylphenol (4).
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Similar flavin adducts have been reported for lactate oxidase
[17,18] and nitroalkane oxidase [19]. When Aspl70Ser was
incubated with 4-isopropylphenol or 4-sec-butylphenol, the
flavin was mainly in the oxidized state during turnover
(79 and 82%, respectively). In accordance with this, the fluo-
rescence emission of 4-isopropylphenol-mixed Aspl70Ser
showed a maximum at 530 nm, indicative for oxidized flavin.
A similar flavin fluorescence was observed when oxidized
Asp170Ser was incubated with 4-vinylphenol or 1-(4’-hydroxy-
phenyl)ethanol. In contrast, uncomplexed Aspl70Ser dis-
played almost no flavin fluorescence (Fig. 1). This suggests
that the fluorescence emission at 530 nm represents the com-
plex between the oxidized enzyme and the aromatic product.
The Aspl170Glu mutant displayed a similar enzyme-monitored
turnover behavior as wild type VAO. Thus, only upon mixing
the enzyme with p-cresol was the flavin mainly in the reduced
stated during turnover [9].

3.2. Conversion of 4-alkylphenols

The replacement of Aspl70 by Glu and Ser considerably
changed the product pattern of the VAO catalyzed reactions
with 4-alkylphenols (Table 2). Like wild type enzyme [5,6],
Aspl70Ser was highly specific for the hydroxylation of

Table 1
Steady state kinetic parameters for wild type VAO, Aspl70Glu and Aspl170Ser in 50 mM potassium phosphate buffer, pH 7.5 at 25°C
Substrate® Wild type® Aspl70Glu Aspl170Ser

K (LM) kear (1) K (LM) kear (s7) K (LM) kear (s7)
p-Cresol n.d. 0.005 n.d 0.0002 n.d. n.d.
4-Ethylphenol 9 2.5 48 0.17 n.d. 0.0001
4-n-Propylphenol 4 4.2 10 0.26 n.d. 0.0002
4-Isopropylphenol 16 1.3 88 0.13 26 0.18
4-n-Butylphenol 2 1.2 6 0.12 n.d. 0.0001
4-sec-Butylphenol 72 0.5 75 0.05 62 0.09

n.d., not determined.
4Standard errors of kinetic parameters are less than 10%.
"Data from [6].
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Fig. 2. Drawing of the active site cavity of VAO in complex with
isoeugenol. Aspl70 is positioned at 3.5 A from flavin N5 and the
Co-atom of isoeugenol. This figure was prepared with MOL-
SCRIPT [20].

short-chain alkylphenols. Previous studies have shown that
both wild type VAO and Aspl170Ser are selective for the pro-
duction of the (R)-enantiomer of 4-ethylphenol [13]. In con-
trast, the hydroxylation reaction in Aspl70Glu was nearly
completely blocked. As a result, this mutant converted
short-chain alkylphenols to the corresponding alkenes.

With medium-chain and branched-chain alkylphenols, the
change in product pattern was even more pronounced. Unlike
wild type enzyme [6], Aspl70Ser was highly specific for the
hydroxylation of these compounds. However, Aspl70Glu re-
sembled wild type enzyme and mainly produced aromatic al-
kenes.

4. Discussion

The active site cavity of VAO contains a single acidic res-
idue, Asp170, whose side chain is close to flavin N5 and the
reactive Co-atom of the substrate (Fig. 2). Recent studies
from site-directed mutants have shown that this residue is
important for catalysis by raising the redox potential of the
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flavin and stabilizing the enzyme-bound p-quinone methide of
4-(methoxymethyl)phenol [12]. Furthermore, Aspl70 ap-
peared to be important for the stereospecificity of hydroxyla-
tion of 4-ethylphenol [13]. This raised the question as to
whether the replacement of Aspl70 will also influence the
efficiency of substrate hydroxylation.

The Aspl70Glu variant had a similar substrate preference
as wild type VAO, but the catalytic efficiency (kcat/Km) was
considerably decreased. The low turnover rate is in line with
the reduced redox potential of the mutant (£, =+11 mV)
compared to wild type VAO (Ey =+55 mV) [12]. In contrast
to the wild type enzyme, Aspl70Glu converted both short-
chain and medium-chain 4-alkylphenols almost exclusively
to the corresponding alkenes. The inability of Aspl170Glu to
hydroxylate these substrates suggests that the bulkiness of the
side chain of Glul70 limits the accessibility of water to the
planar quinone methide intermediate.

Aspl70Ser had a drastically changed substrate preference
compared to wild type VAO. This mutant was nearly inactive
with straight-chain 4-alkylphenols due to the formation of air-
stable covalent flavin N5 adducts. With wild type VAO, such
an adduct is only observed with p-cresol [9]. The crystal struc-
ture of isoeugenol-complexed Aspl70Ser does not give a ra-
tionale for the easy formation of flavin adducts since there are
no significant structural differences compared to wild type
VAO [3,12]. We have proposed before that in wild type
VAO, Aspl170 might be involved in covalent adduct formation
by abstracting a proton from flavin N5, thereby facilitating
the nucleophilic attack of the p-quinone methide intermediate.
However, the formation of flavin N5 adducts in Aspl70Ser
suggests that the flavin N5-atom can also be activated by a
water molecule (Fig. 3). Aspl70Ser was rather active with
branched-chain 4-alkylphenols. This indicates that with these
substrates, adduct formation may well be prevented by steric
constraints. In this respect it is interesting to note that the
flavin redox potential of Asp170Ser is only —91 mV [12].

The Aspl70Ser variant was more specific for the hydroxy-
lation of 4-alkylphenols than wild type VAO. This supports
an earlier observation that the hydration of the p-quinone
methide intermediate can also occur in the absence of an
active site base [12]. Furthermore, it suggests that the quinone
methides of 4-alkylphenols react rapidly with unactivated
water, which is in line with the reactivity of analogous qui-
none methides [21,22].

The differences in the efficiency of substrate hydroxylation
between wild type VAO, Aspl70Ser and Aspl70Glu show

HIS422 Hi5422 | o ||'"s4zz | o
N N o H,C N N (0]
" o
| - >
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Fig. 3. Schematic drawing of the proposed mechanism for covalent adduct formation in Aspl70Ser.
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Table 2
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Conversion of 4-alkylphenols by wild type VAO, Aspl170Glu and Asp170Ser in 50 mM potassium phosphate buffer, pH 7.5 at 25°C

Substrate® Product (%)

wild typeP Aspl170Glu Aspl70Ser

alcohol alkene alcohol alkene alcohol alkene
4-Ethylphenol 76 24 8 92 92 8
4-Propylphenol 68 32 7 93 96 4
4-Isopropylphenol 20 80 8 92 80 20
4-Butylphenol 1 99 0 100 82 18
4-sec-Butylphenol 26 74 1 99 78 22

4Standard errors of relative product yields are less than 10%.
"Data from [6].

that the bulkiness of the side chain of residue 170 determines
the outcome of the VAO catalyzed reaction. The small side
chain of Ser170 increases the accessibility of water to the p-
quinone methide intermediate in the active site and, therefore,
the hydroxylation efficiency. This increased accessibility of
water to the quinone methide in Asp170Ser might also explain
the decreased stereospecificity of hydroxylation of 4-ethylphe-
nol [13]. On the other hand, the large side chain of Glul70
clearly prevents the attack of water to the quinone methide.
These results reinforce the idea that a single amino acid sub-
stitution can be sufficient to change the enzyme selectivity
[23,24].
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