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Abstract

This review presents a historical outline of the research on vanillyl alcohol oxidase (VAO)
from Penicillium simplicissimum, one of the canonical members of the VAO/PCMH fla-
voprotein family. After describing its discovery and initial biochemical characterization,
we discuss the physiological role, substrate scope, and catalytic mechanism of VAO, and
review its three-dimensional structure and mechanism of covalent flavinylation. We also
explain how protein engineering provided a deeper insight into the role of certain
amino acid residues in determining the substrate specificity and enantioselectivity of
the enzyme. Finally, we summarize recent computational studies about the migration
of substrates and products through the enzyme's structure and the phylogenetic
distribution of VAO and related enzymes.

1. Discovery of VAO

Like penicillin [1], VAO (EC 1.1.3.38) was discovered through ser-
endipity. During studies on fungal lignin metabolism it was found that the
ascomycete Penicillium simplicissimum, isolated from paper mill wastewater,
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Fig. 1 Reaction of VAO with vanillyl alcohol.

grew on veratryl alcohol (3,4-dimethoxybenzyl alcohol) and oxidized this
compound via an NAD(P)*-dependent veratryl alcohol dehydrogenase to
veratryl aldehyde [2]. Attempts to purify the dehydrogenase were not success-
ful but yielded a yellowish fraction that displayed oxidase activity toward
vanillyl alcohol (4-hydroxy-3-methoxybenzyl alcohol) (Fig. 1).

Surprisingly, the intracellular VAO activity was not induced when
P. simplicissimum was grown with vanillyl alcohol as sole carbon and energy
source. This set the stage for a further investigation of the biochemical and
structural properties of VAQO, which eventually led to the discovery of a new
flavoprotein family. The development of this research line is described in this
review. This manuscript will not focus on the potential biocatalytic appli-
cations of VAO. Readers interested in this aspect of the enzyme are referred
to the following manuscripts [3-9].

2. Initial characterization and physiological role

Purification of VAO from veratryl alcohol grown P. simplicissimum
CBS 170.90 cells revealed that the enzyme could be obtained in pure form
through ammonium sulfate fractionation and three chromatographic steps
[10]. VAO appeared to be active between pH 7 and 12 with an optimum
at pH 10. Next to converting vanillyl alcohol to vanillin (4-hydroxy-3-
methoxybenzaldehyde; Fig. 1), the enzyme catalyzed the transformation
of 4-hydroxybenzyl alcohol to 4-hydroxybenzaldehyde. Besides molecular
oxygen, the enzyme could also use phenazine methosulfate as electron
acceptor.

Analytical gel filtration, sedimentation velocity experiments and SDS-
PAGE showed that VAO is a homo-octamer with subunits of about
65kDa. Cofactor analysis established that each VAO subunit contained a
yellow, covalently bound prosthetic group, which was identified as 8a-
(N°-histidyl)-FAD by pH-dependent fluorescence experiments [10].

5 years after its discovery, experiments were initiated to find out more
about the enigmatic physiological role of VAO. Immunochemistry
showed that the oxidase co-localized in the peroxisomes and cytosol of
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P. simplicissimum, together with a newly identified dimeric catalase-
peroxidase [11,12]. This suggested that the last three C-terminal residues
(WKL) could serve as peroxisomal targeting signal in this fungus. It was
also demonstrated that the production of VAO in P. simplicissimum was
superfluous for the catabolism of veratryl alcohol and anisyl alcohol
(4-methoxybenzyl alcohol) in P. simplicissimum, but essential for the
catabolism of the rare p-cresol methylether 4-(methoxymethyl)phenol
(Fig. 2) [14-16].

From these findings, it was proposed that 4-(methoxymethyl)phenol
and closely related phenolic ethers, likely formed during the biodegradation
of lignin, might be the physiological substrates of VAO [12,14]. Up to
now, 4-(methoxymethyl)phenol is the only VAO substrate identified that
induces expression of VAO in P. simplicissimum. However, in 1999, it
was reported that VAO was induced in another ascomycete, Byssochlamys
fulva V107, when the fungus was grown on vanillyl alcohol [17]. The exact
role of VAO and related enzymes in the catabolism of aromatic phenols by
ascomycetous fungi is still to be fully elucidated.

3. Substrate scope and catalytic mechanism

The VAO-catalyzed oxidation of 4-hydroxybenzyl alcohols and
oxidative demethylation of 4-(methoxymethyl)phenol suggested that
the enzyme might accept a broader range of 4-hydroxybenzylic com-
pounds. This turned out to be the case (Table 1). Steady-state kinetics
and product analysis revealed that VAO also catalyzed the oxidative
deamination of vanillylamine (4-hydroxy-3-methoxybenzylamine) and
3,4-dihydroxybenzylamine, the oxidation of the o-hydroxy group of
4-hydroxy-3-methoxyphenylglycol and the oxidation of the a-hydroxy
group of various catecholamines [16]. Experiments with pure enantio-
mers of epinephrine and norepinephrine showed a clear preference for
the R-isomers.

Of special interest was the unanticipated discovery that VAO was
highly active with eugenol (4-allyl-2-methoxyphenol) and chavicol
(4-allylphenol). These compounds were converted to the corresponding
4-hydroxycinnamyl alcohols (Table 1; Fig. 3) and it was hypothesized that
the oxygen atom incorporated at the Cy-atom of the 4-allylphenols was
derived from water. Reaction performed with H3*O and subsequent mass
spectral analysis of the aromatic product confirmed the involvement of
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Fig. 2 Catabolism of veratryl alcohol, 4-(methoxymethyl)phenol and anisyl alcohol in Penicillium simplicissimum. VAQ is not involved in the
degradation of veratryl alcohol and anisyl alcohol, but catalyzes the first step in the degradation of 4-(methoxymethyl)phenol [13].



Vanillyl alcohol oxidase 5
Table 1 Substrate scope of VAO from Penicillium simplicissimum.

Keat Km keat/Km
Substrate (s (M) (s'mM~™") pH References
Vanillyl alcohol 5.4 290 18.6 10 [16]
Vanillyl alcohol 33 160 20.6 7.5 [13]
Eugenol 13.0 49 2653 10 [16]
Chavicol 6.5 4.8 1354 10 [16]
4-(Methoxymethyl)phenol 53 65 81.5 10 [16]
4-(Methoxymethyl)phenol 3.1 55 56.4 7.5 [13]
Vanillylamine 1.3 240 54 10 [16]
Vanillylamine 0.02 48 0.4 7.5 [18]
Metanephrine 0.8 1600 0.5 10 [16]
Normetanephrine 0.7 1400 0.5 10 [16]
Norepinephrine 0.3 2900 0.1 10 [16]
4- 3.6 6000 0.6 10 [16]
Hydroxy-3-methoxyphenylglycol
p-Cresol 0.005 31 0.2 7.5 [19]
p-Creosol 0.07 50 1.4 7.5 [18]
4-Ethylphenol 2.7 7 386 10 [20]
4-Ethylphenol 2.5 9 278 7.5 [19]
4-Propylphenol 3.9 3 1300 10 [20]
4-Propylphenol 4.2 3.7 1135 7.5 [19]
2-Methoxy-4-propylphenol 4.8 <10  >480 10 [20]
2-Methoxy-4-propylphenol 4.9 6 817 7.5 [21]
4-Isopropylphenol 1.3 16 81.3 7.5 [21]
4-sec-Butylphenol 0.5 72 6.9 7.5 [21]
4-n-Butylphenol 1.2 2 600 7.5 [21]
4-n-Pentylphenol 0.3 8 37.5 7.5 [21]
4-n-Heptylphenol <0.001 42 <0.2 7.5 [21]
4-(3-Methylcrotyl)phenol 1.4 65 21.5 7.5 [21]

Continued
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Table 1 Substrate scope of VAO from Penicillium simplicissimum.—cont'd
kcat KM kcat/ KM

Substrate (s (uM) (s'mM™") pH References
4-(4-Hydroxyphenyl)-2- 0.3 128 2.3 7.5 [21]
butanone

5-Indanol 0.5 77 6.5 7.5 [21]
5,6,7,8-Tetrahydronaphthol 0.7 94 7.5 7.5 [21]
(R/S)-1-(4'-hydroxyphenyl) 3.0 30 100 7.5 [21]
ethanol

(R)-1-(4'-hydroxyphenyl)ethanol 0.7 222 32 7.5 [21]
(S)-1-(4'-hydroxyphenyl)ethanol 4.4 26 169 7.5 [21]
2-(4'-Hydroxyphenyl)ethanol 0.004 100  0.04 7.5 [21]
3-(4'-Hydroxyphenyl)propanol 0.1 8 12.5 7.5 [21]
4-Cyclopentylphenol 3.7 [22]

kobs for the oxidation of 2mM 4-cyclopentylphenol by His-tagged recombinant VAO, at pH 7.5.
Steady-state kinetic parameters k., and Ky; were determined at 25 °C in 50 mM glycine/NaOH pH 10,
or 50mM potassium phosphate pH 7.5.

+
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Fig. 3 Reaction of VAO with eugenol.

water as reactant in the production of coniferyl alcohol (4-hydroxy-3-
methoxycinnamyl alcohol) from eugenol [16].

Inhibition studies showed that coniferyl alcohol was a fairly strong com-
petitive inhibitor of VAO (K; =31+ 6 pM, pH 10). An even stronger inhi-
bition was observed with isoeugenol (2-methoxy-4-propenylphenol;
K; =13+5uM, pH 10). Tight binding of isoeugenol was confirmed by
difference absorption spectroscopy. Titration of the enzyme with this com-
petitive inhibitor at various pH wvalues yielded dissociation constants of
the enzyme-isoeugenol complexes ranging from Ky =40+13pM at pH
4 to K3=15£3pM at pH 10. These experiments also showed that the
intensities of the difference absorbance around 320 nm strongly increased
between pH 4 and 7, indicative for the deprotonation of enzyme-bound
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isoeugenol with an apparent pK, value of 5.0 [16]. Based on these observa-
tions and the high pH optimum for turnover it was suggested that the
enzyme facilitated oxidation of its substrates by the ability to stabilize quin-
oid intermediates due to resonance eftects involving the phenolate form. In
case of the reaction with 4-allylphenols, hydration at the Cy-atom could be
explained by a mechanism involving a p-quinone methide intermediate spe-
cies, generated by the initial transfer of a hydride equivalent to the flavin
cofactor, followed by the addition of water (Fig. 3).

Strong support for the proposed mechanism was obtained from moni-
toring the reductive half-reaction of VAO using stopped-flow diode
array absorption spectroscopy [13]. Upon mixing the enzyme with
4-(methoxymethyl)phenol under anaerobic conditions, a decrease in
absorption around 440 nm, indicative for flavin reduction, was accompa-
nied by a strong increase in absorption around 365 nm, consistent with the
generation of a p-quinone methide product intermediate (Fig. 4A).

When the reaction was followed for a longer period of time, a very slow
decay of the high absorbance intermediate was observed, indicating that
the p-quinone methide formed from 4-(methoxymethyl)phenol was highly
stabilized in the enzyme active site as long as the flavin cofactor remained

A
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=

Wavelength (nm)

Fig. 4 Catalytic mechanism of the reaction of VAO with 4-(methoxymethyl)phenol.
(A) Reaction of VAO with 4-(methoxymethyl)phenol under anaerobic conditions.
Spectral changes observed upon mixing 7pM VAO with 500puM 4-(methoxymethyl)
phenol at 25°C in oxygen-free 50mM potassium phosphate buffer pH 7.5, con-
taining 0.1pM glucose oxidase and 10mM glucose. Spectra were recorded from
5.6 to 956.6 ms with intervals of 80ms. (B) Kinetic mechanism of the reaction of VAO
with 4-(methoxymethyl)phenol. Eox, oxidized VAO; Egep, two-electron reduced VAO;
S, 4-(methoxymethyl)phenol substrate; QM, para-quinone methide product inter-
mediate; P, 4-hydroxybenzaldehyde product. Panels (A and B) Modified from M.W.
Fraaije, W.J.H. van Berkel, Catalytic mechanism of the oxidative demethylation of
4-(methoxymethyl)phenol by vanillyl-alcohol oxidase, J. Biol. Chem. 272 (1997) 18111—18116.
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reduced. Upon reoxidation of the flavin through mixing with air,
the p-quinone methide rapidly reacted with water to form the unstable
hemiacetal product of 4-(methoxymethyl)phenol, which spontaneously
decomposed to 4-hydroxybenzaldehyde and methanol. Isotopic labeling
experiments with H,'®O confirmed that the p-quinone methide intermedi-
ate was hydrated by the action of water.

Stopped-flow spectral analysis of the reductive half-reaction of VAO
with vanillyl alcohol also showed the formation of a p-quinone methide
intermediate. However, with the alcohol substrate, this species was quite
unstable and rapidly decomposed to the final product vanillin. The instabil-
ity of the vanillyl alcohol p-quinone methide was consistent with H,'%O
incorporation experiments, which showed that during the oxidation of
vanillyl alcohol, water was not significantly involved in the formation
of the aldehyde product [13].

From determining steady-state kinetic parameters and measuring the
kinetics of the reductive and oxidative half-reactions, it could be establi-
shed that the hydride transfer reactions of the oxidized enzyme with
4-(methoxymethyl)phenol and vanillyl alcohol were rate-limiting in overall
catalysis and that the reaction of VAO with 4-(methoxymethyl)phenol was
consistent with a ternary complex mechanism including formation of
a reduced enzyme p-quinone methide complex and reoxidation of the
reduced enzyme complex by molecular oxygen with the concomitant
conversion of the intermediate to form the final product (Fig. 4B).

Subsequent studies revealed that VAO was also active with 4-alkylphenols
(Table 1) and that the enzyme catalyzed the enantioselective hydroxylation
of 4-ethylphenol, 4-propylphenol and 2-methoxy-4-propylphenol into
the corresponding 1-(4'-hydroxyphenyl)alcohols with an ee of 94% for the
R-enantiomers [20]. In agreement with the proposed mechanism for
the enzymatic conversion of eugenol, it was established that the oxygen
atom incorporated into the alcohol products was derived from water.
Besides the alcohol products, also small amounts of vinylphenols and pheno-
lic ketones were formed, pointing at competitive reaction pathways and
consecutive oxidation steps [20]. The high ee observed for the formation
of (R)-1-(4'-hydroxyphenyl)alcohols was partially explained by the fact that
the (S)-isomers of the initially formed 1-(4’-hydroxyphenyl)alcohols were
preferentially oxidized by VAO to the corresponding phenolic ketones [21].

The reactivity with short chain 4-alkylphenols was addressed further in
kinetic studies [19]. It was found that VAO catalysis with 4-ethylphenol and
4-propylphenol followed an ordered sequential binding mechanism in
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which flavin reduction limited the turnover rate while the binary complex
between the reduced enzyme and the p-quinone methide intermediate
reacted rapidly with oxygen. With both 4-alkylphenols, flavin reduction
turned out to be a reversible process, with similar rates for the forward
and backward reactions. A reversible reduction process was also observed
in the reaction of VAO with p-cresol (4-methylphenol). However, with this
compound, product formation was extremely slow due to impaired
reoxidation of the flavin. As discussed below, this was caused by formation
of a covalent adduct between p-cresol and the N5-atom of the FAD
cofactor, resulting in suicide inhibition.

The VAO-mediated conversion of 4-alkylphenols was also studied
with more bulky substrates [21]. It turned out that VAO accepted bicyclic
substrates like 5-indanol and 5,6,7,8-tetrahydro-2-naphthol, and
4-alkylphenols with aliphatic side chains up to seven carbon atoms
(Table 1). Medium-chain 4-alkylphenols were mainly converted to the
corresponding 1-(4'-hydroxyphenyl)alkenes. The cis-trans stereochemistry
of these reactions was strongly dependent on the nature of the alkyl side
chain. The enzymatic conversion of 4-sec-butylphenol resulted in the pro-
duction of 2-(4'-hydroxyphenyl)-sec-butanol and two (4'-hydroxyphenyl)-
sec-butene isomers. Later studies showed that VAO also catalyzed the
oxidation of the bulky cycloalkylphenols 4-cyclopentylphenol and
4-cyclohexylphenol [22].

4, Crystal structure

To shed more light on the flavin-binding properties and catalytic
features of VAQ, its crystal structure was solved in the native state and
in complex with several inhibitors [23,24|. The analysis of the three-
dimensional structure showed that the VAO octamer could be described
as a tetramer of dimers. Each dimer showed extensive inter-subunit contacts,
while the dimer-dimer contact area was limited to a restricted number of
residues (Fig. 5A). The weak interaction between dimers was consistent
with biochemical experiments, which showed that at low enzyme con-
centration, the VAO octamer partially dissociated into dimers [25].

The crystal structure at 2.5 A resolution also revealed that each VAO sub-
unit consisted of a large FAD-binding domain (residues 6—270 and 500—600)
and a small cap domain (residues 271-499) (Fig. 5B) [24]. The structure of
the VAO subunit closely resembled the structure of the flavoprotein subunit
of para-cresol methylhydroxylase from Pseudomonas putida NCIMB 9866
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Fig. 5 Crystal structure of VAO. (A) VAO octamer. The structure is shown in cartoon rep-
resentation with the FAD-binding domains shown in green and the substrate-binding
cap domains in red. The FAD cofactors are shown as yellow sticks. Each quarter of the
ring-like octameric structure corresponds to a tightly packed dimer, with the inter-dimer
packing being more lose. (B) VAO subunit. The FAD-binding domain is shown in green
and the substrate-binding cap domain in red. The flavin cofactor, shown in yellow, is
covalently linked to His422 of the cap domain. Figures were prepared from PDB file
1VAO [24].

(PCMH; EC 1.17.99.1) [26], but an in-depth comparison with this
flavocytochrome had to await the crystallographic refinement of the
PCMH structure [27].

The VAO structure confirmed the earlier finding [10] that the isoallox-
azine ring of the flavin is covalently linked via its C8 methyl group to
the N3-atom of a histidine, and furthermore showed that this residue
(His422) is located in the cap domain. Of note is that VAO was the first
enzyme of known structure containing an 8a-(N°-histidyl)-FAD linkage.

The substrate-binding site of VAO appeared to be located at the domain
interface on the si-side of the flavin ring. Covered by the cap domain it
formed a closed elongated cavity. In spite of the solvent inaccessibility,
the inhibitors isoeugenol, 2-nitro-4-methylphenol and 4-(1-heptenyl)phe-
nol did all bind to the native crystals without any significant conformational
change. In case of 4-(1-heptenyl)phenol binding, no residual void was
present in the active site, suggesting that the substrate specificity of VAO
was dictated by a size-exclusion mechanism [24].

The crystal structure of the VAO-isoeugenol complex showed that the
phenolic hydroxyl group of the inhibitor was hydrogen bonded to Tyr108,
Tyr503 and Arg504 (Fig. 6). This provided a rationale for the low pKa of the
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Fig. 6 Structure of phenolate-binding pocket of VAO. Tyr-108, Tyr-503 and Arg-504 are
shown in stick representation with cyan carbon atoms, the competitive inhibitor
isoeugenol with pink carbon atoms and the FAD cofactor with yellow carbon atoms.
Nitrogen atoms are shown in blue, oxygen atoms in red and phosphorus atoms in
orange. Potential hydrogen bonds between the amino acid residues of the
phenolate-binding pocket and the phenolic hydroxyl group of isoeugenol are shown
as black dashes. The protein backbone is shown in cartoon representation, with the
FAD-binding domain in green and the substrate-binding domain in red. The figure
was prepared from PDB file 2VAO [24].

enzyme-isoeugenol complex found previously with absorption difterence
spectroscopy [16] and strengthened the view that the anion hole formed
by Tyr108, Tyr503 and Arg504 is instrumental to substrate deprotonation.
The structure of the VAO-isoeugenol complex also revealed that the
propenyl group of the bound inhibitor, located at 3.5A distance from the
N5-atom of the flavin, pointed toward Asp170. This suggested that
Asp170 might act as an active site base, either deprotonating the p-quinone
methide in case of substrates being dehydrogenated, or activating the water
attacking the substrates undergoing hydroxylation [24].

The crystal structure of the VAO-p-cresol complex provided a plausible
explanation for the slow reaction and suicide inhibition observed with this
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substrate [19]. The electron density map of the VAO-p-cresol complex rev-
ealed a strong peak located on the si-side of the flavin cofactor, which was
connected to the flavin N5 position by a stretch of continuous electron
density. Single crystal microspectrometry showed that reduction of the fla-
vin by p-cresol took more than 2 days, while dithionite reduced the crystal-
line enzyme in a few seconds. The flavin spectral changes observed during
the reaction with p-cresol were consistent with solution studies [19] and
indicative for the formation of a covalent adduct between the N5-atom
of the flavin and the methyl group of p-cresol [24].

5. Novel flavoprotein family

Along with the three-dimensional structure determination, the
vao gene from P. simplicissimum was cloned, sequenced and expressed in
Aspergillus niger and Escherichia coli [28]. Sequence comparison indicated that
the FAD-binding domains of VAO and PCMH had features in common
with several other flavoenzymes such as p-lactate dehydrogenase from
yeast, berberine-bridge enzyme (S-reticuline oxidase) from the California
poppy, hexose oxidase from the red alga Chondrus crispus, 1-gulono-y-
lactone oxidase from rat, glycolate oxidase from Escherichia coli and alkyl-
dihydroxyacetone phosphate synthase from human and pig [29]. A more
extensive search with these proteins revealed a group of 12 sequences of
homologous proteins with known function and 32 sequences representing
enzyme homologs or unidentified gene products. All these proteins were
about 500 amino acids in length and shared extensive sequence homology
in the N-terminal half and at the very end of the C-termini. Based on these
results and inspection of the crystal structures of VAO and PCMH, it was
concluded that these proteins represented a novel oxidoreductase family
sharing a conserved FAD-binding domain. Members of this flavoprotein
family were found in all kingdoms of life, where they participate in highly
diverse metabolic processes [29]. Intriguingly, many of the VAO-related
enzymes were found or predicted to contain a covalently bound flavin, a
rather unusual mode of flavin binding present in about 10% of the known
flavoproteins.

6. Mechanism of covalent flavinylation

Elucidation of the amino acid sequence and crystal structure of VAO
allowed for protein engineering studies to address the function of specific
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amino acid residues by site-directed mutagenesis. Because at the end of
the last century relatively little was known about the mechanisms of cova-
lent flavinylation and the role of the covalent attachments [30], an obvious
target to start with was His422, which links the FAD cofactor of VAO to its
cap domain [24].

To learn more about the functional role of the Sa-(N°-histidyl)-FAD
bond, three His422 variants (H422A, H422T and H422C) were produced
and characterized [31]. All three purified variants contained a tightly, non-
covalently bound FAD cofactor and showed about 10% of the activity of
wild-type VAO. Elucidation of the crystal structure of H422A established
that deletion of the covalent interaction between enzyme and flavin did
not result in any significant structural change and that the binding mode
of the competitive inhibitor isoeugenol remained the same.

Stopped-flow  kinetics of the reaction of H422A  with
4-(methoxymethyl)phenol revealed no change in catalytic mechanism
(see [25]), but a 10-fold decrease in flavin reduction rate. Redox
potential determinations showed a remarkably high midpoint redox poten-
tial (E,)=+55mV for wild-type VAO, and a considerably lower
E,, =—65mV for H422A. From this it was concluded that the covalent
interaction between the isoalloxazine ring of the flavin and the enzyme
facilitated flavin reduction and that the formation of a histidyl-FAD bond
in VAO and other flavoenzymes might have evolved as a way to contribute
to the enhancement of their oxidation power [31].

To address the mechanism of covalent flavinylation in VAO in further
detail, another histidine (His61), located in the FAD domain in the close
vicinity of His422, was changed to a threonine [32]. The H61T variant
did bind FAD non-covalently (Kj=1.8puM) and was again about
10-fold less active with 4-(methoxymethyl)phenol than wild-type VAO.
Crystallographic analysis showed that dissociation of the non-covalently
bound FAD did not change the structural properties of H61T, which were
highly similar to that of the wild-type enzyme. These results indicated that
binding of the FAD cofactor to the VAO apoprotein followed a lock-and-
key mechanism and that covalent flavinylation was an autocatalytic process
in which His61 together with His422 promoted deprotonation and sub-
sequent attack on the 8a-methyl group of the flavin isoalloxazine ring [32].

Analytical gel filtration revealed that the H61T apoprotein easily dis-
sociated into dimers. Because electrospray ionization mass spectrometry
(ESI-MS) had provided useful information about the oligomerization
behavior of holo-VAO [33,34], this provided the unique opportunity to
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address the role of cofactor binding in the supramolecular assembly of VAO
by this technique [35]. It was found that at 4 pM protein concentration, apo-
H61T was mainly present as a dimer, and that both FAD and 5'-ADP bind-
ing induced octamerization. From this it was argued that small conforma-
tional changes in the ADP-binding pocket of the dimeric enzyme were
transmitted to the protein surface promoting octamerization [35].

Several years later, ESI-MS was used to even better understand the
mechanism by which VAO covalently incorporated the FAD cofactor
[36]. To reach this goal, the VAO apoprotein was produced in a riboflavin
auxotrophic Escherichia coli strain. Mixing purified apo-VAO with FAD
resulted in fast non-covalent complex formation followed by a slow
increase in enzyme activity and full covalent incorporation of the cofactor.
The maximum rate and Ky pap for the covalent flavinylation reaction were
estimated to be 0.1340.02min"' and 2.340.2 pM, respectively. The
nanoflow ESI-MS analysis of formation of holo-VAQO showed that the fast,
non-covalent binding of FAD shifted the monomer/dimer/octamer equi-
librium toward the dimeric and octameric species. Further spectroscopic
experiments supported an earlier proposal made for monomeric sarcosine
oxidase [37] that the autocatalytic flavinylation process proceeded via a
reduced flavin intermediate (Fig. 7). This mechanism has been proposed
to apply generally for His-, Tyr-, and Cys-linked flavoproteins [38].
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Fig. 7 Mechanism for autocatalytic covalent flavinylation of VAO as proposed in [36].
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7. Functional role of active site residues

As mentioned above, the crystal structure of VAO suggested that
Asp170, located near the N5-atom of the flavin i1soalloxazine ring, might
act as an active site base. This hypothesis was tested through the production
and characterization of several Asp170 variants [39]. Purified D170A and
D170N appeared to contain 50% and 100% non-covalently bound FAD,
suggesting that Aspl170 is involved in the process of autocatalytic
flavinylation. The D170E and D170S mutant proteins were found to con-
tain covalently tethered FAD. Crystallographic analysis of D170S showed
that the replacement of Asp by Ser did not introduce significant structural
changes. Kinetic characterization of the reactions of the Asp170 variants
with 4-(methoxymethyl)phenol revealed that Asp170 was essential for rapid
flavin reduction. D170E was 50 times less active, while the other Asp170
variants were 1000-fold less active than wild-type VAO. The midpoint
redox potentials of D170E (+6 mV) and D170S (—91mV) were far lower
than that of the wild-type enzyme (+55mV), supporting the idea that
Asp170 interacts with flavin N5, thereby increasing the oxidation power
of VAO [39].

The functional role of Asp170 in VAO catalysis was addressed further by
studying the reactivity of D170E and D170S with 4-alkylphenols [40]. The
catalytic efficiency of D170E with these substrates was about one order of
magnitude lower than that of wild-type enzyme, predominantly because
of lowered turnover rates. D170S was hardly active with straight-chain
4-alkylphenols, due to formation of air-stable covalent flavin N5 adducts.
Interestingly, D170S showed significant activity with 4-isopropylphenol
and 4-sec-butylphenol, suggesting that adduct formation was prevented by
steric constraints.

Product analysis revealed that D170S mimicked wild-type VAO in con-
verting 4-ethylphenol and 4-propylphenol mainly to the corresponding
1-(4'-hydroxyphenyl)alcohols. However, in contrast to wild-type enzyme,
D170S converted medium-chain and branched-chain 4-alkylphenols also to
the corresponding alcohols. This indicated that the small side chain of
Ser170 increased the accessibility of water to the active site and that hydra-
tion of the p-quinone methide intermediate could also occur in the absence
of an active site base [39]. The product selectivity of D170E strikingly
differed from D170S and wild-type VAO by displaying a strong preference
for the production of 1-(4'-hydroxyphenyl)alkenes. This supported the
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idea that the bulkiness of the Glu170 side chain limited the accessibility of
water to the planar quinone methide intermediate [40]. Interestingly, a
similar result could be achieved by reducing the water activity of the
reaction medium [41].

Inspired by the intriguing properties of the Asp170 variants [39,40] and
the opposite enantioselectivities of VAO [20] and PCMH [42], we searched
for differences in the active sites of both enzymes. From the PCMH struc-
tural analysis it was proposed that Glu380, the equivalent of Asp170in VAO,
might activate the water involved in substrate conversion [27]. However, in
PCMH another acidic residue (Glu427) was situated in close vicinity of the
reactive carbon of bound p-cresol at the opposite face of the phenolic sub-
strate. Because VAO lacked an acidic residue at this position (Thr457), it was
hypothesized that this structural variation might explain the opposite stereo-
chemistry of VAO and PCMH in the reaction with 4-ethylphenol.

To test this hypothesis, the properties of the single variants D170A,
D170S and T457E, and of the double variants D170A/T457E and
D170S/T457E were evaluated [43]. All variants contained covalently bound
FAD and their midpoint redox potentials varied from —91mV for D170S
[39] to +20mV, +22mV and +31mV for T457E, D170A/T457E and
D170S/T457E, respectively. This was the first indication that Glu457 could
replace Asp170 in redox catalysis. Except for T457E, all enzyme variants
showed rather low turnover rates with 4-(methoxymethyl)phenol.
Nevertheless, both D170A/T457E and D170S/T457E were far more active
with this substrate than D170A and D170S, underlining indeed that Glu457
could, to a certain extent, take over the crucial role of Asp170 in catalysis.

Product analysis of the reactions with 4-ethylphenol revealed that
all VAO variants catalyzed the formation of 1-(4'~-hydroxyphenyl) ethanol
in high yield and that only minor amounts of the side product
4-vinylphenol were formed. Like wild-type enzyme, T457E preferentially
converted 4-ethylphenol to the (R)-enantiomer of 1-(4’-hydroxyphenyl)
ethanol (Fig. 8A), suggesting that Aspl70 still directed the water
attack to the quinone methide intermediate. D170A and D170S were less
(R)-selective with ee values of 26% and 50%, respectively. Gratifyingly,
D170A/T457E and D170S/T457E were (S)-selective with ee values of
20% and 80%, respectively. The (S)-selectivity of the double mutants
confirmed that Glu457 had taken over the role of Asp170 in activating
the water for stereospecific attack (Fig. 8B) [43].

Elucidation of the crystal structure of D170S/T457E in complex with
the substrate analog trifluoromethylphenol clearly established that the two
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amino acid replacements had not caused any significant protein conforma-
tional change. The carboxylate side chain of the newly introduced Glu457
residue pointed toward the Coa-atom of bound trifluoromethylphenol at a
distance of 3.5A, providing strong support for its role in functioning as
an active site base [43].

In a more recent study, we produced Y108F, Y503F and Y108F/Y503F
variants to address the precise role of Tyr108 and Tyr503 in substrate acti-
vation [44]. pH-dependent stopped-flow kinetics of the reductive half-
reactions revealed that wild-type VAO reacted rapidly with the phenolate
form of chavicol and more slowly with the phenolic form, and that the
reaction with deprotonated chavicol was impaired in the Tyr variants. In
agreement with this, the competitive inhibitor isoeugenol bound predom-
inantly in its phenolate form to wild-type VAO and predominantly in its
phenolic form to the Tyr variants. Based on these results and supporting
crystal structures of Y108F and Y503F, it was concluded that both active
site tyrosines are responsible for the activation of VAO substrates [44].

8. Enzymatic synthesis of natural vanillin

VAO catalyzes the conversion of vanillyl alcohol to the widely used
flavor compound vanillin. With the increasing demand for natural products
(see, e.g., [45]), we considered the possibility to apply VAO for the enzy-
matic synthesis of vanillin from a natural feedstock [18]. Vanillyl alcohol
is not widely available in nature, and thus not suited for this purpose. Yet,
a potential feedstock for vanillin is creosol (2-methoxy-4-methylphenol),
which is the major component of creosote, obtained from heating wood
or other plant material. We anticipated that creosol would be converted by
VAO in a two-step oxidation process via the intermediate formation of
vanillyl alcohol. Indeed, when the reaction of 1pM VAO with 100 pM
creosol was followed by HPLC, we observed that under optimal reaction
conditions (pH 7.5), the initially formed vanillyl alcohol became smoothly
fully converted into vanillin [18]. At concentrations of creosol above 150 pM,
the conversion rate decreased because creosol competitively inhibited the
conversion of the intermediate product vanillyl alcohol.

Steady-state and stopped-flow kinetic experiments performed at pH 7.5
showed similar kinetics as described for the reaction with p-cresol [19], with
the reductive half-reaction being reversible and partially limiting catalysis.
However, when the reaction was performed at pH 10, the optimum pH
for the reaction of VAO with vanillyl alcohol, nearly no conversion of
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creosol was observed [ 18]. Absorption and fluorescence spectral analysis rev-
ealed that this was due to an increased stabilization of the covalent adduct
between creosol and the reduced flavin cofactor.

In summary, the slow hydroxylation of creosol to vanillyl alcohol was
limiting the VAO-mediated synthesis of “natural” vanillin, mainly also
because of the formation of an air-stable covalent flavin-substrate adduct.
Recent quantum chemical modeling of VAO has indicated that the short
side chain of p-creosol enables Asp170 to initiate adduct formation through
attacking the proton at flavin N5H, and that with the bulkier vanillyl
alcohol, Asp170 is unable to attack the reduced flavin [46].

The poor activity of VAO with 4-methylphenols inspired us to start a
random mutagenesis procedure to generate enzyme variants with enhanced
reactivity to creosol [47]. After a single round of manganese-based error-
prone PCR, seven positive clones were selected for further investigation.
Among the purified enzymes, four variants with a single amino acid change
(I238T, F454Y, E502G and T505S) distal from the active site cavity showed
an up to 40-fold increase in catalytic efficiency with creosol. Further
characterization revealed that this was due to a lower stability of the cova-
lent flavin-creosol adduct, stimulating ‘“natural” vanillin formation.
Interestingly, the VAO variants showed similar activities with vanillyl alco-
hol and 4-(methoxymethyl)phenol as the wild-type enzyme, but were
nearly inactive with p-cresol. Quite remarkable was also the considerable
drop in catalytic efficiency (up to 200-fold) for the reaction with eugenol.
Crystallography studies showed that all variants had conserved three-
dimensional structures and that the replaced amino acid residues were not
located in close vicinity of the substrate-binding site. These results led us
to conclude that the amino acid substitutions had introduced subtle changes
in electrostatic and hydrogen bond interactions, and possibly enzyme dy-
namics, and that remote residues, not readily predicted by rational design,
can modulate the substrate specificity of VAO [47]. We therefore anticipate
that a more extensive random mutagenesis process could generate VAO var-
iants with a much higher activity for creosol. Alternatively, genome mining
might yield novel VAO enzymes with such properties [48,49].

9. The VAO/PCMH family in the post-genomic era

With the boost in genome sequencing at the start of this century, the
number of known VAO/PCMH family members rapidly increased. In
2005, the first family member (glucooligosaccharide oxidase) was reported
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that bound the FAD cofactor in a bicovalent mode [50]. In 2008, phy-
logenetic analysis established that all thirteen newly discovered 6-S-
cysteinyl-8a-N'-histidyl FAD-containing enzymes of the steadily growing
VAO/PCMH family were evolutionary closely related [51], and that VAO
and PCMH clustered in a separate subgroup together with eugenol hy-
droxylase (EUGH) from Pseudomonas species [52,53] and eugenol oxidase
(EUGO) from Rhodococcus jostii RHA1 [54]. Next to berberine-bridge
enzyme-like synthases (reticuline oxidases) [55,56], the subgroup of
bicovalently bound flavoproteins contained several oxidases that were active
on polysaccharides [57-59]. All these double-anchored enzymes displayed
relatively high redox potentials, stressing the impact of bicovalent
flavinylation [38,59,60]. As of 2017, the VAO/PCMH family encompasses
115 members, which can be divided into 11 phylogenetically distinct sub-
families [61]. Among these 115 flavoenzymes, one-third has a known three-
dimensional structure, and more than two-thirds contain a covalently bound
FAD cofactor.

As mentioned above, VAO and PCMH reside in a rather small subgroup
of the VAO/PCMH family. Members of this subgroup catalyze the Co-
oxidation of para-substituted phenols through the initial formation of a
para-quinone methide intermediate [61]. They contain a conserved Tyr-
Tyr-Arg triad for activating the substrate and usually bind the FAD cofactor
monocovalently via a loop that is close to the C-terminus of the protein.
This anchoring mode difters from other members of the superfamily, where
the covalent linkages are located closer to the N-terminus [59]. In VAO and
EUGQO, the flavin is anchored to a histidine, while in PCMH and EUGH,
the flavin is covalently linked to a tyrosine.

Two members of the 4-phenol oxidizing (4PO) subgroup were reported
to catalyze the oxidative decarboxylation of N-substituted tyrosine deriva-
tives yielding N-acyl tyrosine antibiotics. FeeG, obtained from an uni-
dentified soil microbe, was shown to produce long-chain N-acyl tyrosines
[62], while CndG from the soil-dwelling bacterium Chondromyces crocatus
was demonstrated to catalyze the post-assembly line modification of pre-
chondrochloren to chondrochloren [63]. CndG was reported to contain
non-covalently bound FAD [63], in agreement with the absence of conser-
vation of the abovementioned anchoring residues.

In 2016, the crystal structure of EUGO from the actinobacterium
Rhodococcus jostii RHA1 was elucidated [64]. In addition to eugenol and
vanillyl alcohol, this close homolog of VAO converted a broad range of
4-substituted phenols, but was poorly active with 4-(methoxymethyl)
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phenol and 4-alkylphenols [22,54,64]. Complexation with isoeugenol,
coniferyl alcohol and wvanillin revealed that the solvent-inaccessible
substrate-binding pocket of EUGO was highly similar to that of VAO, with
the ligand 4-hydroxy group pointing to the Tyr-Tyr-Arg anion-binding
site. However, isoeugenol was observed to bind in a flipped orientation with
the ligand methoxy group occupying a difterent niche in the enzyme active
site. From this it was concluded that in VAQO, the side chain of Phe424
(replaced by Gly392 in EUGO) prevented this mode of isoeugenol
binding. In agreement with this supposition, EUGO turned out to be active
with 4-allylsyringol (4-allyl-2,6-dimethoxyphenol), while VAO was not
[22,64]. The 1427A variant of EUGO appeared to be even more efficient
in producing sinapyl alcohol (4-hydroxy-3,5-dimethoxycinnamyl alcohol)
from 4-allylsyringol, which was exploited to obtain gram amounts of the
valuable lignan syringaresinol 4,4’-(1S,3aR,4S,6aR)-tetrahydro-1H,3H-
furo[3,4-c]furan-1,4-diylbis(2,6-dimethoxyphenol) in a cascade reaction
with horseradish peroxidase [65]. With the current focus on lignin valori-
zation, we expect that VAO and EUGO might develop as valuable
biocatalysts for the production of lignin derivatives. A good example pre-
sents the above-discussed VAO-mediated conversion of creosol to vanillin.

While VAO is an octamer, EUGO is a dimer [54]. From comparing both
three-dimensional structures, we hypothesized that a loop at the dimer-
dimer interface in VAO might be responsible for dimer association [66].
Deletion of this loop resulted in active VAO dimers, but introduction of
the loop in EUGO was not sufficient to induce octamerization.
Bioinformatics analysis showed that the loop was conserved in several puta-
tive fungal members of the 4PO subgroup, but never present in putative
bacterial members [48,66]. It will be of interest to see if the marked differ-
ences in substrate specificity between VAO and EUGO [22,64] will also
hold for newly characterized homologs.

In 2017, we performed Monte Carlo based Protein Energy Landscape
Exploration (PELE) simulations to learn more about the dynamic features
of VAO, and in particular how substrates and products enter and exit the
active site [67]. From the VAO structure, no path for solvent or ligand access
to the active site was visible [24]. However, from the structure of the
enzyme-cresol complex of PCMH [27] and the EUGO structure in com-
plex with isoeugenol [64], it was suggested that a funnel-shaped cavity, run-
ning from the protein surface along the dimer interface and branching off
into each subunit, might represent a path for the diffusion of substrates into
the solvent-inaccessible active sites. PELE simulations with the VAO dimer
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indeed identified an entry and exit path at the subunit interface as the most
likely migration path for phenolic ligands (Fig. 9) [67]. Interestingly, the
amino acid residues involved in this path are well conserved in VAO,
EUGO and PCMH, indicating that dimerization of these enzymes is func-
tionally linked to ligand migration.

Two additional exit paths, leading through the cap domain and the
FAD-binding domain of VAO required substantial movement of bulky
amino acid side chains [67]. It was also found that protonated creosol freely
migrated through the subunit interface portal to the active site, while
deprotonated creosol did not, and that His466 and Tyr503 might act as
swinging concierges, providing access to the substrate-binding pocket.

Migration via the flavin re-side was predicted to be the shortest entrance
and exit path for the co-ligands dioxygen and hydrogen peroxide (Fig. 9)
[67]. Flavin re-side specificity for dioxygen diffusion was also predicted
for other VAO/PCMH family members [68—70]. With alditol oxidase,
molecular dynamics simulations identified funnel-shaped migration paths
that led dioxygen to an Ala105 gatekeeper residue that controlled access
to the dioxygen-binding pocket in proximity of the reactive C4a atom of
the flavin isoalloxazine ring [68]. Changing this alanine in 1-galactono-1,4-
lactone dehydrogenase into a glycine (A113G) strongly increased the oxy-
gen reactivity of this enzyme [69]. In glucose dehydrogenase Phl p 4, an even
more astonishing increase in oxygen reactivity was observed upon changing

Fig. 9 VAO entry path for ligands and co-ligands. Residues involved in the predicted
path for phenolic ligands at the subunit interface are shown as sticks (magenta), as
are residues involved in the predicted path for co-ligands (cyan). The FAD cofactor
is shown as sticks and colored in yellow. Modified from G. Gygli M.F. Lucas,
V. Guallar, W.J.H. van Berkel, The ins and outs of vanillyl alcohol oxidase: identification
of ligand migration paths, PLoS Comput. Biol. 13 (2017) e1005787.
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the alternative gatekeeper Ile153 into Val [70]. Making the reversed change
V1691 in S-reticuline oxidase had a less drastic opposite eftect [70]. Our
PELE simulations suggested that in VAQO, dioxygen reached its destination
via the alternative gatekeeper site (Gly174) and the dimethylbenzene part of
the flavin ring, and that dioxygen access required side chain movements of
Tyr408 and Tyr51 [67].

VAO is the only characterized fungal member of the 4PO subgroup
[61,66] and until recently little was known about its distribution in fungi.
VAO can be found in the carbohydrate active enzymes (CAZy) database
as a separate family of auxiliary activities (AA4) involved in lignin break-
down [71]. Using gene sequences from the Mycocosm database annotated
as AA4, the prevalence of VAO-like sequences was found not to follow fun-
gal taxonomy [48]. Among the 93 putative VAOs found, 11 were present in
basidiomycetous Agaricomycotina and 82 in ascomycetous Pezizomycotina
(Fig. 10). Gene duplication appeared to have occurred in almost all fungal
classes containing VAO homologs. All identified fungal VAO homologs
lacked a N-terminal signal peptide, and were predicted to be peroxisomal
or cytoplasmic, as proposed before for the enzyme from P. simplicissimum [14].

For this review, we updated the phylogenetic tree of fungal 4POs by
adding more bacterial 4POs (Fig. 10). This phylogenetic tree contains all
the amino acid sequences identified previously [48], with the addition of
100 hits from a motif search in the refseq database(https:/www.genome.
jp/tools/motif/) using the 4PO motif-1(P-x-x-x-x-S-x-G-|[RK]-N-x-G-
Y-G-[GS]) and the sequences of FeeG and CndG. GilR from Streptomyces
griseoflavus was used as an outgroup. Taxonomy was assigned using
the taxonomy browser of the NCBI (https://www.ncbi.nlm.nih.gov/
taxonomy).

Three clades containing exclusively sequences from fungi were defined
previously [48]. The first fungal clade contained sequences from Ascomycota
(and one from Basidiomycota) most similar to the sequence of VAO from
P. simplicissimum (Fig. 10, red clade). Members of this clade contained
the octamerization loop [66] and residues Tyr51, Arg312, Arg398 and
Glu410, involved in ligand migration [67]. The second fungal clade con-
tained sequences from Ascomycota and Basidiomycota and could be split into
two sub-clades, one without an octamerization loop and one with a very
short octamerization loop (Fig. 10, yellow clade). The third fungal clade
contained sequences from Ascomycota most dissimilar to VAO from
P. simplicissimum. In the updated phylogenetic tree, these fungal sequences
formed one clade with a group of bacterial 4POs (Fig. 10, blue clade).
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Fig. 10 Molecular phylogeny of 4POs. The phylogenetic tree was built as described pre-
viously [48], with the highest log likelihood (-22391.4490). Clades as defined previously
[48] are shaded in red lines, yellow squares, blue dots, green waves or light gray. Newly
identified clades are shaded in gray or white. The ring indicates fungal divisions
(Basidiomycota and Ascomycota, thin and thick dashed lines, respectively) or bacterial
phyla (Proteobacteria and Actinobacteria, thick and thin lines, respectively). Known
enzymes are indicated in bold.

Putative 4POs in bacteria were found mostly in Proteobacteria and
scarcely in Actinobacteria. Sequences from proteobacteria most similar to
PCMH, unsurprisingly, lacked the octamerization loop, but contained a
tyrosine involved in covalently binding the FAD cofactor in PCMH (posi-
tion 384 in PCMH, light gray clade in Fig. 10), as did sequences in the more
mixed clade (gray clade in Fig. 10). The remaining proteobacterial sequences
contained the histidine involved in covalently binding the FAD cofactor in
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VAO (His422 in VAO, white clade in Fig. 10). In that clade, sequences from
Campylobacter (indicated by a gray triangle), lacked almost 150 amino acids,
including the catalytic base Asp170, and appeared to contain duplicated or
triplicated elements, which might be due to misannotations or gene
duplications.

Except for sequences from Campylobacter, Corallococcus and Archangium,
all putative 4POs contained the Tyr-Tyr-Arg catalytic triad. His422 in-
volved in covalent flavin binding, was found in most sequences. His61,
implicated to be important for covalent flavinylation [32], was not con-
served and often replaced by Tyr, Met or Phe. The active site base
Asp170 was present in all sequences of the red clade, except for one Glu
replacement. Sequences in all the other clades mainly contained a Ser or
Ala at position 170. Interestingly, the majority of these sequences con-
tained either a Thr oran Asp at position 457, which might be a good predictor
for the absence or change in enantioselectivity for the reaction with
4-alkylphenols [43]. Again, the sequences from Campylobacter, Corallococcus
and Archangium were an exception here, lacking the active site base at position
170 or 457. The interested reader is referred to the full alignment provided as
supplementary information.

When analyzing the genomic environment of the sequences in the red
clade, no region of high synteny was found [48]. Together with the fact that
the 4POs only partially followed the taxonomic fungal relationship, this
supported the view that several of these species obtained these genes through
horizontal transfer, most likely from bacteria. This theory explained the low
frequency of presence of VAO in fungal genomes, and the phylogenetic
diversity of the fungal VAO candidates. Fungi and bacteria separated about
4 billion years ago, much earlier than the separation between Actinobacteria
and Proteobacteria (3.2 billion years ago) and the great oxidation event,
which occurred between 2.4 and 2.1 billion years ago. Nevertheless, the
actinobacterial EUGO clustered more closely with the fungal VAO than
with the proteobacterial flavocytochrome PCMH (Fig. 10), indicating that
the common ancestor of the 4PO subgroup was not a true oxidase.

Using additional motifs and fingerprint residues [67] will assist in assig-
ning putative functions. Moreover, biochemical characterization of the
identified 4POs will help to discriminate fungal and bacterial VAOs,
EUGOs and PCMHs, especially for clades where no member has been char-
acterized yet. Regarding the latter, it is of note that recently a new bacterial
4PO has been reported [72,73]. This inducible flavocytochrome, pin-
oresinol a-hydroxylase from Pseudomonas sp. strain SG-M2 (PinAB),
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catalyzes the first step of a catabolic pathway in which the lignan(+)-
pinoresinol is degraded to protocatechuate (3,4-dihydroxybenzoate) and
2-methoxyhydroquinone(2-methoxy-1,4-dihydroxybenzene). The ben-
zylic hydroxylation of (+)-pinoresinol occurs through a quinone-methide
mechanism that is similar to that of VAO and the other characterized
4POs. PinAB contains, in contrast to PCMH and EUGH, a histidyl linked
FAD as covalently bound prosthetic group [73], and resides in the white
clade of the phylogenetic tree depicted in Fig. 10. The discovery of
PinAB and its ortholog from Burkholderia sp. strain SG-MS1 [73] illustrates
that much more can be learned from the biochemical characterization of the
unexplored 4POs of the VAO/PCMH family.
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